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To My Daughter Milena

As a focus of the audiophiles, sound is a very complex matter considering its physics and physiology characteristics.
Live music sound comes to the audiophile’s home audio systems processed by a sophisticated electronics audio chain:
live music, recording processes, sound carrier manufacturing. All specifics of human hearing process and differences
in physical ambient of live music and home music listening must be taken into account. Most of the problems,
including subjective feeling of sound (equiphonic lines or contour), sound levels, frequency response, reverberation
time (adopted to law dimension of home listening room), distortion, noise, dynamics (ratio of the highest and the
lowest levels of sound in music rendition...) are solved in recording process by very complicated electronic equipment.

Audiophiles typically want to listen the music in the home environment, with sound reproduction which exhibits the
highest order of artistic and subjective resemblance to that of the performance in concert hall. At home, music comes
from the electronics audio chain (sound currier, reproduction unit, preamplifier, power amplifier and speaker) instead
from the music artists. Physical ambient of the home is totally different than the original ambient where the live music
is performed. The music artists, audio scientist and audio equipment constructors packed all this things together to
fulfill the audiophile’s desires, guided by the human ear, with its specific hearing mechanism as the final judge.

Without any ambition to present high level science article, this book has to be accepting as a tool box for audiophiles
Hi End equipment designers. The elementary theory is present at the form just necessary to the readers to understand
and become familiar with the nature of physics, electric, electromagnetic and electronic process present in certain tool.
Each tool is explained in a minimum of words and theory with some equations or figures presented “as is”.

So, in the following chapters I will try to guide you through the process of designing quality amplifiers, from the very
beginning, fully taking into account both technical and subjective requirements, theory and practice.

Post Scriptum
Some topics are found in unusual places in the book and there is a visible deviation from the methodology of composing
a school and science text - the author just wanted to encourage readers on their original path to the realization of their

ideas in the world of designing Hi End equipments.

The book is a compilation of the author’s notes used in his professional and educational career, but the book was
nevertheless primarily written as a result of true love for the audiophile hobby.

Zoran M. Dukic
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Chapter 0 ¢ “In Lieu of an Introduction”

I. Units
SI Basic Quantity Name Unit
length meter m
mass kilogram kg
time second s
electric current ampeére A
thermodynamic temperature kelvin K
light intensity candela cd
matter mol mol
SI Electrical Quantity Unit / Name Symbol
frequency hertz Hz
electrical capacitance farad F
force newton N
electrical resistance ohm Q
pressure pascal Pa
electrical conductivity siemens S
energy joule ]
magnetic flux weber Wb
power watt w
magnetic flux density tesla T
magnetic induction ampeére per meter A/m
electricity coulomb C
inductivity henry H
electrical voltage volt \
light flux lumen Im

SI Electromagnetism Units

Name Symbol Dimension(s) Quantity

ampeére

(SI base unit) A A Current

coulomb (o} A-s Quantity of electricity
volt \'/ J/C = kg-m2.s~3-A"1 Potential difference
ohm Q V/A = kg-m2-s~3-A—2 Resistance

watt w V-A = kg-m2-s~3 Electrical power
Farad F C/V = kg=1:m~-2:A2.5% Capacitance

siemens S Q-1 = kg=1:m-2:53.-A2 Conductance

weber Wb V:s = kg-m2-s~2-A-1 Magnetic flux

tesla T Wb/m?2 = kg-s~2-A-1 Magnetic flux density
ampeére per meter A/m m-1.A Magnetic induction
henry H Wb/A = V:s/A = kg:m2:s—2:A~2 Inductance

henry per meter H/m kg-m-s=2:A-2 Permeability

o 11
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inch foot yard ) mile meter
Length . mile .
[in] [ft] [yd] nautical [m]
inch 1 1/12 1/36 0.01371 x 1073 25.4 x 103
. 0.0156 x 1073
[in]
foot 12 1 1/3 0.1894 x 103 0.1646 x10-3 304.8 x 103
[ft]
yard 36 3 1 0.5683 x 1073 0.4937 x 1073 0.9144
[yd]
mile 63354 5278 1760 1 0.8688 1609
mile
) 72913.38 6076.11 2025.37 1.1510 1 1852
nautical
meter
[m] 39.370 3.2808 1.0936 0.6215 x 1073 0.5399 x 1073 1
in2 ft2 yd?2 mile2 m?2
Area
in2 1 6.94 x 1073 0.772 x 1073 2.5 x10°10 6.4515 x 104
ft2 144 1 1/9 3.588 x108 9.2903 %102
y2 1296 9 1 3.2294 x1077 0.8361
mile2 4.01 x 10° 2785.84 x104 3097.6 x103 1 2.589 x106
m?2 1.5499 x 103 | 10.7639 1.1960 0.3862 x 10© 1
Density Ib/ft3 Ib/1n3 kg/m3
Ib/ft3 1 5.7875 x | 16.02
104
Ib/1n3 1727.84 |1 2.768
x 104
kg/m3 0.06242 | 0.3612
x 104 1
pound once kilogram
Mass
[1b] [0z] [kgl
pound
1 16 0.4536
[Ib]
once 28.35
1/16 1
[0z] x 1073
kilogram 2.2046 35.27 1
[kgl
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in3 gallon gallon
Volume .
(USA) (UK) ft3 liter m3
in3 1 0.4323 x102 0.3604 x102 | 0.5787 x103 | 16.387 x10-3 16.387 x10©
Gallon 231 1 0.833 0.1337 3.7854 3.7854 x 1073
(USA)

Gallon (UK) 277.42 1.205 1 0.1605 4.5461 4.5461 x 1073
ft3 1728 7.4805 6.228 1 28.316 2.8316 x 102
liter 61.024 0.2642 0.2199 35.314 x10°3 1 103
m3 61.024 x 103 264.17 219.9 35.3138 103 1

Unit multiplies and sub-multiplies

Symbol Unit Name Multiply/Divide by Scientific Notation
T tera x 1 000 000 000 000 1012
G giga x 1 000 000 000 10°
M mega x 1 000 000 106
k kilo x 1 000 103
m milli + 1000 1073
1] micro + 1 000 000 10-6
n nano <+ 1 000 000 000 10-°
p pico + 1 000 000 000 000 10-12
f femto <+ 1 000 000 000 000 000 10-15
a alto <+ 1 000 000 000 000 000 000 10-18

Temperature

5 5
c:ZXTOR:(T°F_32)X§

0 10 20 30 40 50 BO 70 80 90 100 110 120 °F
0 4 4 | T (NS | SSRSTTUN [y T B e (M| o NS [t W S N OSSN NS sl | da S |
’R=:xToc=(Tnp—32)><; N LR DL L DL L
20 -0 0 10 20 30 40 50 °C
a _9 _9
F_§XT°5+32_ZXTUR+32
I1. Some Numerical Values and Mathematics
1 1
V2 =141, —=0.707; +3=173; —=0577
V2 V3
n =3.141; 2xm=6.28; 1/7n =0.318; 1/(2xm)=0.159; 2/7m=10.636;

Complex numbers
2

z=a+jb; j’=—1;j=V=1;(jxb)'=—b

a = real part; b = imaginary part; j = imaginary unit

e 13
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Right Angle Triangle

Arca; A = % % a X b; Circumference: O =a+b+c

b Pythagoras theorem: ¢? = a® x b?; ¢ =+a? X b?

.l

Trigonometry formulas:

i b a b sina i w T 7
sina@ =-; cosa=-; tana=-= ; sm(—-a)=c03a; cos(—~a:)=sma;
c C a cos o 2 2
Angles (0) |0 30 45 60 90 180 270 360
sin 0 1/2 1/V2 V3/2 1 0 -1 0
cos 1 V3/2 1/V2 1/2 0 -1 0 1
tan 0 1/V3 1 V3 oo 0 oo 0
Complex number - trigonometric form:
z=a+jb=rlcosg+jsing] r= +va?+ b?; tang = —

a’

Rectangular coordinate system

A rectangular coordinate system consists of two real number axes that intersect
at right angle. The axes intersect at the point O, which is called the origin. The
horizontal axis is called the x axis or abscissa, and the vertical axis is called the
y axis or ordinate. These two axes define a flat surface called a plane, and each
point on this plane is associated with an ordered pair of real numbers (x, y) i.e.,
an ordered pair (X, y) represents the position of the point relative to the origin.

y y axis (ordinate)
order pair
M(x,y)
origin x axis( abscissa)
-x O X
¥

Mathematical Function

A mathematical function is an expression, rule, or law that defines a relationship between one variable (the independent
variable denoted as x) and another variable (the dependent variable denoted as y). This relation is commonly

symbolized

as y = f(x).

A function can be represented by a table, formula, or graph. Very often in electronics, the representation of some
functions in a rectangular coordinate system is used. The independent variable is plotted on the x axis and the dependent
variable y is plotted on the y axis. The graph of a function is composed of a series of points with coordinates (x, y)
where y = f(x).

A simplified definition of a mathematical function applicable in electronics is: a special relationship where each input
(variable, electrical signal) has a corresponding (depended variable, output signal response or electrical signal).

e 14
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III. Waveforms
The Sine function (Sinusoidal waveform) is a basic function used in analog electronics.

Amplitude (A)

Ao, — amplitude (peak or maximum)

3 Peak-To-Peak
Period T Peak Amplitude
Amplitude
Ap Ap-p
Time (t)

Frequency f=1/T

A(t )=A,xsin (wxt)

w - angular frequency (radians per second)

The sine function has a very important application
in analog electronics. Many of the variables in analog
electronics can be described or expressed by a sine
function.

A sine function is a periodic function and in the time

domain can be written as:

Another way of representing a sine function (sinusoidal wave form) is in terms of a rotating phasor.

Radian

A phasor has a magnitude A and rotates at a fixed angular
speed w, so that the angle 6 from the x-axis to the phasor

increases with time.

The y - component of the phasor (i.e. its ‘projection”’ y = Asin6
on to the y-axis) varies with 6 in the form of a sine function.
The magnitude A of the phasor is equal to the amplitude.
At any time t, the angle 6 of the phasor is equal to the phase

(generally, ot + o).

A Radian (rad) is mathematically defined as a quadrant of a circle where the length of the arc of the circle is equal to
the radius (r) of the circle. Since the circumference of a circle is equal to 27 x radius, and since a full circle is 3600
(3609 = 27 radian), that is 1 radian = 360° /27t = 57.30.

Degrees to radians conversion table:

Degrees Radians Degrees Radians Degrees Radians
3m_ 3m_
0° 0 1350 2700
4 2
300 = 1500 o 3000 o
6 6 3
il I
450 1800 bid 315¢°
4 4
full I 1inm
60° 210° 3300
3 6 6
i 5m_
90° 2250 360° 2n
2 4
2m_ 4m_
1200 2400
3 3

If the time of a cycle or period (the time it takes to complete one full cycle) is denoted by T
and if one cycles is taken to be equal to 27 radians:

m=gT£ (radian/s)

e 15
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The reciprocal of the cycle time T is the frequency (cycles per second):

1_ it: H
T_lf (uni z)

2m

1 1_2n
=2nxXf=—; =—=—; T===
SRRt Py f

@
In general:

Alt|=A, x cos(wt+p|=A,*sin {'w:+fp+%)
@ - phase angle

Other relations:

sin“a+cos’a=1; tang=———

The sine function describes alternating voltage (U,c) and curent (I,c).

Sinusoidal waveform

Instantaneous Values

+
>
‘,__..»'-"
>
g
&

2 +Amax ;o
g | | In 4 3w st Ux
=0 et . & 3 2 3 " Ml
& L L U Y £ )
E 6 3 2 3 6 or
<I: 9 mrad

-

F3
-Alnax Ap-p
|

'

1
fa—

Period T

A(t) = A(max) x sin (o x t)
Definitions
A Peak value; ( Up )

The peak value is the maximum positive or negative value of an alternating waveform, such as voltage (Up) or current,
during a given time interval.

A Peak-to-peak (p-p) value; ( Up.p)

Peak - to - peak value is the difference between the maximum positive and negative values of an alternating wave
form in a complete cycle.

UP‘P=2 * UP

e 16
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A Amplitude

The amplitude is the value of an alternating waveform in the positive or negative direction at the particular moment.
The term is often used to denote a peak value.

A Root - mean - square ( RMS ) value [ effective value 1; ( Urms ), ( Uess )

Up
Urms=—T=

V2

The RMS value, or the so-called effective value, is the square root of the arithmetic mean value of the square of the
instantaneous current or voltage values, or other periodic quantities during one complete cycle. The RMS value of a
sine wave is the peak value divided by the square root of 2. (Electrically: RMS is equal to the value of the DC current
that would produce the same power dissipation in a resistive load).

A Average value; (U,y )

The average value of an alternating voltage or current is defined as the average of all values of voltage or current
during one half-cycle of the waveform.

Technically: The average value of an alternating voltage or current is the value that would be obtained if the original

voltage or current were fully rectified. The average value of a sine wave is the peak value multiplied by 2 and divided
by .

= 2 —
U RMS™ o UAV -

V2 T

A Phase angle
The phase angle of a waveform is the angular difference between two waveforms of the same frequency.

Two waveforms are said to be in phase when they have the same frequency and there is no phase difference between
them. (the two waves should reach maximum, minimum and zero values simultaneously at the same time).

e Leading phase angle
A leading waveform is one that is ahead of a reference wave form of the same frequency.

e Lagging phase angle
A lagging waveform is one that is behind of a reference wave form of the same frequency.

Some types of waveform

RECTANGULAR TRIANGULAR
Up Up
<— W— < W—>|
T T
pr\/W UpXw . pr\/W _ Upxw
Urms = T Ugy = T Urms = 3T Ugy = OxXT

e 17
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RECTIFIED, half wave

RECTIFIED, full wave

[
Up
|

Up

IV. Ohm’s Law

I

_

— _P —
URMS - 7 UAV -

ey T
U Up oy,

s

Ohm'’s law is an equation that describes the fundamental relationship between voltage,
current and resistance, i.e. the law that states that the direct current flowing in a conductor
R is directly proportional to the potential difference between its ends:

I=current ; U=voltage ; R=resistance

- U P P
R U R
P
U= I xR ¥ VP X R
u 2
R= X u P
I P 12
2
P= UxI U_ R x1?
R

\ Y IxR b
RxI’ T y
P V \
Vxl Power Voltage ’])XR |
Wats Vol
h | R ¢ 3
V Current  Resistance I

I ) s Ohms :
\ v v
R P

/EL
R I

e

Ohm’s Law is valid for alternating-current circuits consisting of inductance and capacitance as well as resistance:

1

1
R jX

I_U 1
T Z Z

Z = impedance

e 18
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Capacitance, C:

U "C" I

+1= TS

\ ]
\ /
\ 2

\ ’
\

A /’

0 72 T 3702 27 time

. 1
T jRaRC  fR2rxfxe

U X 1 _ 1
I % wxC 2axfxC

UlagsIbyn/2

Inductance, L:

[ P
+1= 7T~
A Y /’/ \
/
\ ’ A
\ 7 \
\‘ [ \
] \
0
\ 1/l
\ /
A r)
\ /
\
N ’

0 72 T 3172 27 time

thjxwx L:fozg-[xfo

U.L
T:XszXL:Zﬁxfo
L

Uleads I by /2

8 A CAPACITOR INDUCTOR
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1.1 Sound
Simplified, sound is defined as periodic changes in atmospheric pressure caused by the mechanical vibration

of the sound source. From a physiology point of view, only periodic changes in atmospheric pressure in the frequency
range between 20 Hz and 20 kHz, with a defined intensity, can be recognized by the human ear as sound.

Pure sound has only one periodic component with a defined frequency (fundamental frequency or fundamental

harmonic).

um 1t
Tk The maximum value of the oscillation excursion is the Amplitude (A).
The time taken by a sound wave to complete one cycle (a time span between

; \ ,]‘[ two consecutive oscillations) is called a Period (T).

The value that is inversely proportional to the Period (T) is the frequency:

f=7

Figure 1-01. Complex sound: a sound that has more than one frequency component
(sine wave).

Music tones have components with frequencies equal to the fundamental frequency multiplied by an integer
(fundamental and higher-order harmonics).

Fundamental
harrlnomc

\ harmone /\ _ Third
\/\ AJ\“;“""”

F/gure 1-02.
The distribution of higher order harmonics and their intensity are responsible for the specific color of the sound.

Fundamental

2nd

nTrumpet

harmonics
3rd 4th
5th

Amplitude

fO 2fy 3fy 4fy 5fp 6fp 7fp £

Figure 1-03.

According to physics and physiological research, the sense of sound loudness (sound level) basically depends on
sound pressure or sound intensity.

The general equation of sound intensity (J) valid for all types of sound:
- [ﬂ
p ‘m? (1-01)

p - air density (1.29 kg/m?3)
¢ - sound velocity in air

(c=3307x,1+ 0.00367 x ¢ [°C] [m/s] ( sound velocity in air at the temperature t)

p - sound pressure (N/m2)
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Pressure units:
1—=10"'b=1Pa (1-02)
b - bar; Pa - Pascal

The lowest sound pressure below which the human ear cannot perceive sound (the lowest level of audible sound), is
the level of hearing or threshold of hearing (threshold of audibility).

As a result of statistic research, the threshold of hearing (audibility) also known as a reference sound pressure at
a frequency of 1 kHz is:
= 5 N
Po=2x10""pb=2x%10 5;:20 uPa (1-03)
In practice, it is more suitable to use the units that show the relative relation between two values, known as: decibels
(dB):

Logarithm
- Decade: base = 10 10 =N x = logig(N) = log( N)
- Natural: base = e = 2.71828... ex=N X =1InN

log(axb) = log(a) + log(b),;
log(a / b) = log(a) - log(b);
log(a™) = n x log(a);
log(1/ a) = - log(a)

N 0.001 0.01 0.1 1 10 100 1000
log N -3 -2 -1 ()} 1 2 3
L(dB) = 20 x iIo_gp1 =10x Jlorgji (sound pressure) (1-04)
0 o
N(dB) = 20 x Iogi—j (voltage) (1-05)
N(dB) =20 x 150.!5“;4'2 (electrical current) (1-06)
1
N(dB) = 10 x fﬂgi—i (electrical power) (1-07)

The subjective feeling of sound level or loudness is nearly proportional to the logarithm of physical excitations (e.g.,
of sound pressure) [Weber-Fechner’s law].

The level of sound that causes pain in the ear is known as the level or pain threshold (130 dB).
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Conversion to dB of voltage, current and power ratios.

dB u1I P dB u1I P dB u1I
0 1.00 1.00 25 17.80 316 50 316
1 1.12 1.26 26 19.90 398 52 400
2 1.26 1.59 27 22.40 501 54 500
3 1.41 2.00 28 25.10 632 56 632
4 1.60 2.50 29 28.20 794 58 800
5 1.78 3.16 30 31.60 1000 60 1000
6 2.00 4.00 31 35.50 1260 62 1260
7 2.25 5.00 32 39.70 1585 64 1585
8 2.50 6.30 33 44.70 1995 66 1995
9 2.82 8.00 34 50.10 2515 68 2515
10 3.16 10.10 35 56.20 3265 70 3265
11 3.55 12.60 36 63.10 3980 72 3980
12 4.00 15.90 37 70.80 5010 74 5010
13 4.47 20.00 38 79.40 6310 76 6310
14 5.00 25.10 39 89.10 7945 78 7945
15 5.60 31.60 40 100.00 10000 80 10000
16 6.30 39.70 41 112.20 12590 84 15850
17 7.10 50.10 42 125.90 15850 86 19950
18 8.00 63.10 43 141.25 19950 88 25120
19 8.90 79.40 44 158.50 25120 920 31620
20 10.00 100.00 45 177.80 31620 92 39810
21 11.25 125.90 46 199.50 39810 94 50120
22 12.60 158.50 47 223.90 50120 96 63100
23 14.15 199.50 48 251.00 63100 98 89125
24 15.70 251.00 49 281.80 79430 100 100000
Table 1-01.

Sound levels and corresponding sound pressures and sound intensities

Examples Sound Pressure Sound Pressure Sound Intensity
Level [dB] N/m2 = Pa watts/m?2

Pain threshold 63.2 10

Discomfort threshold 20 1

Chainsaw, 1m distance 110 6.3 0.1

Disco, 1 m from speaker 100 2 0.01

Diesel truck (10 m away) 90 0.63 0.001

Busy street traffic 80 0.2 0.0001

Large office 70 0.063 0.00001

Conversational speak, 1m 60 0.02 0.000001

Average home 0.0063 0.0000001

Quiet library 0.002 0.00000001

0.00063 0.000000001
0.0002 0.0000000001
0.000063 0.00000000001
0.00002 0.000000000001

House, country

Background in TV studio

Rustling leaf

Hearing threshold

Table 1-02.
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The sensitivity range of human hearing is shown in Figure 1-04.

"°1 Ton l { SOUND NON-MUSICAL
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Fig. 7 Place of music within the sensitivity range of human hearing. All limits are
approximate and statistically determined.

Fig. 1-04.

By analyzing Figure 1-04, a strong dependence of ear sensitivity on sound frequency can be noticed. Statistical studies
of subjective feeling of sound of 1 kHz at a known level and the subjective feeling of sound of various frequencies at
equal sound pressure give equiphonic lines or lines of equal sound intensity (subjective) in Figure 1-05. But objective
measurements that are realized using microphones, audio amplifiers and other measuring instruments, due to their
constant sensitivity at all frequencies, always give equal values of sound intensity.

130
(1 Loudness | | | /7]
'20 le\el l A :—,}—

—
134
=

2 288 8¢=

n
o

=
o

L
o

1L L ,
1k Thrcshold of audi ility ‘ —t
L ‘ ——

of—— : -

IR i

20 40 60 100 200 500 1000 2000
Frequency (Hz)

Figure 1-05.

(=]
=3

Sound pressure level (dB re 2x 107° N/m?)

The intensity of sound waves traveling through the air decreases exponentially:

J =]y x gm0 (108)

J, - sound intensity at x = 0
J - sound intensity at distance x
m - constant (depends on temperature and humidity of the air)
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If there are some physical barriers in the path of the sound wave, the sound can be absorbed or reflected. This is
very important for sound propagation in an enclosed space such as a home environment. The incident and reflected
sound waves form equal angles to a line perpendicular to the surface of the barrier (as in optics). Part of the sound
energy is reflected and part is absorbed in the process of collision of the sound wave with the surface of the barrier. The
measure of sound absorption is the absorption coefficient a (value between 0 and 1) and depends on the physical
characteristics of the barrier material:

Py
Pin

a =

P;, — power of the incident sound wave

P, - absorbed power

(1-09)

The best sound absorber is an “open window” (a = 1, i.e. total absorption).

The total sound absorption in the room is:

A=y XS;+a, xS +-+a, xS, = ¥, a; XS; (1-10)

S; - barrier area_with absorption coefficient ¢;

The total sound absorption in the room is the sum of the sound absorptions by all surfaces: the walls of the room (in-
cluding the sealing and floor) and other furniture in the room.

In practice, it is more convenient to use the so called “absorption” (A) which represents the area of total absorption
(o = 1) in relation to sound energy equal to the energy absorbed by the total area covered by the absorption material
with the actual value of the absorption coefficient:

A= a x S[m?]
(1-11)
-"-; ' I Sound waves that propagate in an enclosed space (room) are constantly_in
5= = the process of absorption and reflection.
= =]
£ o
s 20.5 By turning on the sound source in the room, the sound level rises to a
g %’ stationary value (Jg) (incident and absorbed energy in balance). By
% turning off the sound source in the room, the sound level decreases until it
£ ' : ) completely disappears (totally absorbed):
0 100 300 500
Time [ms]
Figure 1-06.
J =J, x (1 — e *¥)) (increasing the sound level) (1-12)
J =], x e"®*® (decreasing the sound level) (1-13)
b and Jo .
= Axe
4xv (1-14)
4P, p?
Y
A pxe (1-15)

¢ - velocity of sound

J - sound intensity

V - room volume

P, — power of the acoustic source
A - absorption
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__ axmxrixp?
P,= T (1-16)
25XPgXT
Jo=—— (1-17)

The sound decay time depends on to the acoustic characteristics of the room (dimension, absorption materials). A
measure of sound decay time is a reverberation time (the time period in which sound level decreases by 60 dB).

_ 016XV

T = (1-18)

T(s) - reverberation time
V(m3) - room volume
A(m2) - absorption

1.2 The Loudspeaker
The loudspeaker converts electrical energy into acoustic energy.
Loudspeaker specifications:
A Nominal (Rated) power or power handling capacity (P)
declared by the manufacturer as the permissible value of electrical power (in a limited

frequency range) applied continuously to the loudspeaker without any possible damage to
the loudspeaker.

A Impedance (2)

ohm The impedance is declared by the manufacturer in a limited
I % frequency range. It is dynamic impedance, not DC resistance.

Impedance [ 16
L] et I Py 8

4 Standardized values: 2Q, 4Q, 8 Q, 16 Q, 32 Q, 64 Q,.800 Q.

i — 1] -y ~ Frequency characteristic (frequency response):

Iss. T N produced sound pressure as a function of the frequency ata
s | | [T .vii|  constant voltage applied to the loudspeaker.

an wo o 200 =x) " EUEE T 10K 0%

Freammoy

A Sensitivity (e)
Sensitivity (e): sound pressure at a distance of 1 m produced by a
) loudspeaker driven by an electric power of 1 W.

b
e==% [Z] (1-19)
P =G (1-20)

® 26



Chapter 1  Elementary Acoustics

U - loudspeaker drive voltage (V)
Z - loudspeaker impedance (Q)

It is common for manufacturers to declare the sensitivity of loudspeaker and loudspeaker boxes in dB:

P= 20xlog% (1-21)

p:(P=1W, x =1m)
Po =2x10"*pub
Sound pressure decreases with distance i.e. sound pressure is inversely proportional to distance:
=
o (1-22)

pi1 — sound pressure at the distance x;
Px — sound pressure at the distance x,

The necessary driving electric power of the loudspeaker to produce the required sound pressure at the distance x is:

_ pPxx?
=— (1-23)

p - required sound pressure at the distance x
e - loudspeaker efficiency (the percentage of acoustic energy radiated in all directions from a speaker, compared to
a specified amount of driving power (amplifier power)).
A Efficiency coefficient (n)
n= % x 100[%] (1-24)

P, - acoustic power
P - electrical power applied to the loudspeaker
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Sound pressure level (J[dB]) produced by a loudspeaker (sensitivity e[dB]) driven by an amplifier P[W], see Table
1-03.

J [dB]
60 70 80 90 100 110
soft back- conversation Medium Loud Very loud
ground music volume music music
music
e[dB]
loudspeaker P[W]
sensitivity amplifier power
60 1 10 100 1000 10000 100000
70 0.1 1 10 100 1000 10000
75 0.03 0.3 3 30 300 3000
80 0.01 0.1 1 10 100 1000
85 0.003 0.03 0.3 3 30 300
20 0.001 0.01 0.1 1 10 100
95 0.0003 0.003 0.03 0.3 3 30
100 0.0001 0.001 0.01 0.1 1 10
Table 1-03.

1.3 Required output power of an audio amplifier for listening to music at home

According to statistical measurements, the pick level of sound produced by a symphony orchestra in a concert hall is
approximately 100 dB. The average listener at home usually listens to music at a sound level of 80 dB. The needs of
extreme audiophiles who enjoy listening to music “a little louder” (in the suburb or in the country house) should not
be ignored. In order to avoid criticism about the lack of sound level that an audio amplifier should produce for listening
to music at home, it is useful to use a sound level of 100 dB as a design requirement in the amplifier design process.

Using equation (1-04), a sound level of 100 dB means that the audio system must produce a sound pressure of:

L(dB) = 20 x log Z-
Po

100 dB = 20 x log zxfw - p=20x10"*ub

The sound source at home is a loudspeaker driven by an audio amplifier. The electrical power required to drive a loud-
speaker of known sensitivity (declared by the manufacturer) and produce a sound pressure of 20 x 10-4ub is:

e=L - P=p—2
VP e

The average sensitivity of speakers used for listening to music at home is about 85 dB i.e. 3.5 x 104 pb:

_p? (20x 1072 B
Te?” (B5x10-H2 T 7 Wi

A 2 x 16.3 W stereo amplifier loaded with 85 dB sensitivity loudspeakers produces a sound level of 100 dB. In order
to more precisely determine the required electrical power or the output power of the amplifier, the acoustic charac-
teristics of the room must be considered.

The main characteristics of the room that significantly affect the sound level in the room are:
e Room volume
e Area of the walls

e Materials and structure of wall and furniture surfaces
e Room architecture
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Using the equations of stationary sound level in the room (Jo = 4 x P, / A = p2 / (p X ¢) and absorption [A = (0.16 x
V) / T], the equation of acoustic power can be written as follows:

2[pb] x V[m? L[dB Vim?®
Polw) = LWL VI 6 = g 10hte 5 VI

] i O

By simplifying the above equation using the empirical architectural equation of area versus room volume:
S = 6.3 x V2/3 and the equation: A = (0.16 x V) / T:
L[dB]
157 xa x 10 10 xV
P, [W]= x 1076
n

If, for example, the dimension of an average room for listening to music is: (5.5 x 6.5 x 2.8) m, i.e.:
V =100 m3
S = 138.7 m?,

(S0 XY

and a = 0.5 (fairly “acoustically dead” room) and the efficiency of the loudspeaker n = 0.01 (1%), follows:

IOOIdBi 2
157 x 0.5 % 10~ 10 °x V3
Pac[w] — 0.01 X10_6=169W

The choice of the output power of the amplifier depends on the required sound level, the efficiency of the
loudspeaker and the dimensions and acoustic characteristics of the room for listening to music.

1.4 Conclusion

The above analyses (based on the propagation of sound waves in an enclosed space such as a music listening room)
show that in an average-sized room a stereo amplifier with an output power of only 2 x 8.5 W, loaded with 85 dB
sensitivity loudspeakers, can fulfill the expectations of a music listener regarding the sound level, which is at the level
of sound produced by a symphony orchestra in a concert hall. More exact analyzes require detailed characteristics of
each material used in the room (absorption coefficients of each material of the room and furniture, exact area and
usable volume of the room, etc.,) including the objective auditory characteristics of the music listener.

It is a well-known fact that continuous operation of any electrical equipment at maximum power is not recommended.
If the above-mentioned recommendation is applied to the audio power amplifier regarding the output power required
for listening to music at home and taking into account the fact that the total harmonic distortion of the amplifier is
maximum when the amplifier is operating at maximum power and that it usually increases proportionally to the pow-
er at which the amplifier is operating, the empirical recommendation is that the rated (nominal) output power of the
home audio amplifier should be at least twice the power calculated by the acoustic analysis above.

High End home audio amplifier output power: 2 x 12 W up to 2 x 30 W.

It goes without saying that when using high efficiency loudspeakers, lower output power amplifiers can be used like
2 x7W.
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2.1 R - RESISTORS
Unit: Q (ohm) Fixed resistor: Variable resistor:

A passive electronic component with two terminals that

has electrical resistance and is used to control the flow

""“‘m—_ i ey T— of current in an electronic circuit, i.e. in an electronic
circuit a resistor opposes the flow of electrical current

_/\*/\/_ _Iil_ through itself. It accomplishes this by absorbing some

of the electrical energy applied to it, and then

dissipating that energy as heat.

Parallel resistor connection - equivalent resistance:

|

R1 SR2SR3  Rns (=) <Req

Special case - two resistors connected in parallel:

RIXRZ

l (R, IR, Req=m]

Series resistor connection - equivalent resistance:

Ryg=Ri+R,+Ry+-+R, =Y R,

RT R2 R3 Rn T
AN AN (=) é
|

@

A model of a real resistor
A real resistor is not just resistance. Some secondary effects caused by the technology and materials used in the
manufacturing process appear in the characteristic of the final product - the real resistor:

Inductance: caused by electrodes and leads, geometry of

Inductance of Capacitance between ; ; ; ;
Slotiraes and leads the eloctiodas of of the the re5|stor_ design, technology and materials used in the
\ Ce / material manufacturing process.

Ls I\ Capacitance between the electrodes: caused by the
—YYg AANA, "Real" Resistor  electrodes at the ends of resistor and the geometry of the
R

resistor design.

Represents the 7 R Leakage resistance: caused by the resistance of the body
leakage across of the resistor.

the resistor bod
Y —/\/\/\,— Ideal Resistor
R
Resistor characteristics:

e Nominal resistance value
The nominal resistance is standardized and specified by the E-series of nominal standard resistance values.

e Nominal power

The maximum electrical power permanently applied to a resistor at a specified ambient temperature without
degrading its performance.
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e Operating voltage

The maximum DC or the maximum RMS AC voltage that can be continuously applied to a resistor at a spec-
ified ambient temperature.

e Operating temperature

The temperature range in which the resistor can be used in continuous operation.

e Temperature coefficient (TK)
Relative change of resistance per degree of temperature change. It is specified in ppm (part per million,
0.0001%) per degree Celsius of temperature change ( ppm / °C ).

e Tolerance

The tolerance of the resistor refers to the maximum dispersion of the nominal resistance of the resistor
(deviation from the nominal value).

# Resistor specific characteristic - Resistor noise.

Resistor noise is an unwanted characteristic

‘.| T l | of a resistor that affects the useful signal

and distorts it. It is always present in a

resistor and is caused by a fundamental

.
RERRRRSY

physics process at the electron level.

§ A real resistor can be modeled by a voltage

source (noise voltage source) connected in

0 EAE: A RRREE SRRl i i R RS S series with an ideal resistor, or a current

] | i | source (noise current source) connected in

( A] Resistor at
temperature T

o NV‘ o

(B)

Moiseless  Noise voltage
resistor  Vims' [ Af= 4kgTR

(C) Moiseless resistor

O —
(<)
-

Moise current
Ime? [ AF= dkeT / R

The noise voltage (RMS) is:

parallel with resistor.

There are two types of resistor noise:
thermal noise and current noise.

Thermal noise

Thermal noise is caused by the random motion of electrons inside the resistor
material.

The motion of electrons inside the material depends on the temperature and is
random.

These motions of electrons produce an electrical signal that is also random (with
spectral density uniformly distributed over the frequency range) between the
resistor terminals.

URMS(noise]z\/4 Xkx RXT % Af

k - Boltzmann’s constant 1.38 x 1023 ]/ K

T - Temperature ( K)
R - Resistance ( 2 )
Af - Frequency range ( Hz )

The thermal noise level is lower if temperature, resistance and frequency bandwidth are lower.
The thermal noise levels of different types of resistors of equal resistance at equal temperatures and at equal frequency
bandwidth are equal and are independent of the materials and technology used in resistor manufacturing process.
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For example, the thermal noise voltage generated by a 1kQ resistor at room temperature (300 K) and a frequency
bandwidth of 20 kHz is:

U passinoise =V 4 Xk X RXT x Af=V4 x1.38 x 10" *J/ K x 1000 Q x 300 K x 20000 Hz=575nV

# Usually, the resistor noise is specified as microvolt noise (uV) per volt (V) of applied voltage, for a 1IMHz
bandwidth (uv/V).

Current noise
The current noise of the resistor depends on the materials and technology used in the resistor manufacturing process.

The equation that mathematically expresses the current noise of the resistor is empirical and is usually expressed in
HV/V or as a Noise Index in decibels:

N (dB| =20 108 ||t so5e s /U pc) X 106}

U(noise)RMS RMS noise Voltage ( V )
Upc - DC voltage across the resistor (V)

# A lower Noise Index means a lower level of current noise of the resistor (the resistor is of better quality).

Diagram of the spectral density of the total noise voltage of the resistor:

Current noise is frequency-dependent and predominates at
low frequencies.
The current noise decreases as the frequency increases.

Current Noise Predominates

Thermal Noise Predominates

/ The thermal noise of the resistor is constant over a wide
frequency range.

f
1 1 1 1 1 1 >
1 10 100 1K 10K 100K M [Hz]

The noise characteristics of the resistors used in the construction of High End audio equipment play a very
important role. It is very important to choose low noise resistors for signal path applications as well as
power supply chain application.

For example, the input audio signal may be very low, at the level of a few hundred uV (moving coil cartridge of a turn-
table), and the noise effect of the input resistor interfering with input signal and degenerating it can be very significant,
especially since the thus degenerated signal is amplified by next amplifier stages, i.e. the output of the audio amplifier
will be distorted and will differ significantly in shape and characteristics from the original input signal. Also, the noise
voltage generated in the high-noise resistor applied in the power supply chain of the audio amplifier can interfere with
the useful signal and degenerate it.

To improve resistor characteristics and reduce secondary and unwanted effects in resistors such as parasitic capaci-

tance and inductance, leakage current and noise, many different materials and technologies have been developed to
manufacture resistors.
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2.1.1 Types of resistors:
e Carbon based resistor
- Carbon Composition Resistor (CR)

Celor bands Mixture of conducting carbon particles

\ and non-conducting binder

A carbon composition resistor is manufactured from a paste of carbon
powder or a mixture of graphite and a non conductive material (such as a
ceramic powder) molded and pressed into the desired shape.

Leads embeddad in carbon

Moulced case composition rod and moulded case

Parasitic inductance of a carbon composition resistor is very low and they can be used in high frequency circuits.

This type of resistor can be very noisy. The Noise Index is:
-
1/2 watt N=(+5dB to -12dB).

Temperature stability and Temperature coefficient are not so good and TK can vary in the
m range from TK = £ 150 ppm / °C to TK = + 800 ppm / °C.

e Power rating: (1/8)W to 2 W.
- This type of resistor is not recommended for use in the construction of High End equipment
2 watt (old style) due to their poor temperature stability, high noise index and high temperature coefficient.

— -

2 watt (new style)

e Film resistor
A film resistor is made by depositing a thick or thin film of a resistive material (carbon, metal (nickel) or
metal oxide alloys (tin-oxide or other alloys such as NiCr, tantalum nitride... ) on an insulating substrate.

- Carbon film (CFR)
Carbon film resistors are an improved versions of resistors made with a
Carbon film ellal cut o reach the | carbon base. CFR is manufactured using a thin pure carbon film deposited
on a ceramic rod. The deposited carbon film is cut into a helical shape.
Unwanted inductance (several uH) and capacitance (around 0.5pF)
caused by the helical shape of the carbon film resistive material can
affect their operation in RF circuits.

End caps with leads Ceramic Carrier Coating

The Noise Index is better than the Noise Index of carbon composition resistor:

N=(-5dB to -25dB)

Thermal stability is better than the thermal stability of carbon composition
resistor:

TK > + 250 ppm / °C

Maximum operating temperature: up to 200 °C

Power rating: (1/8)Wto5 W

# Application: any
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e Metal Film Resistor (MFR) (thin layer)

Helical cut to reach the

Color codin ; 3
B desired resistance value

X

End caps

i i with leads
Ceramic Carrier

Thin metal film

Protective coating

i AT

Thin film resistor is similar in construction to carbon film
resistor, but the resistive material is some metal alloy
such as Ni-Cr (nickel-chromium), SiCr (silicon-chromium),
TaN (tantalum-nitride). MFR is manufactured using a
metal film deposited on a ceramic rod. The thickness of
the metal film is 10 to 500 Angstroms. The helical shape
is made by laser cutting, grinding or chemical etching of
the metal film. The unwanted inductance and capacitance
caused by the helical shape of the metal film, although
significantly smaller than the unwanted inductance and
capacitance of carbon film resistors, limit their application
in high frequency circuits.

Noise is mainly caused by non-uniform deposition and
structural imperfection of the resistive material of the re-
sistor.

The Noise Index is much better than the Noise Index of carbon film resistor: N = (- 16 dB to - 32 dB)
Thermal stability is much better than the thermal stability of carbon film resistor:

TK=(x5 to +£50) ppm / °C

Maximum operating temperature: 250 °C to 300 °C
Power rating: (1/8) W to 2.5 W

# Application: This type of resistor can be used in low- noise circuits.

o Metal Oxide Film Resistor

The construction of this type of resistor is based on a ceramic rod coated with a mix-
ture of tin oxide and antimony oxide.

tors.

N = (- 20 to 0) dB

Metal oxide film resistors can operate at higher temperatures (up to 450 °C)

The power rating is higher than the power rating of metal film and carbon film resis-

Other characteristics are similar to the characteristics of metal film resistors:

TK = (£ 50 to = 300) ppm / °C

#Application: Highly recommended for use in high voltage and high power circuits, but can also be used

in audio amplifier circuits ( in the signal path).

e Thick film resistor

‘ANATOMY OF A HIGH RELIABILITY THICK FILM CHIP RESISTOR

The production of thick film resistors is based on
the technology of screen printing conductive
ceramic paste (such as ruthenium oxide, iridium
oxide, rhenium oxide) and glass on a ceramic
(alumina Al,O3) substrate. The thickness of the
film of the resistive material is of the order of
100um.
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Tolerances are usually between 1 % and 5 %, but using laser trimming technology (especially the so-called L cut)
tolerances can be extremely low:

< 0.1 %. Resistors with such low tolerances can be used in the production of measuring instruments.

The temperature coefficient is not as good as the temperature coefficient of a thin film resistor:

TK = ( £ 50 to = 200 ) ppm / °C

The reason for the not so good Noise Index is the technology used in the production process:
N=(-18 to-10)dB

This type of resistor is produced in a wide range of power ratings: (1 / 16) W to 250 W.

# Application: Highly recommended for use in high power circuits, but they can also be used as cathode
resistors of high power output tubes (automatic bias).

e Wire wound resistor

Michrome resistance wire

Connector with Nichrome wire around Ceramic
around fibreglass rod

lead wire ceramic core sealing

The production of wire wound resistors is based on the technology of winding a conductive wire with a high resistivity
around a non-conductive substrate (ceramic rod). Different types of wires are used in the production of resistors, such
as alloys of copper, silver, nickel chromium, iron chromium, iron chromium aluminum,; marketing names: Constantan,
Nickelin, Manganin, Nichrome, Kanthal, Cekas, Megapyr, Tungsten.

Due to the applied production technology, unwanted parasitic effects such as high inductance and capacitance elim-
inate this type of resistor for use in high-frequency circuits and in general for use in frequency-dependent circuits.

Several winding technologies have been developed to minimize these effects (bifilar winding, winding on a flat former,
Ayrton - Perry winding):

Wire wound resistors have some very good characteristics:

Approaching the lowest current noise compared to other types of
resistors.

Noise Index: N = - 38 dB (typical)

Power rating: (1 / 2) W to several kW.

Tolerance: (£ 1 to £ 10 ) % (typical)

I Normal coil winding |

| S

Winding on a flat former Ayrton-Perry winding

oS { 'ﬁe@ Temperature stability :
A . -s:{»“"f-. TK=( % 10 to + 200) ppm / °C
2 dF An important property of a wire wound resistor is long-term
_~ ﬁ' {
_\ﬁ

stability: (15 to 50) [ ppm / year].

This type of resistors can be manufactured with a tolerance of the
order of £ 0.005 % and can be used in high accuracy instrument
circuits.
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# Application: Recommended for use in high power circuits (power supply circuits).
They can be used as cathode resistors (automatic bias).

NOT recommended for use in the signal path (due to unwanted effects: inductance and capacitance).
e Metal Foil Resistor
The manufacturing of metal foil resistors is based on the
Interloop e

technology of photo etching of a resistive foil pattern (foil
Capacitance - Current Path K . i
Reduction ~.J #4 Before Timming  thickness of a few um) mounted on a ceramic substrate. The foil

in Series is usually made of chromium nickel alloys.
Mutual Current Path
Inductance B~ After Trimming
Reduction due _, Trimming Process The pattern is carefully designed to minimize unwanted parasit-
1o Opposing —Removes thiz Material

Currentin

f . — fram Shorting Strip Area ic self- inductance and self-capacitance of the resistor:
Adjacent Lines

Changing Current Path
and Increasing Resistance

Note: Foil shown in black, etched spaces in white

Inductance: 0.08 uH
Capacitance: 0.5 pF

High technology applied in the production process and the
resistive foil laser trimming process result in extremely good character-
istic of this type of resistor (already mentioned low induc-
tance and capacitance), such as:

Cross connector

2,
substrate 1 __
. & housing

Extremely high precision of the resistance of the resistor.

Tolerance: (+ 0.05 to * 0.001) %

N Excellent temperature stability:

NV TK=(x0.14to * 2) ppm / °C

' Long-term stability is also excellent: 5 ppm / year

The current noise of metal foil resistors is extremely LOW:

N = (- 40 to - 42)dB

# Application: Extremely low parasitic inductance and capacitance, as well as
low noise, qualify this type of resistor for use in High End equipment, especial-
ly in low level signal circuits such as preamplifier input stage or filter network
circuits. They can also be used as active component loads in the signal path.

In general, this type of resistor is the best choice for use in building High End
equipment.

Speaking in the language of audiophiles, the use of metal foil resistors in audio equipment results in much cleaner
sound, better resolution, lower noise, ...
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Resistor Type Current noise Noise Index Temperature Recommendation
M /V N [dB] Coefficient *Application in High End
TK [ppm / °C]
Carbon composition 0.25t0 1.8 -12to+5 + 150 to £+ 800 NO
Carbon film 0.056 to 0.56 -25to-5 + 250 to + 800 YES
*(NO in low level signal path)
Thin metal film 0.025to 0.16 -32to-16 +5to £50 YES
NO
Metal oxide 0.1to1 -20to 0 + 50 to £ 300 *Power supply circuits,
cathode resistors,
automatic bias circuits
*Power supply circuits,
Thick metal film 0.125 to 320 -18to - 10 + 50 to £ 200 cathode resistor,
automatic bias circuits
*Power supply circuits,
Wire wound 0.012 - 38 + 10 to £ 200 cathode resistors,
automatic bias circuit
Metal foil 0.008 to 0.01 -42to - 40 +0.14to £ 2 YES

2.1.2 Axial and Radial Resistors
Types of resistors commonly produced and used in practice:

Axial: The leads are located on opposite sides of the resistor body along the body axis.
Radial: The leads are located on the same side of the resistor body.

Axial resistors are primarily designed for point-to-point wiring, but by bending the leads, axial resistors can be used
for PCB mounting (through-hole mounting).

4"—»

: v

Al

X is approximately equal to Y
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It is common to mount resistors in parallel with the PCB. A small
clearance between the resistor body and the PCB is necessary to
minimize the vibration transfer between the PCB and the resistor, also
the heat radiation of the body of the resistor is more efficient due to the
air flow between the body of the resistor and PCB. It is very important
to mount the high power resistor at an adequate distance (clearance)
from the PCB to prevent extreme heating of the PCB caused by the heat
radiated by the high power resistor.

The above precautions must also be taken when mounting resistors
vertically on a PCB.
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Radial resistors are primarily designed for PCB mounting, but can be used for point-to-point wiring.

S580-034

LT'OME

3

Bending and forming the leads of axial resistors

[—[I]]]]T
-
g[l]ll]?
gﬂﬂp

oL
i
d

2.1.3 Standard Resistor Values

The Electronic Industries Association (EIA) and other authorities specify standard values for resistors.
The EIA “E” series specify resistance values for various tolerances.

The number following the “E” specifies the number of logarithmic steps per decade.

For example, E12 means that every decade (0.1 to 1, 1 to 10, 10 to 100,...) is divided in 12 steps on a logarithmic
scale. The size of every step is equal to 10(1/12) =~ 1.21. Every resistance value is 1.21 times higher than the previous
resistance value in the series, rounded to whole numbers (integer).

E series (most common tolerances):

E12 10% tolerance,

E24 5% tolerance (also 2% tolerance),

E96 1% tolerance,

E192 (0.5, 0.25, 0.1) % tolerance.

# Table of the most used E series
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E12 E24 E96 E12 E24 E96 E12 E24 E96
100 215 464
102 221 475
100 220 470
105 226 487
107 232 499
100 220 470
110 237 511
113 243 523
110 240 510
115 249 536
118 255 549
121 261 562
124 267 576
120 270 560
127 274 590
130 280 604
120 270 560
133 287 619
137 294 634
130 300 620
140 301 649
143 309 665
147 316 681
150 324 698
150 330 680
154 332 715
158 340 732
150 330 680
162 348 750
165 357 768
160 360 750
169 365 787
174 374 806
178 383 825
182 392 845
180 390 820
187 402 866
191 412 887
180 390 820
196 422 909
200 432 931
200 430 910
205 442 953
210 453 976

2.1.4 Resistor Color Codes
The values of axial resistors are most often indicated with color codes, i.e. color bands printed on the body of the
resistor.

The number of color bands most often used to mark axial resistors is 4 or 5.

¢ 4 band resistor
The first two color bands indicating the significant digits for the resistor value, followed by one color
band - the multiplication factor and one color band representing the tolerance

¢ 5 band resistor
The first three color bands indicating the significant digits for the resistor value, followed by one color
band - the multiplication factor and one color band representing the tolerance
Three bands for resistor value, one multiplier and one tolerance band
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4KT7 [/ 5%
4 7 x100 5%

10
|| |
i

1st 2nd 3rd
BAND BAND BAND

MULTIPLIER | TOLERANCE

COLOR

2 2 p

ORANGE 3 3 3 1000
YELLOW 4 4 4 10000

R 00000 %
B ; 6 6 000000 0 %

0 0000000 0.10 %
GREY 8 8 8 *0.05%
WHITE 9 9 9
GOLD 0.1 *5%
SILVER 0.01 *10%

1

2 61 x1000 2%
261k 2%

The Standard Resistor Color Code Chart

2.1.5 Potentiometers

; 4
“~VW—- 1

A potentiometer is a manually adjustable variable resistor with 3 terminals. Two terminals are connected to the ends
of the resistive element, and the third terminal is connected to a sliding contact, the so-called wiper, which slides over
the resistive element.

There are many types of potentiometers:

Rotary - type of potentiometer where the wiper moves along a circular path.
Linear - type of potentiometer where the wiper moves along a linear path.
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Construction of the most common type - rotary (single turn):

Rotating
Wiper
Shaft

Resistive
Material

Terminals —————

'
A

Mechanical Angle

Effective Angle Resistive material:

of Rotation

e Carbon
composition

e Wire wound

e Conductive plastic

e Cermet (metal

film)

One of the most significant characteristics of the potentiometer is the dependence of the resistance between the wiper
and one end terminal of the potentiometer on the position of the wiper (R = f (rotation angle) - rotary type and R =
f (distance along the linear path) - linear type). A few standard characteristics (percentage of resistance versus angle
of rotation) are shown in the following diagram (Linear - Logarithmic (Log) - Inverse log):

100 | |

: = .

m 1 -, I’
" verse log |, > 47 /

l‘"
70 7 7
/ y.&

60

50

Resistance [ % |

a,"

K
40 7 //
/]

v

30 . Linear / + |Log
‘:l/ /,',' )
20 / £l Logarithmic —
10— ,/
0 10 20 30 40 S0 60 70 80 90 100
Full Anticlockwise Position [%] Full Clockwise
Rotation Rotation Angle ———= Rotation

For use in audio devices, the so-called Log
potentiometer (mainly used for audio volume control)
is of the greatest interest and is designed so that
audiophiles can hear as natural a change in  sound
level (volume) as possible by rotating the potentiometer
shaft. (The subjective feeling of sound level or loudness
is proportional to the logarithm of physical stimuli (e.g.
sound pressure) [Weber — Fechner’s law]. The sound
pressure level is proportional to the output power
of the audio amplifier. Perceived loudness varies
approximately linearly with the logarithm of the output
power of the audio amplifier.

The resistance characteristic curve of a Log-type potentiometer is basically an exponential curve R(x) = Ry (eR1 X —
1) (x is the wiper position as a percentage of full scale, Ry - fitting constant) i. e. the opposite of the logarithmic

behavior of the human ear).

$ 1o . So, the Log potentiometer used in the volume circuit of the power amplifier
T 22 provides loudness attenuation in dB that varies linearly with wiper position (the
E /1 1/ loudness changes simultaneously and uniformly as the potentiometer wiper
4

-]
=

B om
=T
[~

%]
=

AR
B
10 -7

Output wolt.across term. 1 -2

0 10 20 30 40 50 60 70 80 90 100

Term."1* Rotation travel (%) — Torm."3"

rotates). For example, at a maximum angle of rotation of the Log potentiometer
wiper (setting the volume to maximum) the loudness is twice as high as when
the wiper of the potentiometer is set to half the maximum angle of rotation
(setting to half the maximum volume).

Manufacturers usually produce Log potentiometers with a ratio between wiper
position and resistance that is not an exact logarithmic function, but a stepwise
approximation of a logarithmic curve (Commercial Log type potentiometer).

Single - turn rotary Log potentiometers are manufactured as single or dual-gang potentiometers (two potentiom-
eter combined on the same shaft — can be used to simultaneously adjust the volume of the left and right channels of

the amplifier).
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Mounting style: PCB Mount and Panel Mount (point-to-point wiring).

Specifications

Type: Log

Total resistance: 100 k2

Total resistance tolerance: = 20 %

Max operating voltage: 30 V AC
DUAL - GANG Rated power: 0.05 W

Total rotational angle: 3000 + 30

Rotational torque: 8 to 35 mN m

Operating life: 15 000 cycles

Operating temperature range: -10 °C to70 °C

Note: Consult the manufacturer’s Data Sheet on
mechanical dimensions

Concentric potentiometer Slide pot - linear movement (single or dual)
(two potentiometers, each pot

is individually adjusted using

concentric shafts)

Trimmer potentiometer
Trimmer potentiometers are also known as preset potentiometers used for adjustment, calibration and tuning in

electronic circuits. They are easily mounted on PCB boards and adjusted with a screwdriver (or small knobs).

Types of trimmer potentiometers: single-turn, multi-turn (usually 10 to 25 turns). Mounting method: through hole,
horizontal or vertical mounting. They are produced in a wide range of rated resistance and power.

Single-turn:

Multi-turn:

One of the characteristic of a potentiometer is its electrical noise (General definition: Any spurious variation in the
electrical output not present in the input). The noise in the potentiometer is generated at the contact between the
resistive element and the wiper (it depends on the material from which the wiper and the resistive element are made,
as well as the force with which the wiper presses the resistive element) - it is measured as a variation of the contact
resistance (CRV) expressed a percentage of the initial resistance change and post-test resistance value (usually less
than 5%).

In most applications, a potentiometer acts as an adjustable voltage divider (a passive circuit that produces an output
voltage that is a fraction of its input voltage).
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Example (recommendations):

1. Itis advisable to choose U;, around U;, = 2 x Uy, (or higher).
Rp =< (<<) Ry - (It is advisable to choose a potentiometer with a rated resistance much lower than the
load resistance R, for example Rp = R/ 10).

3. Ppis) = (Uin)? / Rp - (Always calculate and choose rated power of potentiometer).

1
] R1
U e __mlln —
in Rpor _ _ Vour = o e gy = Ve 5 R, | |RL—,\,2+RL
_l_._lgl_

2.2 C - CAPACITORS

Rpor =R, +R,

AAA

Capacitance C (the amount of charge (Q) that can be stored at a given voltage (U
_| F or V) by a capacitor) is the main characteristic of the capacitor:

C:g

i f O

SI unit of capacitance is Farad - [F]

e Microfarad (uF) 1pF = 1/1,000,000 = 0.000001 = 106 F
e nanofarad (nF) 1nF = 1/1,000,000,000 = 0.000000001 = 10 F
e Picofarad (pF) 1pF = 1/1,000,000,000,000 = 0.000000000001 = 1012 F

Dielectric with A capacitor is a passive electronic component that stores electrical
Distance “d Permittivity = € charge or energy in the form of an electrostatic field.
| inmetres
B .
Conductive J. . y Basically, the capacitor consists of two electrically conductive plates
Plate A (area of each plate: S) separated by an insulating material, the so-
+Q Q called dielectric of dielectric constant (€) or permittivity (the ability
Lead of the material to store electrical energy in the presence of an electric
e O [ field) and thickness d.
Lead
The dielectric constant of free space (vacuum):
Conductive Conductive
PlE'F:_“"f'th Area Plasle B fo = 8.854 x 10712 F / meter.
In m

Relative permittivity - €., (ratio of the actual permittivity of the dielectric material (€) to the absolute permittivity of
the vacuum (&,)).
£

€,=— , relative permittivity of the air is 1.0006.
&
0

In technical terms: the relative dielectric constant is the ratio of the capacitance of a capacitor with some actual ma-
terial as a dielectric and the capacitance of a capacitor with a vacuum (or air) as a dielectric.

The capacitance of the capacitor is directly proportional to the area of the conductive plates and the dielectric constant
and is inversely proportional to the distance between the conductive plates or the thickness of the dielectric:

S
C=¢gXx 1 E,X €, X—, the basic equation

d
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When a capacitor is connected to a DC source, the capacitor charges to a voltage equal to the source voltage (fully
charged) and then blocks the flow of DC current through it. However, a capacitor in an AC circuit opposes the flow of
current through the circuit in a specific way (the capacitor constantly charges and discharges as the polarity of the
current changes allowing AC current to flow through the circuit) which is different from the opposition to the current of
a resistor (among other things, a capacitor* opposes the flow AC currents without heat dissipation. (*ideal capacitor)).

Capacitor in DC circuit:

Voltage across capacitor

Charging current
» Time (1)

Equation of current - voltage of the capacitor:

f:CXd—u

dt
Energy stored in capacitor:

E:%x C xu(t)

Energy stored in the capacitor at a voltage U:

E:%XCKUz

E [Joules], C[F], U [V] - Voltage across the capacitor

Capacitor in AC circuit:

U llC" l

+]- -~ -~

p b all k™ The ability of capacitor to oppose the flow of AC current (frequency f) through the
L — — circuit is the so-called reactance of capacitor (X¢) which is inversely proportional
\ o / K to the frequency of the AC current and the capacitance of the capacitor:
0
i [
\ [
LY F) —_— e -
3 7 / XC jxwxC 2XIXfXC s C[F]s f[HZ], XC [Q]
N s

0 72 T 3m2 27 time

If the AC voltage vit|=V % cos (CO X t) is applied to the capacitor, the current in capacitor is:

ilf|=C><ﬂ=—C><w><U><sin|'w><t|:C><oo><U><cos[w Xt+%]

dt

The current leads the voltage by 7/ 2 in phase. (Voltage lags current by 7 / 2 in phase).
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Series connection: Parallel connection:

AHHF---dbo ) e

G G G Cn C Ci CJ_ Cn

—==o= (=) Ceq

LoLlililsiogn T T l

Ceq & [ Cn

Coqq=C+C+ -+, = i=1Gi

Real capacitor model

R leakage
Just as a real resistor is not just resistance, so a real

capacitor is not just capacitance. Some secondary effects

R ESR L ESL caused by the technology and materials used in the
production process appear in the characteristics of the final
product - a real capacitor:

C

Inductance (Lgs ) caused by electrodes and leads, capacitor design geometry, technology and materials used in
capacitor manufacturing.

Leakage resistance (Rjeakage) Caused by the resistance of the dielectric material.

Equivalent Series Resistance (Rgsg) caused by wire leads and a
characteristic of material used in manufacture of capacitors.

Like any resistor Resr dissipates energy as heat. A measure of the power
loss when an AC signal is applied to a capacitor is the so-called dissipation
factor (DF) of the capacitor.

Related to the loss factor, in practice the so-called loss tangent (tan 8) is
more often used (with small differences DF and the loss tangent are the
same: DP is used at low frequencies and loss tangent is more suitable for
use at high frequencies).

Re

| —
E

The loss tangent (tan 8§, & — loss angle) is defined as the tangent of the
ESR difference of the phase angle between capacitor voltage and capacitor
"~ current with respect to the theoretical value of 900 of an ideal capacitor.

A more general characteristic of the capacitor - The Quality Factor (Q) of

P
Capacitive ‘2;,/ the capacitor is defined as the ratio of the stored energy of the capacitor
Boaitinee 6‘,0 : to the energy dissipated per cycle. The Q can be expressed the ratio of the
o i - '—“%ﬁ capacitive reactance (Xc) to the ESR (Rgsg) at the frequency f:
€ Znfc a @ i
Q=%
: ESR
A Y
R 1
ESR
tg6=DF =——=—
Xe Q
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0 - loss angle

DF - dissipation factor

Q - quality factor

ESR - equivalent series resistance
X. - reactance of the capacitor

The effective impedance (Z¢) of the real capacitor is:

R leakage
1+ Jw L ESL Rleakage

Ze=Rpgpt joo Lpg +

Capacitor characteristics:

e Nominal value

e Operating voltage

e Operating temperature

e Loss factor (tgd)

e Temperature coefficient (TK)
e Tolerance

# Note: Terms used in the application notes for the types of capacitors discussed below:

- Coupling capacitor: A capacitor connected in series to the signal path that couples two stages of an amplifier
together, allowing AC signals to pass through while blocking DC signals.

- Decoupling capacitor: A capacitor connected in parallel to the power source and the load. It blocks DC signals
while allowing AC signals to pass through. It is usually used in a power supply circuit and the power supply line of
other circuits. It is used to store electrical energy and remove noise, spikes and ripple from power supply (smoothes
out voltage fluctuations).

- Bypass capacitor: A capacitors that short out unwanted AC signals or noise in a circuit. It is usually connected
in parallel to a resistor or other electronic or electromechanical component (semiconductors diode, relay contacts,
switch contacts,...)

- Energy storage capacitor: A capacitor that can store electrical energy and return it to the circuit. It is usually used
in a power supply circuits (filter capacitor). It is used to smooth out voltage fluctuations and remove noise, spikes
and ripple from power supply.

2.2.1 Types of Capacitors
e Paper

Paper or oil-impregnated (or
waxed) paper (dielectric) and
aluminum or cooper foil
(conductive plates) are used for
the production of paper
capacitors. They are also
produced as metalized paper
(paper is coated with a thin layer
of zinc or aluminum) and
paper-in-oil capacitors.

Dielectric _~ toll

Matenal ——
(Paper)

tgd < 10x 103 to 0.5, TK = £ 800 [ppm / 9C]

# Application: Recommended for use in audio amplifier circuits (in the signal path — coupling capacitor,
bypass capacitor, decoupling capacitor, energy storage capacitor).
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e Ceramic

tgd < 2x 103, TK = (£ 30 to + 2500) ppm /°C

Protective Coating
Dielectric = Ceramic Disc
Electraode

Connecting Wire

Depending on the temperature range, temperature drift, and toler-
ance, ceramic capacitors are classified into the classes:

Class (Class 1, Class 2, and Class 3).
Class 1 ceramic capacitors are very stable over a wide temperature
range with very linear characteristics.

Capacitance is virtually independent of frequency.

It is most often used in high-frequency circuits (for example, in oscillator circuits or for temperature compensation of
frequency discriminating circuits). Can be applied in a very wide frequency band circuit.

# Application in High End audio amplifier circuit: circuits for compensation and neutralization of parasitic
oscillations, filter networks,...

e Mica

MICA SHEET
| 2 tgd < 2.5x 103,

TKtypicaI =+ 75 ppm / OC)
Good temperature stability.
Characteristics stable in time.

METAL ELECTRODES

S # Application: in a high frequency circuits, filter network

circuits, ...

Construction of Mica capacitor

e Metal - plated plastic (Foil)

# Commonly used in High End equipment (foil can be plated with: Zn, Al, Cu, Ag, Au)

Quality of the foil capacitors depended to the dielectric foil characteristic, mainly.

Foil capacitors types:

e Polystyrene

tgd < 5x104, TK = - 125 + 80 [ppm / °C]

High insulation

Low leakage

Low dielectric absorption

Low distortion (audio enthusiasts like them because of this)
Good temperature stability

Main disadvantage is low capacitance
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Can be used in a signal path - coupling capacitors, high accuracy filter network circuits, frequency compensation
circuits, ...

The extremely good characteristics of the polystyrene capacitor qualify it for use in almost all High End
amplifier and preamplifier circuits .

Application: Recommended for use in any circuit of High End devices.

e MKP - polypropylene

Stable capacitance with time and voltage applied.
Low ESR
Low losses with high current capability, over-voltage capability, ...

‘ tgd < 107,
’ TKeypical = + 200 + 100 [ppm / °C]
S

Application: Coupling, decoupling and bypass capacitor of power amplifier and
preamplifier circuits, filter network circuits, power supply circuits - filtering and
decoupling, ...

e MKS - polyester

(tgd < 5x 104, TK = - 125 + 80 [ppm / °C]
- s Low level ESR, hi and fast signal picks handle dU / dt.
c(?,i. £

o Application in circuits of High End devices: coupling, decoupling

\‘\ and bypass capacitor of power amplifier and preamplifier, filter

network, power supply circuits - filtering and decoupling, ...

e MKC, MKM - polycarbonate

(tgd < 5x 103, TK< + 60 [ppm / °C]

Stable capacitance value with time.
Low dissipation factor.
Stable capacitance value in a wide range of temperatures.

# Application: power supply circuits - filtering and decoupling, in a signal path - coupling capacitor,
bypass capacitor, ...

Can be replaced with:
PEN - Polyethylene naphtholate
PPS - Polyphenylene sulfide

PI - Polyimide
PTFE - Polytetrafluoroethylene
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PTFE or FEP - polytetrafluoroethylene - Teflon Film

tgd = 4 x 104, TK = - 200 [ppm / °C]

Low operating losses.

Low leakage current.

Wide operating temperature range (up to 200°C), and low temperature drift.
Good stability.

High End circuit application: coupling, decoupling and bypass capacitor

in power amplifier and preamplifier, filter network circuits, power supply
circuits - filtering and decoupling, ...

The extremely good characteristics qualify this type of capacitor as one of the best choices for use as a
coupling capacitor in High End preamplifiers and power amplifiers.

# Recommended for use in any circuit of High End devices and especially in the signal path - coupling
capacitor.

A few more types of foil capacitors:

o MKT, MKH - polythereftalate
e MKU, MKL - cellulose acetate

Capacitors for special purposes:
A special class of so-called safety capacitors used in the mains supply of electronic devices: Class-X (X1 and X2) and

Class-Y (Y1 and Y2) capacitors (also known as EMI/RFI suppression capacitors or AC Line filter safety capacitors).

The X capacitor (usually metalized film capacitors) is connected between the live line (L) and the neutral line (N) of
the mains.

The Y capacitors (usually ceramic capacitors, usually used in pairs) are connected across the power lines (L and N)
and the ground (G).

The “safety”: Safety capacitors are designed to fail in an open-circuit mode or with ability to “self-heal” the dielectric
layer (metalized film capacitor,) , and are used in applications where a short-circuit failure would create a risk of fire
or electric shock.

NE OO0WO O «

They must be certified according IEC or some other national standards.

Class - X subclass ratings:

B e a0 :

| D ek Subclass Peak Voltage Pulse Peak impulse before

‘ g, 6 M= (IEC 60384-14) (while in service) endurance test

IEC/UL 60384-14 7

L X1 > 2.5 kV 4KkVperC < 1pF

[y T < 4.0kV 4/v/C kV per C > 1 pF
X2 < 2.5kV 2.5kVperC < 1pF

2.5/VCkV perC > 1 puF
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Class - Y subclass ratings:

Subclass Rated Voltage Peak impulse before
(IEC 60384-14) endurance test
Y1 < 500 VAC 8 kV
Y2 150 VAC =< V < 300 VAC 5 kv
FUSE
L o—"\ + * oL
| L 1 The role of X and Y capacitor when used in an EMI filter: the X capacitor
ox == suppresses differential mode interference, and the Y capacitors
» I Y ] o suppress common mode interference.
N O T O N

T ’

e Electrolytic capacitor

Aluminum electrolytic capacitor:

=

These polarized capacitors are made of oxide film on
aluminum foils:

cathode aluminum foil, capacitor paper (electrolytic
paper), electrolyte, and an aluminum oxide layer, which
acts as the dielectric, formed on the anode foil surface.

Due to the specific construction, Al electrolytic capacitors
have several advantages compared to other types of
capacitors:

e High capacitance (up to few F).
¢ High ratio of capacitance to volume.

+

A
T T

L

+

Aluminium can —

Insulating slesve —

Inner

aluminum
connection part |
(paddle tab)

For safety reasons, it is extremely important to use certified
K and J capacitors manufactured by reputable manufacturers.

Wound cell, consisting of:

#*+ Anode aluminum foil,
etched, covered
with aluminium oxide

(dielectric)

+ Paper spacer
impregnated
with electrolyte

+ Cathode aluminum foil

~ Rubber sealing

=—Terminal leads

Aluminum electrolytic capacitors are polarized and in working conditions must be connected in a way that ensures their
correct polarization and operation at voltages within the limits of the nominal voltage.

The operation of the capacitor at a lower voltage than the nominal voltage ((recommendation: the value of the working
voltage should not exceed the value of 70 ~ 80% of the nominal voltage) increases the life of the capacitor.

In order to facilitate the identification of capacitors, manufacturers print the basic performance and marking of the
capacitors on the bodies of the capacitors (Nominal capacitance [pF], working voltage [V], polarity).

The most common format for marking the polarity of an electrolytic capacitor is to use a stripe on the body of the

capacitor. The stripe indicates the negative lead (-).
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Some manufacturers practice to indicate the polarity of the capacitor by simply printing a + or - sign on the body of
the capacitor.

Axial: the polarity marking strip is usually followed by an arrow pointing to the negative lead.

(-

. NCE Vi . =
. ) . VOLJAGE CAPACITANCE CAPACITANCE OLTAGE
~ CAPACITANCE L

—

POLARITY
NEGATIVE

LEAD (===

NEGATIVE
LEAD (=)

NEGATIVE
rervmvar TK = + 2500 [ppm / °C]

tgd = (0.1 + 0.28)

ESR and impedance depend on temperature and on frequecy.
High leakage current.

Poor temperature stability.

The working temperature is not high (up to 120°C).

z \:\
N Tt Ag' %
i -40°C
ANI-25°C TN 30 —1 |
100 N LIS, il 20 —
ESR vs Frequency, at 20°C I I b — e 10 >
— \\\ 0°c | A 0 L _,_d_..-—-—-‘“‘j-—-"Jf
& NI / i
E R 20°C LA T o= 1 I
210 o v
E 1L 3
- \\ 85°C 20
% NHLA <30
~40
1 ~50 | . | — | |
10 100 1000 10000 [Hz] T e VAP %55-40 20 0 20 40 60 85 105 125
FREQUENCY o o e —-—U T ° T (OC)

Impedance versus frequency for different temperature values

# Application: in a power supply filters (smoothing capacitor), decoupling and bypass capacitors,
cathode resistors bypass capacitors, coupling capacitors (not recommended for use as a coupling capacitor
in front of high impedance circuit due the high leakage current), not recommended for use in high frequency
circuits and in wide band circuits.

However, in any application it is preferable to use aluminum electrolytic capacitors with the lowest
possible ESR and tg(d) - DF (lower heat dissipation, lower harmonic distortion, better frequency re-
sponse,...)

e Tantalum

Type of polarized capacitor.

Tantalum capacitors are made of metal tantalum (foil tantalum or sintered
tantalum powder) as the anode material.
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Capacitance [uF | £

Maximum /

Voltage [ V ]

Summary

Positive lead

S

tgd =

0.1to 0.2, TK = + 800 [ppm / °C]

Large capacitance per unit volume.
Good temperature stability.

Stable over time.

Intolerant to being reverse biased.

Intolerant to high ripple currents or voltages above their working

voltage.

Table of capacitor types depending on the properties of the dielectric materials used for their production:

Dielectric

Dissipation

Temp Coefficient

Material Notes
Constant Factor - tgd / °C

Vacuum / Air 1.0/1.0006 |0 0 Ideal capacitor

Teflon 2.0 0.0004 -200 ppm high end audio, any circuit, coupling cap.
high end audio, any circuit, coupling cap,

Polystyrene 2.5 0.0005 -125 ppm .g ) y ) pling cap
filter network circuit

Polypropylene |2.3 0.001 -200 £ 120 ppm high end audio, any circuit, coupling cap.

Polyester 3.2 0.0005 -125 £+ 85 ppm general purpose, decoupling

Polycarbonate |3.0 0.005 + 60 ppm decoupling

Paper/wax ) ) R .

. 2.5-4.0 0.02 + 800 ppm high end audio, any circuit, coupling cap.
Paper/oil
Mica 5-9 0.001- 0.0025 75 ppm high frequency circuit, filter network circuit
. Compensation cap., neutralization of

Ceramic 75 typ. 0.002 + 30 ppm » L .
parasitic oscillations, filter networks,...

Aluminum ower supply smoothing ca

_ 0.1+0.28 2500 ppm P uPPly g cap
electrolytic decoupling, bypass
Teflon 0.1 800 ppm
Example

Designers of high-end amplifiers pay the most attention to the coupling capacitor as one of the main electronic

components on which the electrical and auditory performance of the audio amplifier depends.

It is very important to carefully carry out the procedure of determining and choosing the coupling capacitor:

1. Nominal voltage

sf%ﬂv

) Ay

Upeak

Ul-]:[f

Using the schematic diagram of the example:

a) The value of the working DC voltage on the

coupling capacitor is:
Uc-pc = U1 - Uy,

b) The alternating signal voltage of the peak

value Upeax must be considered.

¢) The operating voltage on the coupling capacitor is: Uc _ gperating = Uc - bc + Upeak -

d) The nominal voltage of the coupling capacitor must be higher than the operating voltage:

UC - nominal > UC - operating
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Considering the tolerances of the capacitor and for the safe operation of the capacitor, it is recommended that
the nominal voltage of the selected coupling capacitor is 30 to 50% higher than the calculated value of the
operating voltage of the capacitor:

Uc - nominai = (1.3 to 1.5) x U¢ - operating

2. Nominal capacitance
Equivalent circuit at low frequencies:
Cs Rs - Output resistance of the amplifier stage (tube V 1)
|l
1] N (For example:
R xR.
Rs [ R=R,IIR=—"—"
s a I RG+RI
Rg [] Uout , ’ , , ,
L R, - resistance of the anode resistor, R; — internal resistance of the tube).
Us©)
Rg — Input resistance of the other amplifier stage (tube V 2).
V (At low frequencies, the input impedance is equal to the resistance ofthe

e 54

grid resistor).

By analyzing the equivalent circuit of the RC coupled amplifier, it is observed that the frequency response of
the amplifier depends on the output resistance of the input amplifier that acts as a signal source, the coupling
capacitor and the input resistance of the next amplifier stage. The frequency response at low frequencies is
highly dependent on the capacitance of the coupling capacitor, so it is extremely important to correctly deter-
mine its capacitance.

Capacitance of the coupled capacitor for the required -3dB low frequency cut-off is:

_ 1
2% fi—3ap)* [Rs"'Rg]

Cs

3. Based on the calculated values of nominal voltage and nominal capacitance, standard values are
determined that must be higher than the calculated values.

4. The process of determining and choosing the coupling capacitor ends with the selection of the type of
capacitor depending on the dielectric material: MKP - polypropylene, Teflon, Paper-in-oil, ...
The sonic performance of an amplifier depends to a large extent on the quality of the coupling capacitors,
so it is necessary to select high-quality capacitors intended for use in audio amplifiers.
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Chapter 3 ¢ Fundamentals of Vacuum Tubes
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3.1 VACUUM TUBES (BASICs)

A vacuum tube (valve, electron tube) is an electronic
component whose operation is based on the flow and
control of the flow of electrons (electric current) caused
by the electric field created by electrodes at different
electric potentials in a high vacuum.

Ua-k
Ug—k K Triode is a vacuum tube consisting of three electrodes
(cathode, grid and anode (plate)) placed inside a sealed
, highly vacuumed (10-3 - 10-8 mmHg) glass tube.
Fig. 3-01

CATHODE is one of the electrodes of the vacuum tube that acts as a source of electrons during the physical process
of so-called thermionic emission (when the cathode, made of a special material suitable for the thermionic emission,
is heated, electrons leave the surface of the cathode).

e Directly heated cathode
The heater (filament), uncoated or coated with a material suitable for the thermionic emission, is connected
to the source of electric power supply and at the same time operates as a cathode.

¢ Indirectly heated cathode
The heater is physically (electrically) separated from the material that emits electrons, i.e. the heater coated
with ceramic (Al,O3) which acts as an insulator, is inserted inside a metal (usually Ni) tube coated with the
material suitable for the thermionic emission (usually BaO + SrO).

ANODE (PLATE) is the electrode of a vacuum tube that collects electrons emitted by the cathode. The anode is at a
positive potential relative to cathode, so, there is an electric field in the space between the cathode and the anode. Due
to the action of the electric field, the electrons emitted by the cathode flow towards the anode and hit it, i.e. electric
current (anode current) flows through the tube.

The anode is made of sheet metal most often blackened by an electrochemical and thermal process for more efficient
radiation of thermal energy produced by the impact of electrons in the anode (related to the characteristic of the
vacuum tube, so-called anode dissipation, P4 = U, . x I,)) and to reduce the unwanted effect of the so-called
secondary electron emission.

GRID is the electrode of a vacuum tube made of a thin wire located in a space between the cathode and the anode.
The value of the current flowing through the vacuum tube (anode current) depends on the distribution of electric field
inside the electrode system of the vacuum tube. The distribution of the electric field can be changed by changing the
voltage between the grid and the cathode at constant anode voltage, i.e. the anode current is controlled by changing
the voltage between the grid and the cathode at a constant anode voltage.

The anode current depends on the anode voltage and the grid voltage, i.e. I, = f (U, Ug). The effect of the grid
voltage on the anode current is more significant than the effect of the anode voltage because in the geometry of the
electrode system of the vacuum tube, the grid is closer to the cathode than to the anode.

In one tube there can be more than one grid: triode, tetrode, pentode, hexode, heptode, Also, in one glass balloon
tube there can be more than one identical or different tube system: double triode, triode pentode, ...
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The physical dimensions and shapes of the cathode, grid and anode and their relative distances from each other
(the geometry of the electrode system depends on the construction of the tube, i.e. the type of tube) determine the
distribution of the electric field inside the tube, i.e. static and dynamic characteristics of the vacuum tube.

The production of vacuum tubes is very complicated and complex and combines almost all known technological
processes — mechanical, chemical, electrochemical, electrical, thermal, vacuum, ... A large number of different raw
materials such as wires, metal sheets, gases, chemicals, and even water must be of the highest level of purity.
Precisely manufactured metal parts (tolerances of the order of microns - anode, heat radiation wings, supporters. ,,,)
are treated by chemical cleaning and thermal treatment.

The anodes are made of a specific multi-layer metal sheet:
Ni Fe Al or Al Fe Cu Fe Al.

The cathodes are made of Ni tubes or Ni sheets and are coated with emission suspension
't 4300 taois (BaO SrO).

K\ Emission layer
0.03mm

1ter

Jr
I
1

The heaters
(filaments) are made of Wo and Mo wire and coated with Al,O3 suspension by
electrophoresis.

183292
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The grids are made of Mo wire and the supports are made of Cu Fe wire.

All the mentioned parts, as well as some others, are mounted on mechanically very precisely made mica plates (their
shape, pattern and dimensions determine the geometry of the electrode system of the tube). The assembly made in
this way is inserted into a previously made glass balloon, and further application of technological procedures such as

vacuuming, sealing, getter burning, cathode activation, and quality control completes the production process of final
product — a vacuum tube.

3.2 TRIODE CHARACTERISTICS
STATIC CHARACTERISTICS

IE,I@(
——
A The graph of the family of curves representing the anode DC

current as a function of the set of DC voltages between the anode
f /@wr and cathode and the DC voltages between the grid and cathode
V2 is the so-called triode static characteristics diagram.

Ug =" (F'vi ZUa

Fig. 3-02

* In the text, the terms anode (grid) voltage are used as common expressions for the difference between the electrical

potentials of the anode (grid) and cathode, in other words, the anode (grid) voltage is the electrical potential of the
anode (grid) relative to the cathode.
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Anode characteristic Transfer characteristic
[a - TV T/ la
(] Ey=6.3 VOLTS /] - ’ Ua )
Ug/ /1],
ool | / M / /
M. 984 N
- Vi ‘“‘7(5 . /1/ 20
/ /r / §[°/
* 77 I 1/ 0
20 /1? / / ;/i]/////
) /|
ol 40/‘/16/ - U — < 2.0 -1.0 o °

la = f(Ua) [a =f(Ug)

a. Characteristics b. Characteristics
Fig. 3-03

Graph of the anode current as a function of the anode voltage for several fixed different values of the grid voltage as
parameters: I,= f (U,) | Uy = const. - so-called static anode characteristics of the triode (Fig.3-03a).

Graph of the anode current as a function of the grid voltage for several fixed different values of anode voltage as
parameters: I,= f (Ug) | U, = const. - so-called static transfer characteristics of the triode (Fig.3-03b).

At a sufficiently high negative grid potential - grid voltage (cut-off voltage) the anode current is equal to zero.
The negative grid voltage necessary for the triode to operate in this limit state (cut-off) depends on the anode voltage.
When operating in the limit state (cut-off), the triode is an open circuit.

At zero grid voltage (Ug = 0 V), the conductivity of the triode is limited by the space charge inside the tube. At this
operating condition, the triode has maximum conductivity (minimum internal resistance).

The regular operation of the triode is limited by the cut-off voltage and the voltage limited by the space charge

(Ug =0V).
Anode characteristics and transfer characteristics can be used as very useful tools in the tube circuits design process.
Tube manufacturers publish the characteristics of the tube (data sheet) for each type of tube.

3.3 TRIODE PARAMETERS (W, S, R; )

u - amplification coefficient (factor)
dUa
p=-— I, = const.
dug
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o ta [T AT AT
Basic definition: EREEENT Ugl—-UgZ :
The amplification coefficient is the ratio of the anode potential to the n f FLITIpre
negative potential of the grid that cause an electrical field at surface of 0 ::H_‘\.Ug=Ug2 -Ug]_
the cathode equal to zero. " = A

v anm»a A A
More suitable definitions (from a practical point of view): ff . IH Ia = constH
The amplification coefficient of a triode is equal to the ratio of a change in " & y E, A i
anode voltage to the change in grid voltage required to cause the same L,,f » . "}: EdmEn=anl
change in anode current. o

Ual Ua2 200 Ja
The amplification coefficient is equal to the ratio of the change in anode Ala=Ua2-Ual

voltage (AU,) to the change in negative grid voltage (AUy), under the condition that the anode current does not
change, i.e. it is constant

(I = const.).

In other words, the amplification coefficient represents the relative effect of the anode and grid voltage on anode
current.

M is the maximum theoretical voltage amplification of the tube.

Ia T ] ¥l
: HHA A
20 Ugl Ug2 1
S org, - Transconductance — mutual conductance (mA/V) L AUg=Ug2 -Ugll
N a1 ===t SH A A
'-I' [ 11 i [ Fi !’
di Al T B /488
§=——= Ua=const.,gm=( “) | U, = const. = /
du AU I v
g K I1a2 T / / P
<l .-"f H50a = constH
The transconductance is defined as the ratio of a small change in the anode current oy LENE
to a corresponding small change in the grid voltage, under the condition that the = — - 25Ua
anode voltage does not change, i.e. it is constant.
1T g AR
The transconductance (from a practical point of view) is equal to the change in the / / / 50
anode current (mA) caused by a change in the grid voltage of 1V, under the condition £ ﬁ,f /
that the anode voltage does not change, i.e. it is constant. Transconductance “'H«?
represents the variation of the anode current caused by the variation of the grid 73 9[ '_M' e
voltage, under the condition that the anode voltage does not change, i.e. it is 1/ /' / / -
constant. 0
/ /' / JAUg
. . . LS|
The unit for transconductance is the mho (Siemens [S]), umho = 106 S (commonly: Yy 2 °

mA / V or umho ). _]g
The value of the transconductance is equal to the slope of transfer characteristic of the triode.

R; - Internal resistance (plate or anode resistance) ()

la [ AT
g = CDIlSt
i 1NV A 1 dU,
T &f_._. 7 Ri=~- dl“ U, = const.
w|-HA- -
T i _5 v prd The internal resistance is defined as the ratio of a small change in the anode voltage
4
.," <] I to the resulting change in the anode current, under the condition that the grid
;f P 1 voltage does not change, i.e. it is constant.
d
._7; rd f..l_,l’._
A The value of the R; is equal to the reciprocal of the gradient (slope) of the anode
o 100 Ua characteristic curve (1 / (AI,/ AU, ) = AU, / AL, ).
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The parameter R; differs from, conditionally speaking, DC resistance of the triode (the ratio of DC anode voltage to DC
anode current; static operation of the triode). It is more exact to describe R; as the dynamic internal resistance of the
triode (anode resistance).

The R; of a triode is the resistance that opposes the AC current flowing through it.

Relations between parameters
w=S[24 x RKO] ;  p=g,u[u0] x 1076 x R,[0)]

Parallel connection (two or more tubes)

Rieq — Equivalent internal resistance:

1 1 1 1 o 1
=—+4+—+ -+ —=),i—1—3 R;-internal resistance of each tube connected in parallel ~ (301)
Rieq Ri1  Riz Rin R;
Seq — Equivalent transconductance
Seq=51+S5++5, = Y ,S;; ;- transconductance of each tube connected in parallel (302)

Heq — Equivalent amplification coefficient (two tubes connected in parallel)

— HMiXRip+UaXRip
Ri1+Riz

H
3 (303)

Two tubes with identical characteristics connected in parallel:

R.
Rieq=?‘ Sey =2 XS Heg = 1

Typical diagrams published in tube data sheets:

CHARACTERISTIC ANODE CHARACTERISTIC

e 62



Chapter 3 e Fundamentals of Vacuum Tubes

_||_H_|_J [T u:_u:- SRS |_ "

a8 i ﬁ P —Jiﬁﬁgfﬁ

Hn ST R e

e Cl =] J"‘":_j_*‘*’"" £ETw] B[] :“Wﬂ}%

- LT e e L F Rij L

s oA A A e “_'_.W-E‘E(km?ﬁ;

1] }’/J/' ,lr,r ! B HEE

T T N i

&t “issritai gl

. f SoeEmTaed 2P

o M T o

1 - H 8- FHHE

— ° I } Jnlii'ns Libl L, mz ’a”

b PLATE (mA) g ]l
M. gms rp

3.4 AMPLIFYING EFFECT OF THE TRIODE
* analysis for small AC signals

Ua=Uab 1‘

Ua=Uab Py Fan

S M (-Ugo, Tao
Ia

/
-Ug t
Ugi— Ugo |0
+ Ugm
= = e
U g O_ b U a b ~..""'-'-'—-——-._...
_.------"Irt
Fig. 3-04 Fig. 3-05

e The anode current is determined by the anode voltage and the grid voltage Ia = f (Ua, Ug) and if the value
of any of them changes, the value of the anode current also changes.

¢ In the static mode of operation of the triode, the anode DC current (Iao) is determined by the anode
constant DC voltage (Ua = Uab) and the grid negative constant DC voltage at (- Ugo).
Point M on the graph of the transfer characteristic (Ia = f (Ug). Ua = Uab, Fig. 3-05), determined by the
grid DC voltage Ugo and the anode DC current Iao, i.e. M (Ugo, Iao) is the so-called working (operating)

point of the tube.

e At a constant value of the anode voltage (power supply voltage), any change in the value of the grid
voltage causes a change in the value of the anode current (Ia = f (Ug), Ua = Uab = constant).

o If the AC voltage source (the ”signal” to be amplified), Ug = Ugm e cos(wt) is connected in series with
the DC voltage source in the grid circuit, the anode current changes depending on how the grid voltage
changes, i.e.:

ug = —Uyo + Ugm X cos(wt) (304)
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[, = —lyo + [gm X cos(wt) (305)

* Fig. 3-05: a small change in grid AC voltage causes a large change (of the same shape as the change in
grid voltage) in the anode current.

3.4.1 VOLTAGE AMPLIFICATION

1
<12 Ia
VAVAY
Rq _ Rj
Usg ta (=) 1Ug @ Ra ¢ Ua
Ug% T Uab

Fig. 3-06 Fig. 3-07

e A vacuum tube can be used as a voltage amplifier by placing a resistance R, between the anode power
supply (U,p) and the anode of the tube, Fig. 3-06.

¢ The resistance R, changes the operating conditions of the tube: the anode DC voltage (U,) is not equal to
the DC voltage of the anode power supply (Uap), i.e. U, is lower than the voltage U, by the value of the
voltage drop across the resistance R, caused by the current (I,) flowing through the tube:

Uy =Ugp — Ry X I, (306)

o If the grid voltage changes, the anode voltage does not remain constant, it also changes depending on

the change in the voltage drop across the resistance R, in the anode circuit caused by the change in the
current flowing through the tube.

e The working (operating) point does not move along one static characteristic, it moves over several static
characteristics (from one to the other) that correspond to the instantaneous values of the anode voltage.

Anode current is:
_— Ua
i,=8% Ug + R, (307)

The AC voltage across the resistance R, is:
Uqg = —(Rq X ia) (308)

The ” - ” sign means a phase change, i.e. the input signal (voltage) ug at the grid and the output signal (voltage) u,
are opposite in phase.

Voltage amplification (A) is:
—(qug+;‘;—‘if) XRg

u SXRiXR R
A=-—== = —-—t= x —2
Ug Ug Ri+Rg4

(309)

|
|
—
=
+
)
=]
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+Uab Ua # Fig. 3-07 represents the so-called equivalent
circuit where the tube is substituted by a voltage
generator — pUg connected in series with the
internal resistance of the triode and all other

6 impedances of the circuit.
The equivalent circuit can be used to analyze AC
Uge . signal amplifier circuits. DC sources are omitted
(they are short circuits for the AC signals).
y
- Ug

The analyze of an AC signal amplifier circuit using the equivalent circuit is much simpler because the tube amplifier
circuit can be treated as a passive electric circuit and the basic electric laws can be applied: Ohm’s law, Kirchhoff’s

circuit laws, Thevenin’s theorem...

+Uab # The result of a more detailed analysis that considers the internal
capacitances (the capacitances between the electrodes of the tube) of the
tube and the impedance Z, of the anode circuit is that the amplification is a
complex number.

Cga
Il
il
Ri
Cgk | Cak
Uin Ug 6‘9 T T o
—#Ug
Fig. 3-08 Fig. 3-09
Complex number: z = a + jb; a - real part; b - imaginary part; j-imaginary unit; j2=-1
Complex number - trigonometric form:
; 5. s b
z=a+jb=rx(cosg+jsing), r=+Va?+b? tang =

I

. . 1 1 1
Anode circuit Impedance: —_= =4 —
Zg Rgq JXg

Amplification: A=A, +jA;

R »
(X (F‘-+ 1)
Real part of the amplification: Ar == T LT 4 R;
(Rt + G2

e

Imaginary part of the amplification: A i = TR, .,  Ri, & =,
L 24 (—1Ly2
Gt 14 G
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R:
X (E:"' 1)
Input capacitance: Cin = gk + Cga X [1 + R; 2 (R 2]
reti) +Hz)
The increase in input capacitance of a tube amplifier circuit is known as the Miller effect.
The maximum possible value of the input capacitance is: Cin = Cge + Cgg X (0 + 1)
Input capacitance of the amplifier circuit is: Cin =Cgp+Cyax(A+1)

* A — amplification of the amplifier circuit

Itis very important to pay attention to the Miller effect in the process of designing of multi-stage amplifiers,
due to the great effects of Miller capacitances on the amplitude characteristics of the amplifier, especially
at high frequencies.

3.5 WORKING POINT (QUIESCENT POINT) AND WORKING (LOAD) LINE

The anode DC voltage is determined by the equation:

Ia
B (0, Uab/Ra) Ua=Usp —Ra X1y (310)
Ugl Ug2 Ug3 Ugd Ugs
To determine U, and I, it is necessary to know the
ﬁ static characteristics of the anode:
3 la @t 3 M (Llh,Ia)
5 i I, = f (U,), Fig. 3-10.
l o
The working point is located at the intersection of the
k—— Ua A (Uab, 0) Ua  characteristic I, = f (U,) [Ug = constant] and the line
Uab | defined by equation (310):
Fig. 3-10
Uab
I, Rq

Drawing the working line (load line):

e Draw point A on the abscissas: value equal to U,, (DC voltage of the anode power supply), [ A (Uz, 0) ]
e Draw point B on the ordinate: value equalto U,, / Ry, [ B (0, Ugp / Ry) ]
e Draw a straight line (working line) through the points A and B.

The straight line determines by the points A (U,,) and B (Ug, / Ry) through which it is drawn is the working (load)
line and can be expressed mathematically in the form of a function:

_ Uap—Ugz
L, =———=
Ra (311)
The working point M (U,, I,) [quiescent point] is located at the intersection of the working line and the static

anode characteristic corresponding to the chosen negative grid voltage (Ug). The coordinates of the point M determine
the DC anode voltage U, and the DC anode current I, of the triode at the working point.
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Drawing the dynamic characteristic (dynamic working line) on the diagram I, = f (U,)

Transfer all intersection points of the line U, = const. (a straight line drawn from the point U, parallel to the I, axis)
with static characteristics of the anode characteristics diagram Ia = f (Ua) to the transfer characteristics diagram Ia

= f (Ug).
Draw the static characteristic through the transferred points on the transfer characteristics diagram I,= f (Uy).

Transfer all intersection points of the working line with static characteristics of the anode characteristics diagram I,=
f (U,) to the transfer characteristics diagram I,= f (Uy).

Draw the dynamic characteristic (bold line) through the transferred points on the I,= f (Ug) diagram.

The slope of the static transfer (mutual)
characteristic is:

Ia Ia
B (0, Uab/Ra)
2l Ug2 Ug3 Ugd UgS H/R;.
s \/ // The slope of the dynamic characteristic is:
= Al\//I(Ua,Ia)
9 M/ (Ri+ R,)
(o3
Us — 1 = .
Ug5 Ugd Ug3 Ug2 Ugl *; A (Uab, 0) Ua
Uab |

Fig. 3-11
# The slope of the dynamic characteristic of the triode is lower than the slope of the static characteristic.
3.6 COMPLETE AMPLIFICATION MECHANISM

The signal at the anode is of the same shape but opposite in phase and of a significantly higher amplitude compared
to the AC signal applied to the triode grid (amplification: A = U, / Ugm).

Transfer characteristics Anode characteristics
1, la ‘
Ug=0 jD S
.O
Ua = 300
,I / A[0, Uab/Ra]¢ Working line
1 Ua=200
/ / Ua=100
) / / ‘.
Dynamlc // / s '}7 T Yamaz 9 Q’
transfer / // // ’/ ! N
/
charactcrlslxcx / , VAN M[Ua, taf / N
I

ar_

/ o - = /"
/ /|
/ 7 I \\/ i i i /
- L ""{__“'""_—_"a = mm ”‘
Ua

-Ug - 30T -20Ug10 10 100 Ua B[Uab 0]
—’\
' 27 ' o

’

Fig. 3-12
# Note: The technical characteristics of the triode amplifier circuit depend on the correct determination
of the triode operating point (choice of the adequate value of the resistor Ra and correct setting of the electrical

potential of the grid of the triode - grid bias voltage).

In practice, the signal amplification effect of the triode circuit is used to amplify the input signal and to
supply some load R, with the amplified signal.
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Determination of the anode load R, for maximum output voltage without exceeding a given distortion.
(Richard Q Twiss)

+Uab

The analysis is based on the presumption

la Ug=0 that the positive and negative swings of
Y AC Load Line the anode voltage, measured from the
| R axRL quiescent point, are equal and limited by the
| m—— cut-off voltage and the zero grid voltage
Ra*RL

(saturation), respectively.

DC Load Line
/ Ra

0 u,, Ua U,z Uab
Fig. 3-13

RaXRL -
Rq+R;’

U.p — power supply DC voltage; U, - anode DC voltage; I, - anode DC current; R, - Load resistance; R a =

U; - anode instantaneous voltage; i - anode instantaneous current;
U,y — anode voltage at U, = 0; u,, - anode voltage at cut-off;

Anode instantaneous voltage at cut-offis: Ugy = Uy + 1, X R,

. Ugy
Anode instantaneous current at U, = 0 is: la = _J:_
L
The equation of the AC load line is: Wgq — Uy =— by —Tp) % (Ra)
Ug+1,%R,
By solving the above system of equations for u,;: Ugq = LR,Q' (Eq.1)
-
R:

[

Positive and negative swings of the voltage U, must be equal: U, = U, — I, X R, (Eq.Il)

By eliminating u,; in (Eq.I) and (Eq.II) and combining with the equation of the DC working line: U, = U, —1, X R, ,
it is possible to determine I, and calculate the peak output voltage: tapear = o X Ry .

i Ugp Uab

. . — Yapeak . 2 2x2

The effective output voltage is: Ug RMS = T Le.. UgpMs = R: IXR; — R; R\E R
IRFa’ Rfa IRLIRalz)(RL

Maximizing the output voltage (u, rms ) With respect to R, :

Ra='\f12><RixRL

and

Uab
2x2

Uppms =
RMS max 1+% ZERE
L \J L
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The derivation may be generalized by considering nonlinearity of the tube characteristics. If the negative swing of the
anode voltage is a times greater than the positive swing:

Uab
Ry =y(1+a)XR;XR, and Upysmax = ——22—
1+FL+2><J—‘—
L (1+a)=<Ry,
3.7 BIAS

In a practical triode circuit, the negative electrical potential of the grid relative to the potential of the cathode can be
realized by using a separate DC voltage source connected in the grid circuit, the so-called fixed bias, or by using a
resistor Ry connected in the cathode circuit (between the cathode and the ground or reference point), the so-called
automatic bias (more convenient in practice).

# Automatic bias:

+Uab

The electrical current flowing through the tube causes a voltage drop across the cathode

resistor and the electrical potential of the cathode becomes positive relative to the ground
Rﬁ - reference potential. As the grid resistor (connected between the grid and the ground
point) keeps the grid at ground potential, the grid potential becomes negative relative to
the cathode.

I — _Ug_. =R.x 1, (DC)

Fig. 3-14
I : B
Ug =0 FHATHHA 1
K, I 11 J 11 A T
. - s =T = :
E 20 ;]:Oadx mT. v/ | / Ug2HH A ‘,j
3 HHHSEH i Ues. }[
3 Oy / AHds T-Ug4 L]
H / ) / e ,
= T ENM# 21 -
- 1‘ { L] - {?1 F
£ 10 'Cathode load line
E [ y ';CZ’.__ 7
§ H d / // !
.f-»C]' i | 4 P
[ D4 r)-'
) r J( J’/ " |J
0 100 200

PLATE VOLTAGE
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-U
R, is determined by the values I, and Uy at the quiescent point M: Rk = f—g . Graphical analysis (diagram above)
a

starts by drawing a load line. Since the grid bias voltage depends on the anode current, it is necessary to draw another

-u
line, the so-called cathode load line. The cathode load line is drawn by calculating and drawing the points [, = R—g
k

i.e.: C1 (Ugy / R ) and C3 (Ugz / Ry), [ Ugy < Ug < Ugs ] and connecting them with a straight line. The intersection of
the cathode load line with the load line is the quiescent point (M).

Automatic bias (directly heated cathode)

# Note:

e The grid voltage contains an AC
voltage component caused by the AC
power supply to the heater.

R, 2 e The amplified signal contains an AC

— component caused by the AC power

supply to the heater.

1 Using the heater AC supply circuit
R C | configuration (directly heated cathode
k 2 k circuit) Fig. 3-15 suppresses the

fundamental frequency and odd
harmonics of the supply voltage.

The even harmonics are not suppressed.
The anode voltage contains the even

DC Uf harmonics of the AC voltage.

Fig. 3-15

A DC power supply to the heater can also be used.

3.8 PRECAUTIONS WHEN DETERMINING THE OPERATING CONDITIONS OF THE TUBE
(THE QUIESCENT POINT - BIAS AND THE LOAD LINE)

The load line and the quiescent point must be placed below the power dissipation curve (P,max) on the diagram of the
anode characteristics I, = f ( U, ).

Tl The anode voltage must never exceed
E U.o (max. anode voltage).
e
o
= The anode voltage at the quiescent point
must not exceed Ug(max)
3
(max. permissible anode voltage at the
quiescent point, i.e. the maximum DC
2 voltage at which the tube can operate
continuously).
1
__/__...- =
0 100 200 [a(max) 400 500 UapUa [V]

Fig. 3-16
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# Note: Maximal anode dissipation P,max) and max. anode voltage V.o Vamax) (Maximum ratings) as well as other
characteristic tube parameters under typical operating conditions (typical operation) are usually published in the data

sheets of the tube manufacturers.

3.9 AMPLIFIER CLASSES OF OPERATION

Ia
Tam
Mc\ lao n
cut off U
- Ug CUgn 0 t
>
Ugm
Fig. 3-17
Ia
Tam
M lao
Ug |Uzo 0 t
<l
-——-"'I
Lgm
Fig. 3-18

Ia v
c /
[FETLY — ;
Ra’2
Fi— /
M
E Ra /
—
D Ua _: EY Ua
Uah
Fig. 3-19

e Class A:

The working point (quiescent point) is located somewhere around the
middle of the transfer characteristic I, = f (Ug), (the middle of the most
linear part of the transfer characteristic).

The signal voltage applied to the grid always fulfills the condition:

Ugm < Ugo, i.e. the tube does not operate either in the saturation region
or in the region close to the cut-off voltage.

- Low nonlinear distortion.
- Low output power.
- Low efficiency.

e Class B:

The working point is located at the knee of the characteristic
Ia - f(Ug) |e Ugo = Ug cut-off *

Anode DC current at working (quiescent) point (signal AC voltage is not
applied to the grid) is approximately zero. M ( - Ug(cutoffyr Ia = 0).

Anode current flows only when an AC signal is applied to the grid for a

period of time approximately equal to half of each cycle of the applied
AC voltage.

Efficiency and output power are higher than Class A.

In audio amplifiers, Class B can be used in a Push-Pull amplifier
configuration only.

e Class AB:

The working point is located somewhere between the Class A and Class
B working (quiescent) points in on the transfer characteristic.

The amplifier operates in Class A at low AC voltages of the input (driving)
signal and in Class B at high levels of the input signal.

In a push pull amplifier configuration at low driving voltages, the working
point of one tube moves along the part MA of the load line, and at the
same time the working point of the other tube moves along the part
MB of the load line defined by R, on the anode characteristic diagram.
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The anode current of one tube decreases as the negative amplitude of the driving voltage increases and finally stops
flowing at point A on the anode characteristic diagram (after that only half of the primary winding of the output
transformer is used and other tube “sees” a different impedance at its anode).

To the left of the point B, the anode load changes from R, to a value equal to R, / 2.(In reality, the load line is not
a straight line, it is curved).

3.10 AMPLIFIER DISTORTION TYPES
In general - distortion can be defined as a measure of the deviation of the signal waveform at the amplifier output

compared to the signal waveform at the amplifier input.

Non-linear distortion - caused by non-linearity of the tube characteristics I, = f (U,), I, = f (Ug) which are not
straight lines, so the tube parameters (4, S, R;) are not constant along the characteristics.

They can be:
e Harmonic

e Non-harmonic

Linear or amplitude_distortion - caused by the characteristics of the electronics components used in the amplifier
circuits, the layout of the components, the wiring and the internal capacitances of the tubes.

3.10.1 HARMONIC DISTORTION
If the input signal is a periodic function in time, the amplified signal at the anode circuit contains the fundamental
harmonic and higher order harmonics.
If the characteristic I, = f (Ug) is approximated by a third-order polynomial:
is = I + agug + axug? + asug’

and the input signal is: ug = Ugm cos(wt)

After mathematical derivations, the function of the anode current can be expressed in the form:

1 3 1 1
ig = Ig0+ EazUjm + (alugm + Zagt{gm) coswt + Eangzm cos 2wt + Zalt{gm cos 3wt

The anode current is the sum of the:

e DC component: Ino = 1y +%a2U§m

e First harmonic: I = (a1 Ug-m + %a3 Ugm) coswt
e Second harmonic: Iy = %az U;m cos 2wt

e Third harmonic: Iz = iagbﬁm cos 3wt

* The DC component of the anode current also changes — this means that the working point changes its position.
Using a fixed grid bias causes a larger change in anode DC current than using an automatic grid bias.

In order to quantify the effect of tube characteristic nonlinearity on signal distortion, a measure commonly used in real
measurements is defined - Distortion Coefficient or Clear Factor.

The Distortion Coefficient or Clear Factor of a harmonic is defined as the ratio of the effective value of the harmonic of
the anode current and the total effective value of anode current:
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I‘-"lﬂ}

= x 100%
VIG+ 10 + Iy +

Total Clear Factor: the ratio of the sum of the effective values of higher-order harmonics and the effective value of the
total anode AC current (in percent):

k=Jk§+k§+---+k,%l

3.10.2 HARMONIC DISTORTION — GRAPHICAL ANALYSIS
Graphical analysis is based on the approximation of characteristic I, = f (Ug) by a second-order polynomial:

ig=1,+A,+A;coswt + A; cos 2wt

Fig. 3-12:
For: wt=0 =y = lamax
For: wt=n/2 - i, =1,
For: wt=n= =y = amin
and:

Camay = Ly FAg+ A+ 4o
I, =1, +A4,+ A, -  Ag=A4,
lamin =1s +49— 4, + A,
Second Harmonic Distortion (Clear Factor) - (HD,):

1 iamax + II:amin — 21,

A2 a
HD, =k, =—100% ==X - - X 100%
: ; Al D 2 la max — la min °
Fig. 3-20:
j la __ i —ia mi
A - CD = amax2 amin =A1
|
C | m=%(iamax_2!a +igmind =243
A Iam
M(-Ug, Ta) |
Second Harmonic Distortion (Clear Factor):
B/ Ia |
7
Ug Ia mun AZ CM
" I HD, =k, =—=——x100%
S— Ug 2T T A, 26D
! |
Fig. 3-20
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3.10.3 NON-HARMONIC DISTORTION

Non-linear non-harmonic distortions: the anode current (output signal) contains not only the frequencies that are
multiples of the fundamental frequency, but also contains: the fundamental harmonic and harmonics of a higher
order, sums and differences of the fundamental harmonic and harmonics of a higher order, caused by the non-linear
characteristic of the tube.

Coefficient of non-linear non-harmonic distortion, M:

Ia e
S 4 max A M = Sdmax=Sdmin o 1000,
SdmaxtSdmin

Sdamax — Max. dynamic transconductance corresponding to the max. anode current:

I —" fa.max
a max Sd max = ——
Ugm
Sd min < Sdamin — Min. dynamic transconductance corresponding to the min. anode current:

Ug ! Ia min 0 = lamin

83 it
min Ugm

Fig. 3-21
Example:

No Harmonic Distortion 5% Second Harmonic

5% 2nd. 2% 3rd, 1% 4th, 0.5% Sth, 0.2% 6th

Fig. 3-22

3.10.4 LINEAR (AMPLITUDE; FREQUENCY) DISTORTION

(A/ A [dB] Linear distortion occurs when the amplification of input signals of equal
amplitudes and different frequencies is not equal over the entire
0odB defined frequency range, A (f ) = A (f5 ... fp)) # const.
-3dB A measure of amplifier quality related to amplitude distortion is the
so-called amplitude characteristic or frequency characteristic (or
Am frequency response) of the amplifier.

f  The amplitude characteristic of an amplifier can be defined as the
B fivickd A amplifier’s amplification as a function of the frequency of the input

signal.

Fig. 3-23
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Frequencies at which the amplification (A) is 3dB lower than its nominal value (A, - amplification at the middle
frequencies) are the so-called cut-off frequencies:

fmin — low frequency cut-off, (A/A,) =-3dB
-3dB

fmax — high frequency cut-off, (A/ Am)

3.11 European Tube Designation Code

The tube type designation consists of: Two or more LETTERS followed by a serial NUMBER.

L1

L2 L3...

N1 N2...

L1

First letter indicates
HEATER
Voltage or Current

L2, L3, ...

Second and subsequent
letters indicate the
construction and/or
application of the tube

(If there is more than one
serial number, it indicates
that there is more than one
electrode system and these
letters are placed in
alphabetic order. Each letter
indicates the corresponding
electrode system)

N1, N2,...
First number (N1)

indicates

the type of the BASE

4 Volts

1.4 Volts

6.3 Volts

miscellaneous

450 mA

300 mA

cloriomo>»

100 mA

A Diode 1 miscellaneous
B Double Diode 2 miniature
C Triode 10 - pin
D Power output triode 3 octal
E Tetrode 5 magnoval
F Pentode 8 noval
H Hexode or Heptode 9 miniature
K Octode or Heptode 7 —pin
Power Output Tetrode
L or Power Output
Pentode
M | Tuning indicator
Y Half — Wave Rectifier
Y4 Full — Wave Rectifier
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SYMBOLS
Electrodes Miscellaneous
a ANODE dtot Total distortion
f Frequency
f HEATER or FILAMENT F Noise factor
fc HEATER or FILAMENT TAP g Voltage gain per stage
g GRID G Power amplification (Gain)
i.c. | INTERNAL CONECTION S Mutual conductance
K CATHODE Sc Conversion conductance
n Efficiency
ne. TUBE PIN WHICH CAN BE M Gain or amplification factor
CONNECTED EXTERNALLY Gain or amplification factor
s INTERNAL SHIELD Mg2g1 of.grid No. 2 with respect to
grid No. 1
Voltages Currents
Va Anode voltage la Anode current
Vb Supply voltage lp Supply current
Vba Anode supply voltage I Anode current at
| Vap Peak value of anode voltage amax | full drive
Varms A.C. anode voltage Lo Anode current
Vest RMS voltage value amin | without drive
\/ Heater voltage lap Peak anode current
Vg Grid voltage I Heater or Filament current
| Vao Peak grid voltage Ig Grid current
Vie Voltage betw_een cathode lgmax | Grid current at full drive
and heater (filament) | lgmin | Grid current without drive
Peak value of voltage | lgp Peak grid current
\' between cathode and heater I Cathode current
(filament)
A.C. output voltage; lo D.C. current supplied by a
Vo D.C. output voltage (rectify) rectifying tube
Capacitances Resistances
c Anode to all other elements Ra | External anode resistance
? | (electrodes) except control grid R External anode A.C. resistance
c Anode to grid, all other elements | or load resistance
29 | (electrodes) earthed R.. | Load resistance of a push-pull
c Anode to cathode, all other # | amplifier (anode to anode)
3 | elements (electrodes) earthed Req | Equivalent noise resistance
Cq Grid to all other elements R¢ | Resistance of filament (heater)
(electrodes) except anode Ry | External grid resistance
External resistance between
Powers Ry grid and cathode of next tube
Ri | Internal resistance
Wa | Anode dissipation Rk | External cathode resistance
Ws | Grid dissipation External resistance between
W, | Output power Rit | cathode and heater (filament)

Example 1: Tube PCL 86 (First letter P - heater current: 300 mA, second letter C - triode, L - output pentode,
First number 8 - noval)
Triode and output pentode. Heater current: 300 mA. Base: noval

Example 2: Tube EL 34
Power Output Pentode. Heater voltage: 6.3 V. Base: octal
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Example 3: Tube ABC 1 (First letter A - heater voltage: 4 V, second letter B - double diode, C - triode , First
number 1 — miscellaneous)
Double diode and triode. Heater voltage: 4 V

Voltage stabilizers
The type designation consists of:

Number followed by a Capital LETTER, a figure (in some cases by a second capital letter)
Number - Burning Voltage First letter: Current range

A - max. 10 mA
B - max. 22 mA
C - max. 40 mA
D - max. 100 mA
E - max. 200 mA

Example 1: Tube 85A2 (Burning voltage 85 - 85V, first letter A - max. 10 mA)
Vm (Ik = 5.5mA) = 83 - 87V

Example 2: Tube 150B2 (Burning voltage 150 - 150V, first letter B — max. 22 mA)
Vm (Ik = 10mA) = 146 - 154V

GENERAL RECOMMENDATIONS
Absolute maximum ratings are limiting values of operating and environmental condition applicable to any electronic

device of a specified type as defined by its published data, and should not be exceeded under the worst probable
conditions.

Design maximum ratings are limiting values of operating and environmental condition applicable to a bogey
electronic device* of a specified type as defined by its published data, and should not be exceeded under the worst
probable conditions.

Design center ratings are limiting values of operating and environmental condition applicable to a bogey electronic
device* of a specified type as defined by its published data, and should not be exceeded under average conditions.

*A bogey tube is a tube whose characteristics have the published nominal value for the type.

Electrode voltage
All electrode voltages are given with respect to cathode.

® V.o, Vg20... (limiting values of electrode voltage).
These values are continuously permitted at zero anodes current and with cold cathode.

They are also permitted as peak voltage during operation when a D.C. voltage in combination with a
superimposed A.C. voltage is present at the electrode provided that the peak value coincides with approx.
zero current.

oV, Vg,
These values are D.C. components of the electrode voltages and are continuously permitted.

Electrode current
e The limiting values I, I, I, etc. are the D.C. components of the electrode currents averaged over 50 ms
period.
¢ Limiting values could not be exceeded by more than 10 % under the worst probable conditions.
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Electrode dissipation
e The limiting values W,, Wg,, etc, are the average values, obtained by averaging over any 1s period.

¢ If not otherwise indicated the quoted operating conditions for audio output tubes are permitted only with
speech and music signals. With class B operation and speech and music excitation the quoted limiting
value of anode dissipation is allowed to be exceeded by max. 10 % if measured with sinusoidal signal at
2 / 3 of maximum drive.
Spread and variation in the electrode dissipation of audio output tubes should be restricted so that with
bogey tubes the specified design center limiting values are not exceeded by more than 20 % under the worst
probable conditions.

Heater circuit
e The maximum deviation of the heater voltage should not exceed £ 15 % (design max. value).
This condition will be fulfilled when the mains voltage fluctuates by £ 10 % and a ordinary transformer is

used.

e Heaters of several tubes can be connected in parallel or in series:

* ! | ‘ Y 2 W 40 W 20 WS
Ur1 Ur2 Us3 Ur
Ufp Uf1> Uf2> Uf?b Ufn> Urs !
[ J

— — ' _
Uf‘p - Uf Ufs _Zi=1 Uf!
# Double triode heaters can be connected in series or in parallel.

In some types of double triodes, the heaters have a common point (pin), so the heaters can be connected
in series or in parallel.

e Power supply (voltage source) for the vacuum tube heater (filaments) can be AC or DC.
# When the heater is supplied from a DC voltage source, the condition relating to the published limiting
value U, must be fulfilled.
This means that the electric potential difference (DC voltage) between the cathode and the heater must
belower than the limiting value Uyy.
Example:
In the amplifier circuit, Fig. A, the electrical potential difference (DC voltage Uy, ) between the cathode and the ground
of one (V2) of the triode systems is + 160 V - very close to the limiting value U, = 180 V of the tube used.
A DC power supply circuit used for the heaters of the tube can be designed as shown in Fig. B.
The voltage between the cathode and the heater of the triode V1 is:

(75.9 = "Ug=+1) V= 74.9 V < Uggmax = 180 V; U =+1 V.

The voltage between the cathode and the heater of the triode V2 is: (160 - 75.9) V = 84.1 V < Uippax = 180 V
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Uab =+320V + @
IR2
1180k
Uab=+320V T
" IR1
- @
o
+ Ry,

g 8] =12.6V
i FCDC Y =8
Uo Re g s
2
i : e
Fig. A Fig. B

Microphony

Whenever a tube is subjected to mechanical vibrations (vibrations produced by the transformers, the vibrations
produced by the loudspeakers (sound), ...), unwanted disturbances occur in the output signal of the tube. The effects
of these disturbances depend on the mechanical characteristics of the chassis of the amplifier, the layout of electronic
components, but also on the sensitivity of the tube itself to mechanical vibrations as well as on the configuration of the
amplifier circuit and the conditions of application of the tube in the amplifier circuit (e.g.: amplification of the tube).

A few examples of useful tube testing tools that are not often used in practice
(Of course, for detailed testing of tube characteristics, the use of professional tube testers is recommended).

A simple method for testing tube vacuum:

Vacuum quality can be tested using a circuit of a very simple configuration:

A. Power tube (Output tube) B. Small signal tube
Example: KT 88: Example: ECC 82;
oF = =
KTSS 1:?0;111‘; ECCS =7 .5mA
i Fi Al=0mA
SW o SW,| LY
{ $= { $S
— o=
po—
-30V o
-10V
Anode current should not change more than Anode current must stay unchanged
5% by pressing the SW push button switch. by pressing the SW push button switch.
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Microphony test:
Small signal tube

Example: ECC 83:

Uab =+400V
330k
0.47uF
— -
ECCS83 Pout=5W
=
3 w D
g L Rg = Sensitivity = 500mV
S 2k2 TS %1001{
T

Knock (tap) the tube with a rubber hammer and listen to the microphony.

In the history of the development of vacuum tube constructions and manufacturing technologies, there have been
many different tube designs related to the shapes and dimensions of the glass balloons, the shapes and dimensions of
the bases and contact pins of the tubes, the layouts of the contact pins...

For practical reasons, the basic mechanical and electrical characteristics of tubes, their numerical, dimensional,
symbolic and graphic nomenclature as well as some other rules are regulated by technical standards.

One of the rules is: the layout of the contact pins and their connection with the tube electrodes is always drawn as a
bottom view of the tube, for example:

TYNG ~NO CONMEGTION
. a 1)® 9 (9 ) \ () &)
2 g 2) 9 NO CONNECTION —._ HEATER
kg NC 3) GRID—._ _—CATHODE (3) (6)
3 K '3_l k. gy \ 66\ 3
o (7 - NO CONNECTION -' BN catHone (2) (7)
HEATER: | ™-PLATE
4 { __l
1
N 1 L O—

VIEW 4-A

Depending on the type of tube base, the most commonly used tube types today are:
NOVAL, OCTAL, 7 pins miniature, MAGNOVAL, and specific types (WE300B, ...).

NOVAL (9 pins) base, standard:

8 x 369 then 720 between pins 1 and 9, 1.016 mm diameter pins in a 11.89 mm diameter circle.
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OCTAL (8 pins) base, standard:

8 x 459, 2.36 mm diameter pins in a 17.45 mm diameter circle.

8 x 360 then 720 between pins 1 and 9, 1.27 mm diameter pins in a 17.45 mm diameter circle.

11.9mm rectangle with thicker pins 1 and 4.
2 pins of 3.2 mm diameter and
2 thicker pins of

FILAMENT 4.0 mm diameter.

PLANE OF  # Note: BOTTOM VIEW
FILAMENT

In practice, each tube is placed in its corresponding type of
socket.

# Note: Most manufacturers produce tube sockets as follows:
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9-pin NOVAL socket
Chassis mounting, dimensions: Hole: @ 19 mm (@ 22 mm); Holder holes: @ 3.2 mm at 28.5 mm spacing.

Chassis mounting, dimensions: Hole: @ 19 mm (@ 22 mm); Holder holes: @ 3.2 mm at 28.5 mm spacing.

F19
o 3.2
N o o

= 28.5 —>

PCB pattern
\ 36"/ p=19

Dimensions in mllimeters |, 17.8040.30 | PAD:Round3.2mm
hole1.2mm

8-pin OCTAL socket
Chassis mounting, dimensions: Hole: @ 26.5 mm; Holder holes: @ 3.2 mm at 42 mm spacing.

(o)) ¢27

> ﬁ — & g oor - 23.2

=2 ©-

il

$26.5

35

42 22 e 35 —

# Note: In general, the socket can be mounted on the upper or under side of the chassis.
When using some types of OCTAL base tubes, it is necessary to mount the sockets on the upper side of the chassis
because the diameters of the base of the tubes are larger than the distance between the holes for the holders.

Printed circuit board (PCB) mounting

PCB pattern

AS
pe— o o D=27

= LR o

- I ® )
55 || s n ; .
21 PAD:Round4.2mm

All dimensions are in millimeters hole 2 mm

1T

ITTT

P26
ﬁ
J )
$26.5
I
.
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7-pin miniature socket

PCB mounting
Chassis mounting 0
Dimension: D=15.8 45
- Hole: @ 15.8 mm
Holder holes: @ 3.2 mmn
® at 22 mm spacing.
s
PAD:Round32mm
holel.2 mm
9 pin MAGNOVAL socket
Chassis mounting PCB mounting
Dimension: 5
Hole: @ 27 mm . P
F ] Holder holes: @ 3.2 mm “/r__-\j n=23>
R at 38 mm spacing. 0/0 fo\
Y »~ N
o

) O
o o
PAD:Round3.2mm
holel.2 mm

*U4A socket

= @ 35

s

Y {}\_/ ;
00
_]'I <— 45 —
4.5 lc—“::
42 4—15—)1

# Note: The 300B socket must be mounted at the underside of the chassis.
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# Note: The PCB-mount socket can be fitted at either side
of the PCB (usually on the component side, but equally at
the copper track side).

* Keep in mind that the pattern is mirrored when the

socket is swapped over from one side of the PCB to the
other.
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Chapter 4 ¢ Vacuum Tube Electronic Circuits
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Chapter 4 e Vacuum Tube Electronic Circuits

4.1 GROUNDED CATHODE (anode follower)

BASIC CIRCUIT

U. s R
Ugk Uab

W o
i} 1[ ==

Fig. 4-01

Analyzing the circuit shown in Fig. 4-01 (and using equations: 3-07, 3-08, 3-09 from Chapter 3) the anode current is:

~ixUg

L
@ Ri+Rq

Considering that U, = U; and that the output voltage is Uy = i; X Ry i.e. (i; = Up / R,), the above equation can be
written in the following form:

Up —pxU; Uy HX R,

R, R:+R, T T

The amplification of the grounded cathode circuit is:

R(I
= —u X

4 H Ri+Rq (401.1)
# Sign “ = * in amplification equation means that input and output voltage are opposite in phase.
Output impedance (Z,,;):
Analyzing the circuit from the Fig. 4-01, the output impedance is the parallel connection of R; and R,:

R;XR
Z oy = — (401.2)

out ™ p.4R,

Input impedance (Z;,)
The input impedance of the grounded cathode amplifier is the parallel connection of the grid resistor Rg and the input
capacitance C;, (the tube grid resistance is very high and can be neglected).

Zin =Ry || G (401.3)

Cin is the Muller capacitance: €y, = Cgy + Cyo X (A + 1)
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ECCR83 The required bias voltage (fixed bias) of the
tube can be made by inserting a voltage source
into the grid circuit: It is not necessary that Uy,
must be a battery, it can be any stable well-
filtered voltage source, (most often a well-filtered

R rectifier circuit is used, but it can be used for
£ example and the regulated DC tube heater power
supply).
% Ubg

Example:
ECC83 grounded cathode circuit design requirement: Uy = - 1.1V.
The DC heater power supply Uf = 6.3V is available:

R3
Ri+R>

U, =11V = XUs ; Ry =47k and R, = 10k}

GROUNDED-CATHODE AMPLIFIER WITH IMPEDANCE IN THE CATHODE CIRCUIT

Uab

G
U 0 I *
Ry
Uy 5 Ug ||2Zx
L '] "
Fig. 4-02
. o [,I.XUg F Ra >Ry,
Fig. 4-02 (equations: 3-07, 3-08, 3-09; Chapter 3): anode current is lg = RetRL+zy, d R, = R,||R, = el
[4 a a

Grid - cathode voltage is equal to the input voltage plus the AC voltage across Z:

Ug=U;+i, X2 (401.4)
: —p X U, —UX (U; +iq X Zy) —uxU;
L, = — —.
* R,+R,+Z, R, + R, +Z, R, +R,+(u+1)xZ,
Aso, Uy =i, XR, - i,= E—?, , hence:
a

R, R+R,+(n+0xZ, _ U R+R,+@+1)x2

e 88



Chapter 4 e Vacuum Tube Electronic Circuits

The amplification of the grounded cathode amplifier with impedance Z, in the cathode circuit is:
A=—

yxR&
Ri+R+(u+1)XZy

(401.5)

The impedance Z, in the cathode circuit acts as a Negative Feed Back - [the internal tube resistance R;
increases to the value Ri+(u+1)x2Z, ], and reduces the amplification of the grounded cathode amplifier.

The amplification equation of the circuit with NFB applied to Equation (401.5) is:

A=—20

_ Zk Zx R}
1+f,xAq

: = —  and = —ux
3 B- R!, + uxRy, ’ Ao a Rl +R;

Output impedance (Z,,;)
Considering that the internal tube resistance R; is increased to the value R; + (4 + 1) x Z, (the amplification equation
(401.4)) the output impedance of the grounded cathode amplifier with impedance Z, in the cathode circuit is the par-
allel connection R; + (4 + 1) x Z; and resistor R, of the anode circuit:

T __ R{XRq
Zaut = Ri”Ra ==

r
R{+Rq

- Riis: Rj=R; + (u+1) xZ, (401.6)

In order to determine the optimum loading of the amplifier stage or the input impedance of the next amplifier stage
acting as the load of the grounded cathode amplifier stage, it is very important to determine and calculate the output
impedance of the grounded cathode amplifier stage.

Input impedance (Z;,)
The input impedance of the grounded cathode amplifier is the parallel connection of the grid circuit resistor Rg and the
input capacitance C;, of the tube (the grid resistance is very high and can be neglected).

Z!'n = Rg " Cin (401.7)
Cin is the Miller capacitance: Cyp = Cgi + Cyq X (A + 1)

High - frequency response:

# The effect of the input circuit to the frequency response of the grounded cathode amplifier at high frequencies is
determined by the output resistance (Rg) of the signal source that drives the grounded cathode amplifier circuit and
the input capacitance of the grounded cathode amplifier (Cj,).

The cutoff frequency (a frequency for which the voltage amplification is -3dB of the nominal value) can be calculated
as follows:

1

fH(_SdB) - 2XTXRy%Cip

(401.8)

(reminder: Cj, is the Miller capacitance):
Cin = Cgk +Cga X (A + 1)

Low - frequency response:
# The effect of the input circuit to the response at low frequencies is determined by Cy and Rg.
The cutoff frequency can be calculated as follows:

1

fL(—sdB) I
2XTXRG % Cy (401.9)
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FIRST OPTION: Z, =0
Uab The cathode is connected to the ground.

The grid voltage (the voltage across Ry caused by the flow of a very low
current (Ig) of the grid) is very low. In practice, high resistance Ry is used.

This type of circuit is used as a low input signal amplifier.

. Co
| IL
L Amplification:
Rg Since the resistor R, of the anode circuit is actually connected in parallel
Ui» with the load resistor R, (impedance of Cs is very low and can be neglected)
the effective anode resistance R", is:
Ra xRy,
R, = R,||R, ==~
a a” L Rq+R|,

Fig. 4-03

# Note: Effective anode resistance R’, is of interest in AC circuit analysis (R, is used in DC analysis).

U Ra
Amblification (A) 4 — — Yot — _ = e
mplification (A) A Utn T | |

Input impedance (Zj,): Z;;, = Ry||C;, where Cy = Cgye + Ca X (A+ 1)

Output impedance (Rou): R,,; = R;||R, = %‘%*:& (401.11)
it
SECOND OPTION: Zj = Ry
Uab The required bias voltage (automatic bias voltage) of the tube can be made

by inserting a resistor R, in a cathode circuit:

~U, =Ry X1,

The amplification (A) of the circuit:
# The automatic bias (resistor Ry, in a cathode circuit) acts as an NFB [the
internal resistance of the tube R; is increased to the value R+ (u+1) x R,],
and reduces the amplification of the grounded cathode amplifier:

R

A=—px— a (401.12)
R,+R+(u+1) xR,

Fig. 4-04
The amplification with NFB (Equation (401.12)) is;: A=————  where: B R, R
P 7 ' ' 1+B,x A, """ R, uxR,

R, R, , R

# In practice — > -, therefore, the B, is: B.~—

R, HXR, R,
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A R,
Finally, the amplification A is: A= L , Agis: Ay=—pux —= (401.13)
0 H
1+R" x A R*R;
? 0
. R, xR,
Impedance ( Royt ): R, =R/IR,= TR (401.14)
4+ a
R’ is: R=R+(u+1)xR, (401.15)

THIRD OPTION: Z,=R,IC, Bypassed cathode resistor

Uab Via the capacitor C,, the AC signal by bypasses the cathode resistor R to
ground, so that no AC current (signal current) flows through the cathode
resistor (there is no AC voltage across the Ry in equation (401.4)), while
the DC voltage across the Ry (grid bias voltage) remains unchanged. The
effect of NFB (caused by the impedance in the cathode circuit which reduces
the amplification and increases the output impedance) can be partially or
fully eliminated.

The impedance in the cathode circuit is the parallel connection of R, and
Ck:
Rk

L= nd amplification is:
k 1+ 27 R.C,’ and amplification is

Fig. 4-05

R, R 1+(2nf R, C,)’

x or: A=—pu——= -
R+ +R+(pu+1)x Z R+R R u+1)?
) r ‘ [1+ﬁ] +{2T[ka Ck)z

I a

A=—q

If the capacitor Cy is large enough that (u+1) x Z, is small compared to R; + R, (i.e. a fully bypassed cathode resistor),
the amplification (A) is:

A=A =—pnx—=2 401.1
o="H R +R, (401.16)
R.=R, IR _R*R,
a— a L= RO+RL

Output impedance (R,t):

=R/|IR,=—— (401.17)
Where R; is the internal resistance of the tube.

Cathode impedance (Rycq):
# Cathode impedance is of interest in AC analysis [Ry is used in DC analysis, (to calculate Uy , for example)].

Uab — Ua—k L. . . . . -1
— R This is a straight line (load line) with a slope of

a

In graphic analysis I,=

a

The intersection of the load line with each curve of the anode characteristic determines the anode current for the

U
parameter of each characteristic, i.e. grid voltage Uy , (Ryis: R":Ti ).

a
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The resistance of the grounded cathode circuit (excluding the cathode resistor) seen from the cathode is:

._Rr.+R‘J
k= p+1

(401.18)

The equivalent cathode resistance is the parallel connection of the cathode resistor R, and the resistance R’:

R+R,
p+l
R+R

I O+Rk
u+l1

x R,

R, =R,R,= (401.19)

# Note

The capacitance of the capacitor C, affects the amplitude characteristic (frequency response) of the circuit. Thus, if the
capacitance Cy is low, the lower frequency signal will be amplified less than the high frequency signal. (The minimum
amplification of the grounded cathode amplifier circuit (at the lowest frequency) is equal to the amplification of the
grounded cathode amplifier circuit with non-bypassed cathode resistor).

The maximum amplification that can be achieved is equal to the amplification of the grounded cathode amplifier
circuit with a fully bypassed cathode resistor).

The cutoff frequency can be calculated as follows:

1
fu_-sdm—zxﬂmmxck (401.20)

# Note

The grounded cathode amplifier is the most commonly used tube circuit in practical applications. It can be said that
this is a “natural” application of tubes with roots at the very beginning of the tube technique. So, when audiophiles talk
about “tube sound”, they mean the sounds produced by an audio amplifier based on the grounded cathode amplifier
circuit.

Analysis and design of a grounded cathode amplifier is not complicated and this tube amplifier configuration gives grate
freedom to designers to achieve the desired or required characteristics of the amplifier circuit in terms of amplification,

frequency response, output impedance,.... Also, very low distortion of the amplified signal can be achieved.

Grounded cathode amplifiers can be used as low signals amplifier circuits (such as input amplifier circuit), as medium
signals amplifier circuits (such as driver circuits) and as power output amplifiers.
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SUMMARY
GROUNDED CATHODE
Zx =7k
_ Ry ; _ RaxRp
A=-pX RL4Ri+(u+1)XZ Re = Ra+R,
Co RIXR
iy Roue = RillRg = s R{=Ri+(u+1)x 2
A
Rg
vic Zin = Ry||Cin Cin = Cgic + Cga X (A + 1)
Zx=0 Zx = Rk Zx = RkII Ck
R! ’ ’
A=-— e -y x— Ra = _ a
H X Rrir; A b X e R (U DRy 4 WX g
R!' X R R; X R,
= R! =t a R = R;||IR, =
R; X R, Roue = RillRa = 23R, oue = Rillfa =3 TR,
Royt = Ri”Ra = R +R
e RI=R;+ (u+1)XRy R
i a w Rk
/ pt+1
Rkeq = RilRy = R, + R
284 R,
p+1
R = R; + R,
p+1
1

Ck

2 X7 X Ryeq X fr(-3am)

Main characteristics:

¢ high input impedance

e medium - to - low output impedance

e relatively high amplification
¢ good frequency response

e input and output signals are opposite in phase
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Example 401.1:

5
ECC83 (12AX7A)HHAH , g
la R Y4 \ Low-signal amplifier. Grounded cathode (anode
fmi) 4 follower) amplifier.
¢ / N Calculate: Ag, A, Ry
ANNEY 7] A (1 /2 ECC83, i.e. one triode).
/ / // A Determine tube working point: M (U,, I,).
3 ' X Load: grid resistor of the next stage
Y=l Ra=100k g RL= Rg = 1IMQ.
n £ / =
B 5 yd y, y ,"-Q“ Uab = 250V
[ pd 7 7 A 1 R, = 100kQ
/ 4 A A 3 = v
// 4 M i A P4l ’
]a. A Y ¥ A 1 4
! ZARNDARRNDZ ISP F DA AR o ECC83
P Zd ] Reference data (one triode):
0 kel T :,_- Si,).(::_.w _I:— i I, =1.25mA
] 5 we 0 200 250 300 350 Lyt¥) M =100
Ua Uab R = 62.5kQ
Fig. 4-06

R, xR, _ 100k x 1000k

: "+ R=RIR = = =90.91k
1. Calculation of R'; : R.=R,IR, R+R,  100k+1000K
. R 90.91k
2. Calculation of Ay : A,=—px—2"-=—100x : =-59.26
Calculation of Ao : A.=—px ol 90.91k+62.5Kk

a i

3. Drawing the Load line:

e Draw the point X on the U, axis: U, = Uy, = 250 V

e Draw the point Y on the I, axis: Uy, / R; = 250V / 100 k2 = 2.5 mA

e Draw a straight line passing through points X and Y - this is the load line.

e Load line intersects the Ug = - 1 V characteristic at point M. Coordinate of point M: M (142'V,
1.1mA),ie U,=142V, I,=1.1 mA

. u
4. Calculation of Ry: R,=—'= UB —=909Q  (Standard: R, = 910 @)
. A,y 59.26
5. Calculation of A: A= = =37.19
1+& 1+ 0.91 % 59.26
R %091

# Note
In practical application (mostly as the second stage of the preamplifier)
this circuit is used very often, with a few changes regarding power supply
voltage

(Uap = 260V) and Ry (Ry = 1kQ).
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Example 401.2:
e Design an anode follower amplifier

5
. [Ecca3 (12Ax7A) HH A A, = 77
ERYARER)
(mt) ST Input signal withstand: 1Vgms
% ~ R e Available power supply: Uy, = 250V.
ANNEY, 7 e Tube
ARNEpARNNPARREY 1/ 2 12AX7(ECC83) [one triode].
3 A e The amplifier stage is loaded with a grid
y ; ’ . resistor of the next stage: R = Rg= 1MQ.
P A A A
2 pd 7 p, ~Z ]
P4 A A / S e ECC83
uN v 4 / / A | '/% | Reference data (one triode):
WEEL 1107 AT w4 1= 125mA
= 7 7 P
1 et - M) Pl ] M =100
L 7 n = = ' -
RATAInzasn PapYZaNE dRRTal Ri = 62.5kQ
) L oot fned =t L I ==t
0 50 w0 0 200 250 00 350 UplV)
Ua Uab
Fig. 4-07
, v A R, _RxA,_625kx77_
1. Calculation of R";: A,=—px T R = 0077 =209kQ
. R, xR R, xR
2. Calculation of R,: R,=R,IR,= fhahis? =X 209k X1000k _yeyy0

R+R, " ° R —R, 1000k—209k

3. Drawing of the Load line:

Draw the point X on the U, axis: U, = Uy, = 250 V (available voltage source).

Uy, 250V

e Draw the point Y on the I, axis: =
R, 264k

=0.95mA

e Draw a straight line passing through points X and Y - this is the load line.

e The condition to withstand the input signal of 1Vgpus is fulfilled if:

Upk = Upearin = Upmsin XV2 =1V x 141 =1.41V

(Choice: Ug =-1.5V)

The quiescent point is located at the intersection of the load line and the anode characteristic Ug = - 1.5 V
i.e. coordinate of point M is: M (140 V, 0.4 mA).

Tube operating conditions (quiescent point): U, = 140V, Ug, =-1.5V and I, = 0.4 mA.

U, 15
I_"z v =3.75kQ (Standard: 3.9 k)

4. Calculation of cathode resistor R, : R,= 0AmA

R+R, 625k+264k

5. Cathode impedance (R : Ry= = =3.23kQ
mmp (Rieq) k u+l 100+1
R+R
r+1a X Rk
—_p __H —
th—Rklle— R+R, =1.76 kQ
xR,
u+1
6. Calculation of Cy:
. . 1 1
# Using equation (401.20): fi(—3i= - C,

2x”ka2qun 2x7erneqfo[—3dE]
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If the required fi .3qp) is, for example, 1Hz:

1 1
= = =90 uF
XX Ry X fram  2X314%1760x1 F (Standard: C = 100 uF)

, R, 209k _
7. Recalculation of Ay: A,=—px* R;+R,=7100 Xm—
A
8*, Without C,, the amplification is: A= = 8 = 331 =316
. .
MR 14200k <77
Uab=+250V # Note
— In practice, this circuit is very often used (mostly as an input stage of a
R preamplifier).
a ¢
264k C
s
—i-
ECCE83
Co
=i —
L/ Rg;
i® ]
Ry L Cyk
3k9 '|' 100uF
Uab=+380V Example 401.3:
Design a grounded cathode amplifier input stage using one
triode of 6SN7 (as shown in Fig. 4-08) capable of withstanding
Ra an input signal of 1.4Vzws with the additional condition that
@ U, must be 90V (suitable for DC coupling to the next stage).
& 6SN7 Determine: I, Ugk, Ra, Ry, Ag, A.
0 1 —_
" Tube: 1 /2 6SN7
Rg U, = 380V
U; =1.4 Vs 6SN7, reference data (one triode):
Ry Ry = 7.7kQ
I, = f(U,) characteristics: Fig. 4-09
My = 20
Fig.4-08
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6 S N 7 1. Draw a vertical line from the point U, = 90 V.

2. The condition to withstand the input signal of

/ 1

1.4 VRMS is fulfilled if:

Upy=14Vx1.41=2V

Quiescent point is located at the

Ua = 90V

intersection of the vertical line

oS
=<

U, = 90 V and the characteristic

yai U,=-2Vie M(90V,43mA).

[

U,=90V, I,=4.3mA

L~ I
T LT L]

>‘,~/X

50 [] 150

200 250 300

U a Anode voltage

line).

Fig.4-09

Ua

-
350 © 400 450 500

b

Draw a straight line passing through the points M and U,y up to the intersection with the I, axis (this is the load

The load line intersects the I, axis at point Y (Iy) = 5.7 mA).

Calculate R, as a slope of the load line, i.e.

R, = U/ Iy = 380/ 0.0057 = 66667 Q.

7. Calculation of Ry:

Ry = Uy /1, =2/0.0043 = 465Q.

8. Calculation of Ag:

Standard R, : R, = 68k%2.

68k

68k

00V

1/2 6 SN7

470

(Choose Ry = 4709%).

A=—px—"—=-20x————=—17.96
=R R +R, 68k+7.7k
9. Calculation of A:
A
A= R“ = Ui;.BG =15.97
—k 1+——x17.96
1+Ra><Au 8
Uab=+380V
# Note

This circuit is often used in practice, for example, as an input stage of a
Single Ended power amplifier with the WE300B as the output tube and
with the 6SN7 second triode as a driver.

Example 401.3 / 1

Design the driver stage of the SE power amplifier with one triode of
the 6SN7 (output tube: WE300B). It is necessary to drive 300B with
the signal: Upeaxk = 71V (50.35Vgrus). The driver stage is DC coupled
to the input stage discussed in Example 401.3. This means that the
grid should be at an electric potential of 90V. Also, the driver stage
must withstand an input signal of 5Vgyys and its amplification should be
similar to the amplification of the input stage (around 15, say 15.2).
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Calculation and design:

1.

e 98

The input signal is 5 Vrys , S0 Uy must be U,_ =5V gyg % V2=—7V, which means that the cathode has to
be at the electrical potential: Uy = Ug + U g, =90V + 7V =97 V.

Amplification should be 15.2

R, _AXR, 152x7.7k

Using equation A=—p X

Data used in graphic analysis:

R = =
R+R, " pu—A  20-152

=24.38kQ

As the cathode is at a potential of 97 V, the new U,y (point on the U, axis) is: 380V - 97V =283V

The load line can be drawn using the parameters: R, = 24.38 k2 and U, = 283 V
(Load line: draw a straight line passing through the points U,, (283V) of the Ua axis and the point

I, = Us/ Ry =283 V/ / 24.38 kQ =11.6 mA of the I, axis).

Quiescent point is located at the intersections of the load line and the anode characteristic U, = -7 V.

Quiescent point: M (186 V, 4 mA).
I, = 4 mA.

Calculation of Ry :

U, 97V
=—X="""_=7425kQ
I T 4mA

a

Standard: Ry = 24 kQ and R, = 24 kQ

'E':'n' 2 -AII TTTTTTTTT
y _ 6SN7"
\‘ 8
N[ Ra=24K
10/
g {
8 \e\ A
7 14
[T J
5 *lw -18
T il |
2 4 1 %
! |1 >, x L] LA Lr T Lk
v 50 100 150 200 ;Sl]ixrﬂ Il/ ’;ﬁl] ’41 l]’ 450 500

a Uab Anode Voltage

Uab=+380V
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More details on the grounded cathode amplifier:

I. The automatic bias circuit of the grounded cathode amplifier stage (anode follower) can be
made using some other electronic components, and not only using resistors in the cathode

circuit.
Uab=+240V BATTERIES:
Lead acid: 2.0 V per cell
Nickel cadmium: 1.2 V per cell
5k 5k 5k P

Lithium-ion: 3.6 V per cell
Alkaline: 1.5V per cell
Primary Lithium: 3 V per cell

LED:

RED Ur=17V

2.2 5 X AMBER Usr=20V
= w < YELLOW Us=21V

12083 5 T 2Vv4 Rl ¥  GREEN Up=22V
T < © ™ BLUE Us=4.5V

II. Other electronic components or electronic circuits can be used as the anode load, not just
resistors.

1. Inductance

The impedance of the inductance used as an anode load is not constant, it varies depending on the fre-
quency of the signal. By using a well-defined inductance, a very high impedance of the anode load can be
achieved at medium and high frequencies. Problems can occur at low frequencies when the impedance of
the inductance used as the anode load can be low or insufficient.

Uab=+150V " [T 2o 0 =8 T 0
L=50H s [ 11 c] Y imIAm A A
RDC=TOOQ gmo / / ; [ /J
= Ty
WE437A 2 [IRTAR/AN AN RN
:
E Ra at low frequency ’/ f/
% sokd Bl ADARAY,
i ]\f] // /]la at ]F;ﬁh'equum‘.\'
S d /]
120 Q) a 20— y I /_;
17 4
OU 50 100 150 200 250 300 350

PLATE VOLTAGE

Example:

Grounded cathode amplifier, anode load: inductance, L
Tube WE437A: p =41; R; =960 Q

L =50H; Rpc=700Q

Uin = 1Verr

Calculation of amplification at medium frequencies:
f = 1000 Hz (w = 6280 radian/s) and f = 20 Hz (w = 125.6 radian/s)

Anode current at f = 1000 Hz = ( 6280 radian/s ) is:

Z,=Rp.+joL; U =U_+jo
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- pxU+jo 41x1+j0 _ 41 . 1660—j314000 _
“ R+|Rpct jwL|  960+(700+j6280%50) 1660+ /314000 1660 — 314000

41 % 1660 .41 x314000

- =(0.69%10"°-j0.1x107°)(A
1660°+314000* J 1660°+314000° J 4)

U, =—|Rpc+ jooL|x i,=—(700+j6280 x50/ % (0.69 x10~*—j0.13) x 10~

U,,=40.82—j0.125

_0.125 1]
—_— 40. 22 - 2— ., =— =—u.
U,,=v40.82°+0.125°=40.82 tang= 0.82 @=-—0.175

Amplification is:

Upue _ 40.82 £ —0.175°

_ — _ 0
Af—1000Hz = Unm e 1200 =40.82~2-0.175

Amplification at f = 20Hz is: A;_,,;,=39.87 « —8.45°

The impedance of the inductance used as the anode load is frequency dependent and therefore the amplification is not
equal at different frequencies:
App, _39.87 _ _ . . e .
——=——-=0.976=-0.2dB  (The amplification at 20Hz is 0.2dB lower than the amplification at
A 4082 1000Hz)

2. Transformer

A transformer as an electronic component used as an anode load is defined by the impedance of the primary (the
secondary is loaded with the corresponding load). A transformer used as an anode load can be treated like any other
electronic component with impedance R, = Rp (impedance of the primary in a limited frequency range) so graphical
analysis can be applied.

Uab=+150V e [ T &0 -0 [20 |50 -40 |
ik |zo—s,=e.3v;|_r; imyi f] i
5k s ! /
E oo , ( J /
§ [N RNV
—— S 11/ /
= JIRTAN/i {1
WE437A = g ‘AN I 1/
é -Iluzﬂg / /
S oI/ JIN/ANERAEY,
n N LA/ (T
" D)W AR AR
4 A
120Q .|. 3 JAF A TH
% Qo 50 100 50 200 250 300 350
| PLATE VOLTAGE

3. Constant Current Source (CCS)

If a constant current source is used as an anode load, theoretically, the load line is a straight horizontal line parallel
to the U, axis on the graph of the anode characteristics. The main feature of commonly used constant current source
circuits is their very high impedance.

The use of active loads has several advantages over a resistor used as an anode load: higher amplification a/lmost
equal to the y of the tube, lower harmonic distortion and higher power supply ripple voltage rejection.
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Veo A very simple CCS can be made using a transistor and a few electronic components:
Vb—Ub_E—ReXIE.:O
IC RC a’ez(hfe‘l'l)xflb
b Ie = hpe X Iy
—
Ul By solving the above system of equations, I. ( Ic= I paq ) iS:
b-e
Ie
Vi. = \\_) o hy Vo — Up_e
bT !Load‘—lic‘—h +1X R
fe e
Re h
I — — fe x Vp—0.6V e Vp—0.61
Load =56 ™ pes Re Re

By analyzing the above equation, it can be concluded that the current flowing through the collector load
is independent of R,. It can also be concluded: if the voltage at the base of the transistor is constant, the
collector current is constant and independent of R,.

A constant voltage at the base of transistor can be made by using some constant voltage source circuit or by using a
Zener diode or some other reference voltage source or by some other electronic components (LED).

CCS, which is commonly used as an anode load, must fulfilled some special technical requirements (like other types of
anode load) related to the power dissipation and the voltage across the CCS - one high voltage power transistor should
be added to the basic circuit explained above.

CCS design 1:

gk _VZ_U'b—e'ITl

5=
«“ ILmd

_ Ucrb_VZ_z X VF[LE.D]
- Rowp= Fi
D

Ip - Current flowing through Zener diode and LEDs: (3.5 + 5) mA
- Output impedance:

R~ Rndj X hre[n] o hre[rz]
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Example:

Grounded cathode amplifier

Tube:WE 437A

Quiescent point: Uz =140 V, I,=18 mA, Uy =-2.2V
Usyp = +240V

Electronic components:

T1 - BC557B (High gain: heri) = (220 + 475))

T2 - MJE350 (High voltage: V.. = - 300 V; High power P. = 20 W; hgr2) = (30 + 240))
Dz, — Zener 5v6, 500 mW

LED - RED LED 3 mm, U =1.7 V

g =l Vim2XVrum) 240-56-2x17
gnd I, 0.004

=57750 Q

Standard: Rypq = 62 kQ
Dissipation of Ry :
P, =R, * I,=62000 x 0.004°=0.99 W

Rgng =62k2 / (4+5)W

_ Ve=Upem _ 5.6—0.6
o I;oud 0.018

=277Q

Standard: 500  multi-turn trimmer potentiometer

Calculation of safe dissipation of T2:

Pyry=(Uy—V,=2xV,—U, ) %I ,,,=|240—56—3.4—140/x0.018=1.64 W

# T2 should be placed on the appropriate heat sink.

R Ry % hyyiry) X Ry =277 %220 X 30=1.8 MQ

out | min) &
CCS design 2:
N - Channel Depletion — Mode Vertical DMOS FET can be used to design CCS. To avoid the problems caused by the

high shunt capacitance of the DMOS FET, a cascade configuration circuit should be used.

One of the most popular DMOS FET used in CCS applications is: DN2540.
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2V '

~
~

R..;:
G {'F o I Load
DN2540

S Example above:

- ) RsA
O Rad'z ~ ~111 0 1k DN2540
T Ioqa  0.018
RsB
DN2540N Standard: 250 Q, mult-turn trim. pot. 1k
ANODE
G D S
+240V
R4 Conclusion:
D sfmjs) The flexibility of the grounded cathode (anode follower) amplifier configuration
5Ve6 T gives the designer a lot of freedom to make the amplifier the way he wants it.
1 BC557B Which type of anode load and bias circuit the designer chooses depends on the
RED skills and technical knowledge of the designer and specific technical requirements
— and characteristics of the amplifier that must be fulfilled. Anyway, the only
T2 advice to designers is:
MIJE350
Ranp — keep your mind open to any new idea, dream idea or idea from your
62k imagination.
WE437A
(59
1200 =
=
1¢
+Uab
+240V I
Ql
DN2540 i ;
E 8l
1k : DN2540 |
250Q
WE437A

Ly J
= )

470pF
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4.2 GROUNDED-ANODE (cathode follower)
BASIC CIRCUIT

A
N ia
f R
U.L_ = Uab >
Rgs i -nUg
E—- & E:
U'! Rk \ T Ug : T
U 2
Ui 3 N e IR 4

Fig. 4-10

_—uxU
Analyzing the circuit shown in Fig.4-10, the anode current is: In=ﬁ£ . Also, the grid - cathode voltage is equal
i k

to the input voltage plus the voltage across the cathode resistor U =U+i, X R, , so:

. —uxU, U _iax[[1+)u:lka+Rf
1 == r —_— =
© [1+p)xR+R, r H
The output volt d by the flow of t i, through the resistor R s: U= YR
e flow o en () e resisto e : =
e output voltage caused by w of current i, throug resistor R, equals o T+1 < R+R,
Amplification is:
U p
A=—= (401.21)

i

1+ '|+R"
L+ R_x

The amplification is less than 1 and the output voltage is in phase with the input voltage.
# Note: This circuit is also called a Cathode follower because the cathode voltage follows the grid voltage.

The calculation of the output impedance of the grounded anode amplifier can be simplified by redesigning the equivalent
circuit.

—pxU,;
Th . . _PXUE . . _ ,U+1 _Ugen .. .
e equation l,=T————5 = can be written as i,= = and the electric diagram of the redesigned
1+p| xR, +R, .. R, R,.,
“14p]

equivalent circuit looks like this:
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W
U x— @ . Ry T
U, sl T |4 OouU

By analyzing the redesigned equivalent circuit it can be concluded that the output impedance is equivalent to the

) R,
parallel connection Ry, and ——

+1
R x_f
R =pi R w1 RXR
ot i+ R+ R, |u+1/xR+R,
o+l
Rf
R =——— (401.22)
pHl+=L
H I+

k
The output impedance is very low (minimum p+1 times lower than the internal resistance R; of the tube).

The grounded anode amplifier, because of its characteristics: high input and very low output impedance, can be used
as an impedance matching circuit.

The input impedance of this circuit is high, the voltage amplification is almost equal to 1 and the output
impedance is low. It acts as a low impedance signal source.

The circuit is used as an impedance matching circuit, to connect a high output impedance signal source to a low input
impedance circuit.

Uab In practical applications, a redesigned base circuit is usually used
(to avoid the use of an additional voltage source in the cathode
circuit).

Grid bias is determined by Ry1 and quiescent current:

~U,,=R,1xI,

So the graphical analysis is similar to the graphical analysis of a
ground cathode amplifier.

A positive feature of this circuit is its high input impedance:

Rin=(u+ 1) x (Ry + Ryz2)

Fig. 4-11
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Graphical analysis

i In the characteristics diagram I, = f(U,), the abscissa is the
IrT  voltage between the anode and the cathode instead of the
+-H commonly used anode voltage. DC cathode voltage shown on
the abscissa can be calculated as:

(401.23)

o The input AC voltage Uj, = Uy is equal to the sum of the output
- AT T T AC voltage Uy, = Uy and the AC voltage between the grid and

l-\. 1 I i\—ii 1] lfﬁ:;\;,ﬂl,‘/‘/§= + i ‘
- ,J - 7‘* _ 1 W~l9_l T | i
i+ } = P H T
K :F*Q R EEh Clanmnsasnus sHnRE NANNN Nunas
i Tt H e
I [ " I o _
-l ] \;f 5 Z i I ,;54_ Uk_Uab_Uak
'~ | 1A | | |
i yig g e 4N
L VdRRERErANES 'r’ T4
V‘IJ/T‘-,.‘ 24— ¢ pail
|
gl L e e
Mo the cathode Ug:
My o ol - g
= At T
s Beer L =

\ Ukmax  Uko | Ukinin
250 150 50 0 Uk (V)

If the cathode DC voltage is denoted as U,q, the DC voltage between the grid and the cathode (grid bias voltage) as
Ugio, the instantaneous voltage at the cathode as uy and the instantaneous voltage between the grid and the cathode

as Ug:

Uy = ug — Uy and ng = Ugk — ngo .

200 2<5;0 300 Uak (V) Ug =Ugut + U,gfc

(401.24)

By substituting U, and Ug of the equation (401.24) with the previous equations:

Ug = Uk — UkO + ng - ngo

(401.25)

The operation of the tube in class A is limited by ug = 0 and Ug = Ugk min (Ugk mint Near I cutoff), so:

Ug = Ukmax — Uko + 0 - ngO
- Ug = Ukmin = Uko + Ugkmin = Ugko

By summing the above two equations:

+U

" kmax k min k min
Um— _(ngu_

ngmr'n ) - Uk max+ U
2 2

The slope of the load line is determined by Rk. (Ry = Ry; + Ryo);
RHZEFE
I

a

Using the graphic above:

Ukmin = 6V, Ugmax = 161V; ngO = -2V

_ Ukmax+ Ukmr'n _ 161+6

U= ; 5 —-=83.5V

U
Ry = 22.6 kQ (slope of the load line); Rﬂz—fﬂ=3 -

# Note:

The first impression after reading the above text is that the process of graphical analysis of grounded anode amplifier
is very complicated, but it is not rally so. Its application in the practical process of designing a conventional grounded

anode amplifier is not so complicated.
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Example 402.1:

Grounded anode amplifier (Fig.4-11); Design requirement: U, =85V.
Tube: 1 /2 ECC81 (12AT7), (one triode).

M =60, R = 16 kQ

Available power supply: Uz, = 250 V

[a(mA) i} 2 O I O - U AT
(mA)f T &V AT AECC 817
IO -h ‘P = P P, =
C 4 x$ﬁ qq ,ﬂf =i

= ____L:é_:ﬂ T -L/\l_ % P
P i A P
lagdtts 2 s o aung g
3 [T [ o -
| - B8V
0 M= - = et
100 Ua (V)

200
Ukmax Uko Uk min
250 200 150 100 50 O  Uk(V)

1. The voltage U, (voltage between anode and cathode of the tube (triode)) is approximately equal:
Uab - UkO = 250 - 85 =165V

2. The procedure for determining and drawing the load line is similar to the procedure used in the case of a
grounded cathode amplifier. In the characteristics diagram I, = f(U,), the abscissa is the voltage between the
anode and the cathode.
The cathode DC voltage is: U, = Uy, — Ugy
The point B equal to the cathode voltage Uy = 0V is set at the same place where the point U,, is set on the
abscissa of the original characteristics diagram I, = f (U, ), ( DC power supply voltage).

3. Draw a vertical line passing through the point of abscissa U, = 85 V.

4. Using equation (401.26):

_ Ukmax+ Ukmr’n ngmr’n i~ Ukmnx+Ukmfn U =2 x U _U
- - ~ = Yikmax — k0 ke min

V== (”ew‘ 2 2
or UkmaxﬁszkD

Draw a vertical line passing through the point of abscissa Uy jax = 2 X Uyg =2 x 85V = 170 V.
This vertical line intersects the anode characteristic U; = 0V at point A.

Draw a straight line passing through points B [U, = 0V (U, = 250V)] and A - this is the load (working) line.
The load line intersects the I, axis at point C: I, = 9.9 mA. The slope of the load line is determined by the cathode
resistor Ry , so:

U, _ 250V

R = =25kQ
" 99mA” 9.9mA >

5. The vertical line passing through the point Uy = 85V intersects the load line at the point M located on the anode
characteristicUg =-2.1V, ie. M(85V, 3.3mA).

6. Calculation of Ryy: Ryy = Ugy /I, = 2.1/ 3.3 = 0.636 kQ (standard: Ry; = 620 Q)

Rk = Rkl + sz - sz = Rk = Rkl =25kQ - 0.62kQ = 24.38 kQ, Standard: sz = 24k
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Uab=+250V
7. Calculation of amplification (A):
n Co
N _ H _ 60 _
i 1/2ECC81 A= = Ter =973
| |]_+’u'|+_r |_50+1,|+—
> _ ' "R 24k
CS i k
Uf” J-h [ 8 Calculation of Rgyt :
® Ug Rkl 620Q . ) out *
Reg Uour T—fl Ry 5106:(1 x 24k
R, =& = =0.259kQ
R, 16 k
—+R, +24k
R u+1 60+1

Example 402.2:

Grounded anode amplifier (Fig.4-10); U = 95V.
Tube: 1 /2 6SN7 (one triode); R; =7.7kQ; p =20
Available power supply: Uy, = 250V

1. Anode - cathode voltage of the tube is

Ia(ma) | |f_1 Iif u |1 |j LFTT] ] approximately:
T Ty T T T, T Ugp = U =250 - 95 =155V
c N i 6SN7 2. The procedure for determining and drawing the load
6 \A line is similar to the procedure used in the case of
5 b grounded cathode amplifier.
. K F In the diagram of the anode characteristics
. M I, = f(U,), the abscissa is the voltage between the
Ia 2 2 ptayd anode and the cathode.
2 / / = [ The cathode DC voltage is: Uy = Uy = Uy
1 / b= =qh3% A The point B equal to the cathode voltage
0 AANE LA Uk = OV is set at the same place where the
v UT;' maxm Cﬁ:: 0 200 U]"{““m[n 00 point U,y is set on the abscissa.
250 180 95 0 U K W) 3. Dra.w a vert|c§I line passing through the
point of abscissa Uy = 95 V.

4. Using equation (401.26):

=2xU,,~U

k min

k min ngmr'n i~ Ukmax+Ukmr'n
- ngu_ ~ -U

2 kmax

or Ukmaxxz X Ukﬂ

Draw a vertical line passing through the point of abscissa Uy jax = 2 X Ugg = 2 x 95V = 180 V.

This vertical line intersects the anode characteristic U; = 0V at point A.

Draw a straight line passing through points B [U, = 0V (U, = 250V)] and A - this is the load line.

The load line intersects the I, axis at point C: I, = 7.2 mA. The slope of the load line is determined by the
cathode resistor Ry , so:

R.= Uy 250V
K"72mA~ 7.2mA

=34.7kQ Standard: R, = 33 kQ
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Uab=+250V

Example 402.3:
Grounded anode amplifier (Fig.4-11)

The vertical line passing through the point Uyg = 95 V intersects
the load line at the point M located on the anode characteristic
Ug =-6.1V,i.e. M(95V, 2.8 mA).

Calculation of amplification (A):

U, u 20
A=—= = =0.94
U ppe R (20410 27K
_1+p]+R—k | "33k
Calculation of Rgyt :
R,
—+'1 xR, 2701'((1 x 33k
R, =& = =0.36kQ
R, 7.7k
_'+Rk +33k
u+1 20+1

Design requirements: U;,= 5Vgrms and U, = 97V.

Tube: 1 / 2 6SN7 (one triode).
Ri=7.7kQ, p=20
Available power supply: Uy, = 280V

la mA | | V | y | y | P | | | | | | | | 1. Calculation of Ug that fulfills the first design requirement U;,
Cu 1t T T T T 1] =5vRMS:
o[ N iR 6Sl‘|sl7__
N
8 A A
. N s Uk = V2 X Upnaus) = 141 x5 = 7V
N
1]
5 N 4 This means that the working point (quiescent point) must be
4 MM located somewhere on the anode characteristic Ug = -7 V.
NN AR '
Iasm 05
, /’ \ 2. Draw a vertical line passing through the point of abscissa
A N i Uyo = 97V to fulfill the second design condition Uy = 97V.
l: //r B d /f//’/
s i U'md 2@ 30 30 3 The vertical line passing through the point
Uk max Uko Uk min -
280 204 97 0o Uk U,o = 97V intersects the anode characteristic

U, = -7V at the point M (97V, 3.5mA) - quiescent point.

4. Draw a straight line passing through points B (U, = OV) of the abscissa and M (97V, 3.5mA). This is the load
line and it intersects the I, axis at the point C: I,c)) = 10mA. The slope of the load line is determined by the sum
of cathode resistors (Rg; + Rgz), so:

U
Ry +R,=—"= 280V

I, 10mA

5. Calculation of Ry :

_Y,__7v =2
Ia

ka1 3.5mA

6. Calculation of Ry, :

—=28kQ

R,,=28kQ—R,,=28kQ—2kQ=26kQ
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Uab=+280V

7. Calculation of amplification A:
A=—H - 20 =0.94
)+ B 2041+ 27K
T )
8. Calculation of Rgyt :
R,
+I1 R 2707:(1 x 28k
R, =& = =0.362kQ
R, 7.7k
—+R, +28k
u+1 20+1
# Note:

When a DC voltage source is used to supply the tube heater, the condition relating to the maximum permissible voltage
between the heater and the cathode - V¢ (published in the tube data sheet as the limit voltage V,¢ ) must be fulfilled.

The voltage between the heater and the cathode must be lower than max. U, (limit voltage Uy ).

In order to fulfill the above condition, the supply voltage of the heater must be virtually elevated to an electrical
potential that ensures that the difference between the electrical potentials of the cathode and the heater is lower than
max. Vg .

The cathode resistor can be replaced by a constant current source (CCS).

Example 402.4

Grounded anode amplifier (Fig.4-10).

Design requirements: U, = 97V

(the designed amplifier should be DC coupled to the previous amplifier stage).
Tube: 1 /2 6SN7, (one triode).

Available power supply: Uy, = 280V

__Uab=+280V

Previous example (402.3): 6SN7 operates at U,, = 183V and
I, = 3.5mA at Ug = -7V.

The same above operating conditions of the 6SN7 can be achieved by mak-
ing a constant current source (I = 3.5mA) and inserting it into the cathode
circuit instead of a resistor.

# Note:

The U of the transistor used in CCS must be higher than the designed
Uy .

Any well-filtered and stable DC voltage source (eg heater DC power supply)
can be used as a constant voltage source in

the base circuit of the transistor.
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4.3 GROUNDED-GRID
BASIC CIRCUIT

+Uab
R, A S
."\I z
== J“J‘F RI g Ra
D) - nUgk
© -ulg U,
U() G 3 K
A
U; Ry QU
N i
) Fig. 4-12

Equivalent circuit: Uge = Ui and U; —uX Uy = I, X R; = [, X R, =0 ie.:
Uy—uxUp—laxRi—1,xR; =0 (401.28)
The output voltage is: U,=I, xR, . Combining this equation with the previous one:

) R+R
Ur.>< |_,u+]_:|—{'R—a)>< Uuz[]

a

Amplification is:

U, , .. R,
A=E=|_,U+1,I>< R+R (401.29)

Input impedance:

By solving equation 401.28 for i S :

Io
U; _ Ri+Rq )

R. =
L X pt1

(401.30)

Main characteristics:

e Input and output signals are in phase.

e The input impedance is low and the output impedance is high.
A grounded grid amplifier can be used in application where the impedance of the input source is very low, as a
stand-alone, but a more useful application of this circuit is in combination with some other types of amplifier circuits
(combined with a common cathode amplifier circuit, for example).
# Notel:
Optimal characteristics are achieved by using tubes with high u and low internal resistance R; (WE417A, 5842, 6C45T1,
EC900, ECC88...)
# Note2:

In order to avoid problems at low input frequencies caused by low R;, , it is necessary to use a high capacitance cou-
pling capacitor at the input of the circuit (of the order of tens to hundreds LF).
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Example 403.1:

Low input impedance amplifier circuit (grounded grid):
A= 37,Ry, 2 60 Q and U;;, = 700 mVgms

Tube: 5842 (WE417A); [Ri = 1.7 kQ, g = 43]

1. Using the amplification equation:

\ju+1)xR, AXR, 37x 1.7k
S o e =" . = - =9k (Standard: Ra = 9.1 kQ)
R+R, \p+1/—A |43+1)-37

2. Using the R;, equation:

Ryl =% L7k+o.1k
1 KX a5
Ry, = R—RJ;.’.'R_Q - ﬁ = 0.06kQ — Ry =79.50 (standard: R, =82Q)
ki kT 4311

3. Draw an “auxiliary” load line with a “slope” of 9.1 kQ somewhere on the Ia = f(U,) characteristic.

I ri
4. The condition of holding an input signal of la (mA) Q'yb 5842
700 MVgys is fulfilled if: 60 SN
Auxiliary working line / ° .,
Ra=9.1k I VN
U.g-k 2 Uiy peak = V2 x Ui max ™ @ / / I/b /
40 -..,_7& / N
=1.41x0.= 0.99V — / /A q,_O /
e |~ Working line / /
0.99V 9
I, = —gk — =12mA 20 B~ @ V. M ’
lag O=7 y i
V4 ayd
5. Draw a line I, = 12mA parallel to the U, o o i
axis: this line intersects I, = f(U,) ) 40 80 (5120 160 aooUEb
characteristic Ug = - 0.99V at the point: PLATE VOLTAGE IN VOLTS

M (105V, 12mA).

6. Draw a line parallel to the “auxiliary” load line passing through point M - this is the load line.
The load line intersects the U, axis at Uy, = 215V.
So, the required power supply is 215V.

7. Recalculate A and R;,:

(Mt DXR,  (43+1)x9.1k

A= = = 37.07
R, + R, 1.7k + 9.1k
R;+R
Rx—E=%  0.082kx 2221k
Rin = Ri+Rq — 0082 L7ktoik = 0.061 kQ
Ryt a1 : 43+1

# Note:

If a tube with low internal resistance and high p is not available, the standard ECC 83 (12AX7) may be a good choice
as will be shown in the following example.

Example 403.2:

Low input impedance amplifier circuit:

A = 60, R, = 300Q and U, = 350 mVpys
Tube: ECC83
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1.  Using the amplification equation:

_[p+1)xR, _ AXR,  60x625k
T R#R, T [u+1)—-A" [100+1)—60

=91.46kQ (Standard: R, = 100 kQ)

2. Using the R;, equation:

kaRﬁRa kaﬁz.skﬂook
+1
Rin = ”_—R'%-*R'E - —gg% > 03k — Rk > 369 () (standard: R, = 390 Q)
Rty Riet—50m1

3. Draw an “auxiliary” load line with a “slope” of 100 kQ somewhere on the I, = f(U,) characteristic.

1 J I 1 "1 1 A T T
g 30 : ECC 83
4. The condition of holding the input signal of E Avili - L T STTRER
& u}TlllEliII'_}v: \:'I-OII‘ ng nne o -
o = Ra = 1008k HAH-H A HH
350mVgys is fulfilled if: 2 @ fil 7 ;
O RSN e R e
z hNEE f’ 4 T 1 F
o z L ] ininnnes
{{(}'k = U{n Peak — \/Z X Ut'n max E &0 EEER \,Ug =E I -0.5 T _1'————_]_.5 ___-21_'f
e Lt - e ]
= 1.41 x 0.35 = 0.49V - g N E\-tl /NLA y
7 %‘; .Y, : /
_ Ugk _ 045 _ D = ! HA
la = R 3900 1.26mA 10 ALY \.\3( A 7
’ AN A1
17 [ A //\//_';/f
5. Draw a line I, = 1.26mA parallel to the U, axis. e : o —
This line intersects I, = f(U,) characteristic HAH PLER NP N - "
Ug = - 0.49V at the point: M (100V, 1.26mA). A e N A 1
Q BJO szab 300
a
6. Draw a line parallel to the “auxiliary” load FLATE VOLTAGE
line passing through point M - this is the load line.
The load line intersects the U, axis at Uy, & 225V.
So, the required power supply is 225V.
7. Recalculate A and R;,:
4 (un+1) xR, (100+1)x 100k
" R;+R, = 625k+100k
R; +R
Ry x = la 0.39k X 62.5k + 100k
R. = it S 100+1__ _ 31440
e RiTRg oo 625k + 100k
kT u+1 ' 100+ 1

The above circuit (If R, is determined depending on the impedance of the MC cartridge used) can be used as a moving
coil preamplifier (the next amplifier stage should be RIAA equalized, of course).
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4.4 CASCODE
BASIC CIRCUIT

LY ﬂ]Ug—kJ
K1

Fig.4-13

The cascode amplifier is a combination of two amplifier circuits already analyzed:

e the lower triode is connected as a grounded cathode amplifier
e the upper triode is connected as a grounded grid amplifier (acts as the anode load of the lower tube).

The anode load (R,;) of the lower triode (V1) is a parallel connection of the input impedance of the grounded grid
amplifier circuit (V2) and Ry»:

R,+R,
_ M+l
= R AR, (401.31)

R, +——
Hp+1

X

k2

Amplification of the grounded cathode amplifier circuit (V1), A;:

Ral
=— ]l X ——
Ap=— R.+R.. (401.32)
# Amplification of the grounded cathode amplifier circuit (V1) without C:
AID
A“:R— (401.33)
1+—LxA,

al
Amplification of the grounded grid amplifier circuit (V2), A; :

[m*1)x R,
Z—W (401.34)

The total amplification of the cascode amplifier is:
A= Uout/ Uin = A10 X Az (40135)

Ral % [P2+1]><Ram _plx[)uz-'-]‘]xRa
R,+R, R,+R, R;; X|iF2+1]+sz+Ra

A=—p, %
(401.36)
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If equivalent lower and upper tubes are used, i.e. 3 = M = g and Rj; = Rj; = R;:

_—ux[utl]xR,
72 <R R, (401.37)
or the circuit without C:
A = Uy / Uin = A X Ay (401.38)
The input and output signals are opposite in phase.
*Main application: wideband low noise amplifier.
Example 404.1:
The circuit Fig.4-14 ; U, = 0.7 Vgrus.
Calculate R';, Ra1, Ao, A1, Ay and A with and without Cy,
Uab=+380V
- _ R, xR, 100k x 1000k _
— 1. R,=R,IIR;= RTR, 100K+ 1000k =90.91kQ
, R wRotRo_625k+9091k _ o0
I TS | 100+1 ’
R, R, 1.52k
Ap=— ¥ ————=—100 X ——————=2.37
Y IS - 625k+152k =
A
4. A= 10 _ 12.37 —0.92
k1 1+ x2.37
g Ao i5g %0
Fig. 4-14
p,+1)%x R, [100+1)%90.91k
5. A.Q:"'U2 L “=|- 'I =59.85
R.+R, 62.5k+90.91k
6. A=A, x A,=2.37 x59.85=141.85
A=A, xA,=0.92x%x59.85=55
R, 150 k
Uj=—/———x =———x 380V =142.
7. U, R+R, U, 550k + 150k 380V 5V
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@ 5o S A &é‘B‘_ 8. Using the diagram I, = f(U,) (ECC83 - triode V;) it can be seen
E + “_"‘-._,fé ¥ ree that if the U,y ® 140 Vand Ug = -1V - I, = 1 mA.
2 t - A .
%. E(VZ) working line -1 —«?Z An equal current flows through triode V.
NI LA AT y
: 2.0 (- G’ e A eds .o Operating conditions of the second triode (V,):
E L / vl A Uabvzy ® Uap — Uy = 380 - 140 = 240 V; Ry, = 100 kQ;
8 ‘!{; - : / - I, = 1 mA.
[aw ]i ,:'} p 4 By drawing the load line it can be seen that:
- A A U, = U; + 140V = 280 V.
” 7 ) / / i / 2 1
i‘, ! o d
A T Vel i
- T T T
° % Jal Uab (V2) 3

Example 404.2:
Tube ECC88 (6DJ8) is special quality double triode designed for use as a cascade amplifier circuit (primarily in RF
circuits).

High amplification (A = 100) highly sensitive cascode amplifier circuit.

R = 1MQ

Tube: ECCS88.

M =33

S =12.5 mA/V
*H=SxR - R=u/S
Ri=33/12.5 = 2.64 kQ

1. Using the amplification equation:

AN—PX[,UH:'XR; R \u+2) xR, [33+2)x2.64k
\p+2)xR+R, ° ,u><|ﬁ,u+1fl_1 33><|j33+1j|_1
A 100

=9.04kQ

r BB o RXR,_ 9.04kx1000k
“"R,*R, ~° R,—R, 1000k—9.04k

=9.12kQ  (Standard: R, = 9.1 kQ, or R, = 10 kQ)

2. Amplification of the upper triode circuit (grounded grid amplifier):

A xR, [33+41)x9.1k

= =26.
2 R+R, 2.64k+9.1k 6.35

3. Using the equation for the total amplification of a cascode amplifier:

A=A, %A, -« A\=—=—""=3.79
R AL 2635 3
4. Using the A; equation:
Ral _Alfo_3.79k><2.64k

=0.324 kQ

A=—p x—2— R, = =
! H Rr’l+Ral o ,U_Al 33—3.79

5. Following the recommendations published in the tube data sheet, the operating conditions of the lower
triode can be chosen, for example : U,; ® 80 V, I, ® 9.5 mA and Ug = -1.5V

Ug = -1.5V, > Ry = Ug / I, = 1500 mV / 9.5 mA = 0.1579 kQ. (Standard: Ry, = 160 Q)
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6. For the upper tube:

|§€['11'_»H_M_L_'f- R i Ii( i ?[ Fﬁ_fm%z Draw the upper tube (V,) load line with a slope of
d - g}.' iy HHit ECC 88 /' 12D] 87 1/ Ry (1 /9.1 k). In general, the load line can be placed
N f Eaam i fH J#ﬂ__jl A anywhere on the I, = f(U,) diagram (in the allowable area
s ”.n_; / T f ! yABAES i of tube operation). But, since the equivalent current flows
TS " + -l-—?r“‘ ¥ i A ,"i et through both tubes, the quiescent point must be located
T SIS aRRat siiats (RRRY doeu) sieag IS0 at the intersection of the load line and the line I, = current
1o N nr A8k / “.‘5'5 ""}."'E"_j_;" flowing through both tubes, i.e. I, = 9.5 mA. If the load line
hecie i v e {F—lf rasaR s Hz”’*f_— intersects the line I, = 9.5 mA at a point different from the
HH rana ‘: u\«;(l_,l ‘mg |j_m,{\.-;_)£_ _?L’_ ){ir quiescent point of tube V;, the operating conditions of the
+H B i \,H.JL_G'E' Y i upper tube (V;), U, and Uy, will differ from the operating
B s B Ha conditions of tube V;.
-# ;‘ A4 ,r’ ,? ] T e The load line of the tube V, intersects the abscissa axis at
| 1 | ¥ I | - . .
. 5‘?{’{ i 5 HfHE \ A H i ’I :J}: i‘:( g the point U,p(v2) , SO the total voltage U,y is:
o M v A 0 250 Ua{\? Uab = Uav1) + Uab(vz)

Requirements for specific operating conditions of the tube or the availability of the voltage power supply can be fulfilled
by moving the load line of the tube V, within the allowable operating area of the tube on the diagram I, = f(U,), but so
that the quiescent point must be located at the intersection of the load line with the I, line — current flowing through
both tubes. In this example, the choice is that both tubes have equal quiescent points, so the quiescent point is: M
(80 V, 9.5 mA), Uy = - 1.5 V. The load line of the tube V, intersects the abscissa at the point Uzpv2) = 170 V, so

the total power supply voltage is:

Uab = Ua(Vl) + Uab(VZ) = 80V +170V = 250V
7. Calculation of Ry and R,

U, U, =80V

R R U
%Y, 2= ——t—= 80V__ 47
R,+R, R, U,—-U, 250V-80V

Ul~U,,=80V=

The combination of R; and R, that fulfills the condition (R, /R;) = 0.47: R; = 464 kQ, R, = 220 kQ

2 _ 220k _
RR“Us™ 253 kea20k < 250V =804V

U1l=

a) The grid of the upper tube (V2) must be grounded for the AC signal. Therefore, C, must be connected across R;:
CZ = 01|JF

b) Calculation of capacitor C, connected across the V1 cathode resistor R ,4:
The resistance of the grounded cathode circuit (excluding the cathode resistor) seen from the cathode is:

0.0877k x0.16 k

4 Rr'1+Ra1 2.64k+0.342k '
= =— - =0.0877kQ R,.,=R,IR,= =0.057 kQ
Top+1 33+1 8 ke T 0,0877 k+0.16 k >
If the required cutoff frequency is: fiow(-3as) = SHz:
Co= 1 - L =558.7 uF
k_ - - .
2X X Ry f 13y 2%3.14%x57Qx5Hz Standard: 680 pF
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Complete design:

Uab=+250V

ouT

M

Uab=+250V

# Any source of stable DC voltage can be used to create the grid voltage U, of the upper tube.

For example, it can be designed using a Zener diode: V, = U,
In this example:

VZ=U1=80V

IZ=(Uab'VZ)/Rl=(250V—80V)/39k=436mA

4.5 SRPP (Shunt Regulated Push-Pull)

BASIC CIRCUIT

+Uab
N2
(
T
l_‘-'_ ===
Ryo
Vi

U® Rg

The lower triode operates as a grounded cathode amplifier with an active load. The current of the signal flowing
through the lower triode also flows through the cathode resistor Rk2 of the upper triode and causes a change of volt-
age across Ry,, i.e. the signal appears across Ry,. As Ry, is connected between the grid and the cathode of the upper
triode, the signal voltage also appears between the grid and the cathode of the upper triode. When a negative signal is
applied to the input of the lower triode, the lower triode becomes less conductive, the current through the lower triode
and through the cathode resistor Ry, of the upper triode decreases and the voltage drop across Ry, also decreases.
As the voltage drop across Ry, decreases, the upper triode becomes more conductive and conducts more current. In
a similar way, the situation can be described when a positive signal is applied to the grid of the lower triode, but the
result is the opposite of that obtained when a negative signal is applied to the grid of the lower triode. Thus, the lower
and upper triodes operate in opposite phases, similar to the operation of a push-pull amplifier. The inequality of the
currents flowing through the lower and upper triodes caused by the unequal conductivity of the lower and upper tri-

ouT
Ry
1M
and Iy =(Usxp-Vz) /Ry
A2 ¢
Rj2 1,
- #2 Ug—kz
G2 K2
- N
Rk> 1,
Al
Gl IJT Bi1 R ¢ Up
™ ﬂ] Ug—k]
Ry

Fig. 4-15

odes is compensated by the charging and discharging currents of the coupling capacitor.
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A few important notes about the SRPP amplifier:

e The SRPP amplifier can only operate in class A.

e The SRPP amplifier only operates properly if it is loaded.

e The output signal of the SRPP amplifier is generated at the cathode of the upper triode.

e The lower and upper triodes operate in opposite phases - similar to the operation of a push - pull
amplifier. This is the reason for the name of this amplifier circuit: Shunt Regulated Push - Pull or SRPP.

Analyses of SRPP amplifier using Fig.4-15: the grid - cathode voltage is equal to the input voltage plus the voltage
across the cathode resistor Uy = U; + 1§ X Ry and Uge, =13 X Ry

The output voltage seen from the lower triode considering Ry, is:

Up=—H % Ugm_[Rm"'Rn"'sz] XI=—pyx Ur'_[:Rk‘J+Rk2+Rr"J)I‘J
UD=—p1><Uf—[Rk1X(p1+1)+R”+R“:|><11 (401.39)

The output voltage seen from the upper triode is:

Ug=H, ¥ Uy,— Ry X L=, X Ry X I, =Ry, % I, (401.40)
Also:

U,=—R, xI, (401.41)
and

I,+1,+I,=0 (401.42)

Solving the above system of four equations, the amplification (A = U,/ U)) is:

CASE 1. The general amplification equation:
F2 X Rk2+Rr'2
R, ><[(,u1+1) X Ry + R +R,,]
RL

A=—p, %

[P1+1:| x Rk1+Rr‘1+[P2+1] XR,tR,+

CASE 1a. R — oo (unloaded amplifier, amplifier without R|):
x M X Ry, +R;,
|,P1+1:| X Rm"'Rn"'le"'l] X Riat Ry,

A=—p,

CASE 1b. Lower triode cathode resistor R,y bypassed by capacitor Cy; :
p2 x Rk2+Rr'2
sz X (Rr"l +Rk2)
RL

A=—p, %
R”+|:,u2+1:| X Ry, + R+

CASE 1b1. R — oo (unloaded amplifier, amplifier without R} ):
x H, %R, +R;,
Rn"'[#z"'l] X Ryt R;;

A=—p,

In practical application, the lower and the upper triode of the same type are used and both triodes have
an identical bias Voltage, i.e. Hi = H2 = H, Ril = Ri2 = Ri 12 Rk1 = Rk1 = Rk'
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UXR,+R,
R, x[(u+2)x R +R,]
RL

2x(u+1) xR, +2* R+

CASE 2a. R, — oo (unloaded amplifier, amplifier without R, ):
u XRR+RE
b - -
2x|u+1) xR, +2 %R,

A=—pq

CASE 2b. Lower triode cathode resistor bypassed by capacitor Cy; :

uXRk+RE
Ri X (Ri + Ry)
R,

A=—pux
ZXR[‘i'(l.l‘f'l)XRk'F

CASE 2b1. R, — o (unloaded amplifier, amplifier without R|):
H ><Rk+R'-
b - -
2xR+(u+1|xR,

A=—pq

Output impedance Z,;:

CASE 1. General equation:
_ szx[(ﬂl"'l)me"'Rn"'sz]
|,,U1+1:|x Rk1+Rf1+|,:u2+1:|ka2+Rf2

out

CASE 2. The lower triode cathode resistor bypassed by capacitor Cy; :
— RE2X{RH+RR2)
R +|,F2+1:| XR,+R;,

out

CASE 3. Both triodes are identical and have equal grid biases:
_ R x [[,u+2) X Rk+Rr']
T 2x|[u+1)xR,+2 R,

CASE 3a. The lower triode cathode resistor bypassed by capacitor Cy; :
Rr’ X (RE+RJ¢)
T2 xR+ p+1] xR,

CASE 4. Upper and lower triode: the same triode type, equal grid biases of upper and lower triode , equal cathode
resistors of upper and lower triode (Ry) , Ry of lower tube bypassed by capacitor:

A=:2E and Rm=?f
# Note:
Analyzing the above equations, it can be concluded that the effects of bypassing the cathode resistor of the
lower triode are:

Higher amplification
Lower output impedance.
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Ry
R z
K S M 470k 100k 50k 10k out

A 49.69 48 46.5 37.8 30.5 - 31.44k
ECC83 | 1k

A ci 71.9 70.6 69.3 61.16 53.2 - 17.56k

Jeo A 49.61 48 46.49 37.7 30.4 - 31.49Kk

A g 81.36 80.4 79.39 72.87 65.99 - 11.64k

A 8.15 8.11 8.08 7.83 7.54 5.82 4Kk
ECC82 | 1k2

A cu 12.9 12.87 12.84 12.66 12.43 10.88 1.85k

A 29.58 29.4 29.2 28 26.6 18.99 5.57k
ECC81 | 1k

A cu 51.32 51.23 51.14 50.5 49.65 44.2 1.59Kk

A 16.15 1.35Kk
ECC88 | 200Q

A 25.23 0.624k

A 9.65 3.98k
6SN7 1k

A cu 15.22 1.688k

A 34.7 22.19Kk
65L7 1k

A g 50.19 12.45k

A 8.09 2.882Kk
12BH7 | 2k

A ck1 14.29 0.877k

Conclusion

Main characteristics of SRPP amplifier:

Input and output signals are opposite in phase
low output impedance

¢ low harmonic distortion

good amplitude characteristic

#Note: The lower and upper triodes do not have to be of the same type. Also, it is not necessary that the lower and
upper triodes have equal grid biases (but the quiescent currents must be equal).

Optimized SRPP
“Making both tubes contribute equally to the load current, and also maximize that current” Merlin Blencowe, Audio
Xpress, June 2010. Mr. Blencowe’s analysis:

Lower tube cathode resistor bypassed by Cy;.

Uab

. . . . . I -
Quiescent current through the triode is (Equation 307): 1g —F XR,+R,

UO
In SRPP configuration two tubes are connected in series, so: I,= e Rk:+2 <R (Eq.I)

The circuit is balanced when the quiescent current is half the peak current through the tube. If the U, is shared

U

ab

equally between two triodes then the max. current through the lower triode is: 2 while for the upper triode
R,+R,*+R,,

itis: __2 . Since they are not quite balanced, it is necessary to add an additional resistor R, equal to R, in series
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Uab
2x(R+R,+R,)

(Eq. II)

with upper triode. If Ry; = Ry, = R, = Ry, the peak current for either tubes is: I o=

Uab
4x(R+R,+R,)

. For proper
balance, the quiescent current must be half of the peak current: I,=
Quiescent currents are equal if Eq. I (with added R,= R,) = Eq. II: 4% |IRE+RL+RR:|=2 XpuxR,+2%R,

Solving for Ry :
2%R,+R, R, x[p—15)—R,
R, optimum — 1 & or RL = 2
H—15
The amplification is:
« R, *(R+R+1,%R,)
|.R:"J+Rk:| x |,Rf2+Ra:|+RL % [Rr'1+Rr'2+Ra+Rk X |,P2+1:|]

A=—p,

+Uab FUab If Ry = Rgo = Ry = Ry :
R, x(R+(p+1)xR,)

Ry=2R A=—px- - . ,
< ¥ |,Rf+R:¢.|2+RLX[szr'"'ka'.P"'l.']
V2
The output impedance Z,; is:
\ | \
Roo T _ |.Rr'2+Ra.|><(Rr"J+Rk)
s 8253 ol s our =
Rk R, +Rr‘2+Ra+(p2+l)ka or simplified:
(R+R,)’
n Vi Zou=
2xR+(p+2) % Ry
Up H Rrt Ug
U Rg
1 g Rk

Conclusion:
There is always an optimal R, for any R;,.q -

If Ry, is not bypassed, R, = 2R
_2XR;+R, .= U,
kaptimum — -1 and D_zx[Rr‘"‘(F"'z)ka]

R

Amplification is:
RL X(Rr'2+Ra+p2 X Rk2)

A=—p, x . —_— . . . - .
: IRE‘J+RI¢2+RM x |,F1+1.|] x|,Rr'2+Ra.|+RLX[Rn"'Rr'z"'Ra"'Rm|,P1+1.|+Rk2 x|,F2+1,|]

Output impedance Z,,+ (Ri; = Rkz = Ra = Ry, M1 = 2 = 1, Ris = Rz = R)) is:

_[R#2x R, |x[R+R, x[p+2]
© 2x[R#R.x[p+2]

~out
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4.6 THE p FOLLOWER

+Uab o e —
Ri2 1z
-y Ug-k;
G29 K2 -
Ri, 1L
Coalin Ra
Al Ry ¢ Up
Gl I[T Rl 1
K -u,Ug-k,;
- U Res Kl
4 R‘k
1

Fig. 4-16
The p follower is a combination of two basic topologies of tube amplifiers:

e The lower triode circuit is a grounded cathode amplifier
e The upper triode circuit is a grounded anode amplifier and acts as an active load of the lower tube
(together with load resistor).

The signal generated at the anode of the lower tube is fed (via the capacitor C., i, ) to the grid - the input of the upper
tube (grounded anode amplifier). The gain of the grounded anode amplifier is nearly equal to unity gain so the output
signal at the cathode of the grounded anode amplifier (upper tube) is nearly equal to that at the anode of the lower
tube. Therefore, there is no signal loss on the anode load of the lower tube, i.e. the circuit of the upper tube (grounded
anode amplifier) acts as a constant current source.

The input impedance of the grounded anode amplifier is very high R = (it + 1) x (Rg2 + Ri2) and the amplification
of the lower tube is close to the p of the lower tube (name: p follower).

Taking into account: Uy = U; + I, X Ry, Ugppy =1y X Rz @nd Ry or = Rz + Ry, the amplification is:

A= Agmundzdmumde X Agmundzdcnme &

Ri:*R, (401.43)

and output impedance:
R ’Rf"'[FH' 1% R *+R,*R,

out = ] 401.44
! 2XR,-+|.F+1.'><||R“+R;¢+RO] (40 )
If Rk1 = sz = R:
R %R+ p+2| xR, +R,|
out (401.45)

" 2x[R+[p+1)x R J+[u+1) xR,

Graphical analysis:

The lower triode is loaded with a constant current source, so its load line is a straight line parallel to the U, axis of the
anode characteristics diagram. The chosen I,, i.e. I, = constant and U, ( Ug ), determine the quiescent point located
on the load line.
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The upper triode circuit is a grounded anode ampli-
fier and graphical analysis of the grounded anode
amplifier can be applied, but with the condition

e

ittt

45 :
M_, 1bottom tube#

| &Ll that the current of the upper triode must be
/i 1A ’L}T_ L | | equal to the current of the lower triode at the
| r"ji je J]ﬁ F,-- L L+t quiescent point.
= =T L i £l
Ual 150 200 250

la mA TTTTTTT] So, it is necessary to draw the load line of the grounded anode
T T Soltis ne
N taZo[ |2 [ [ || 6SN7 amplifier with a slope of 1 / (R>+R,) and a supply voltage equal
? N A [1]|]] to the total supply voltage minus U, of the lower triode. The qui-
8 -
. \m_ ] L escent point is located at a point located on the load line with I,
. N equal to I, of the lower triode.
5 \ i
AT A N 3 #Note
a7 ] i The lower and upper triodes do not have to be of the same type.
2 /" b N Also, it is not necessary that the lower and upper triodes have
1 AT IRBH AT identical quiescent points (U, and Ug can be different, but the
’ 5{3;;;}{" 15"_L'JL1'(200 ‘?snaiﬁ;ig =% quiescent currents I, of both tubes must be equal).
280 204 97 0o Ukmw)

Main characteristics of p follower:

e Input and output signals are opposite in phase.
e low output impedance

¢ low harmonic distortion

e good amplitude characteristic

Example 406.1:

p follower amplifier circuit.
Tube: ECC82 (R;= 7.7 kQ, p = 18)
Available power supply: Uy, = 310 V

1. The quiescent point of the lower triode is chosen to be: U, = 105V, I, = 3.5 mA and Uy = -3.5 V.
The load line of the lower triode is a straight line parallel to the U, axis i.e. I, = Constant = 3.5 mA. It
intersects the characteristic U, = -3.5V at point M. The coresponding U, is: U, = 105 V.

2. The cathode resistor of the lower triode is: Ry; = Uy / I, = 3.5V /3.5 mA = 1 kQ.

3. The upper triode circuit is the cathode follower amplifier. The “power supply” of the upper triode is the
total power supply voltage minus U, ( = Uy ) of the lower triode: U = Uap = Uak gtower triodeo = 310 V =
105 Vv = 205 V. In order to fulfill the condition that equal currents flow through the lower and upper
triode, it is necessary to set the load line of the upper triode by drawing a straight line through the points
X (205 V) on the U, axis and M — quiescent point (if it is chosen that the quiescent points of the upper
and lower triodes are equal) up to the intersection with the I, axis, point Y(7.3 mA).

The total resistance in the cathode circuit of the cathode follower (R, + R, ) is determined by the slop of the
load line: (Rk2 + Ra) = UatthepointX /IaatthepointY = 205 V/ 7.3 mA = 28 kQ2.

The quiescent point of the upper triode is:
U, =105V, I, =3.5mAand Uy = -3.5V, so the Rg; = Uy /I, = 3.5V / 3.5 mA = 1 kQ.
R, =28kQ - R =28kQ —-1kQ =27kQ.

Note 1#:

In the example above, the same type of triode and equal quiescent point are chosen for the upper and lower
triodes, but this is not necessary. The quiescent points of the upper and lower triodes may be different, but the
quiescent currents of both tubes must be equal. In that case, the quiescent point of the upper triode must be set
at the intersection of its load line and the line I, = constant = the quiescent current of the lower triode parallel to
U, axis - (the intersection of the load line and line I, = I, guiescent (lower triode) = CONstant determines the quiescent
point of the upper triode (U, ypper triode » Ug upper triode )- The load line of the upper triode intersects the I, axis at

e 124



Chapter 4 e Vacuum Tube Electronic Circuits

point Y). The slope of the load line of the upper tube is determined by the total cathode resistance
(R +Ra): 1 / (Rez +Ra)

Note 2#:

In the example above, to make the design easier, knowledge and experience from previous analyzes of basic
amplifier circuits is used: it is chosen that U, at a quiescent point of the lower triode is equal to 1/3 of U, (ap-
proximately). Thus, to obtain the maximum cathode follower amplifier headroom (maximum output voltage),
bearing in mind that the “supply voltage” of the upper triode is equal to 2/3 U,, (approximately), the U, of the
upper tube is chosen to be equal to 1/2 “supply voltage” of the upper tube (approximately), i. €. U ypper triode =
Y2 ( Uab - Ua lower triode )

1. Amplification

18
‘a‘:‘Ag'rx:u.rrrduic‘a.l:l‘nm‘e><‘a‘g'rm.r:'rdeda:rmu‘emj'-l>< B =18x 77 =16.8
' ' 1+18)+—=—
|'1+P'I+R“+ - [1+18 T3
2. Output impedance
RxR+| +2/ %R, +R 7.7 x|7.7+[1842) x 1427
o= [ i } ’ l } =0.743kQ

2x[R+p+1]x R +[u+1)xR, T X[ 74181 x 1[+[18+1)x27

3. Upper triode (Cathode follower)

o Amplification: Ag= L = =0.933

. R, 7.7
] d 18+1)+——
|-"J'l'“'fzm.tzﬂ s 1427

e Input impedance:

Rincr = (n+ 1) % (Ryz + Ry) = (18 + 1) x (1000 + 27) = 19.5 M2

4. AC load of the lower triode:

R _ (Ru*R,)  (1+27) —417.9K2
Llower triode ™ 1— ACF (uppeririode] 1 —0.933 - .
I i +Uab=310V
Ia{mA)-ti TR i
(mA)H R ECC82!
: / P 1/2 ECC82
1a " 1 A ‘i’ 1_
| -'.jz;'h i Y 4"' 1
ya{top tL&be O 0 TR T
-i,_' _.':;_f’” ""} l A S, S
s AT e M HEAHH Ceuin
Ia 1 T i - A111}| 100nH
i Jrf jr LT Ras 27k
;’ri m"" L"M :5 X :
0, 1 s s 1/2 ECCS82 | V1 Ry ¢ Ug
0 50 100 150 200U(V) .
|¢Uak bottom tube > S
Uak top tub - ;
|¢ a p tube %I& Uk top tube >| U® Rg JeN

1k :
H Uab - Uak bottom tube H T hra
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4.7 DIFFERENTIAL AMPLIFIER
+Uab

G2

Fig. 4-17

Using the equivalent circuit:

KX Ug = Ry Xigy + Ray Xigy + R X (Igg +ig2)
—UXUgy = Ry Xigg + Rap Xigy + Ry X (g1 +ig2)

Also:

Ugy = Uy + Ry X (lgq + ign)
Ugy = Ujp + Ry X (Igy + igy))

If the triodes are the same type, i.e., H1=MHo=HM, R,’1=R,'2=R,', Ra1=Ra2=Ra, and Uy = Ra X ial , Uaz =Ra X iaz ’
by solving previous equations, iy; and i,;:

[R+R,)
H,Z— +— - Xﬂll
; R, x|p+1]
gy =H* ) "
[Ri+R,| I
T+—————| —1{ xR, x[p+1]
Ry x|p+1)
[R+R,)
U= +R x| T Uiz
; X+l
I = - >
[Ri+R,| ‘
+—————| =1 xR, x|p+1]
R, x|p+1]

The output voltage, anode (V1) - anode (V2) (voltage between the anode of tube V1 and the anode of tube V2), is:

[Itlan>< Inl_Rnx Inzanx (Ial_laz)

By substituting i;; and i, in the above equation:

R|+Rﬂ‘
"R x(p+1)
U=px K % (U, —
o—H R R+R, {ull “rz)
1+—|x —_—
R, R x|p+1) (401.46)

By analyzing the Equation (401.46), it can be concluded that the differential amplifier:
1. amplifies only the difference between the input signals (u;; — u;> )
2. rejects any voltage signals that are common to both inputs (u;; = u;3 )

xR
(Common Mode Rejection Ratio CMRR%ﬁ ).
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Power Supply Rejection Ratio PSRR: Hum and noise generated by the power supply are present at the
inputs of both triodes (common signals) and are rejected by the differential amplifier. Also, the differential

R, +2xR,

————L. So, the total rejection ratio of unwanted
2 X {R0+Rf)

amplifier attenuates the power supply hum: A=

signals originating from the power supply (Power Supply Rejection Ratio) is the sum of CMRR and attenu-

ation A :
R, R+2xR, R +2x(R, R
PSRR”FX k+ a+ X r= n+ X{ r+p>< k)
R+R, 2x(R,+R,) 2x(R+R,)

o Amplification of the signal applied to the triode grid:

—HuX*R, R+R,
Ap= x[1+ ' -]
. R+R, R, x|u+1|
[RA+R, | X [24————] |
' : R, x|p+1)

o Amplification of the triode of the signal applied to the grid of the other triode:

IUXRU

A, =
. R+R,

[R+R,|x[24——2—
' : R, x|pu+1]

]
e The input and output signals of each triode are opposite in phase.
e The input signal of one triode and the output signal of the other triode are in phase.

e The amplification of one triode and the amplification of the other triode are not equal (this difference is:

All_ RI+RG

—1t "¢ _anditis less if +1 R R; + R,)*).
™ ka(pu)a"" if (p ) x R » (R; a)¥*)

(In order to equalize the amplification of both triodes, it is necessary to reduce the resistance of the
anode resistor of the first tube: )
R ——R“
al™ Rr+Ra
1+———
R % |p+1)

* In order to fulfill the condition (p+1) x R, » (Rj+R,), in practice constant- current sinks can be used in cathode
circuits (instead R, ), as well as triodes with high u:

Example:

A high u triode: ECC 83 (u = 100)

Power supply = +280V, R, = 330 k<2, quiescent point M: U, = 140V, I, = 0.45mA, and U, = - 1.4V.
So, it is necessary to design a constant current sink: I =2 x1I, =2 x 0.45 mA = 0.9 mA

20 F T /- £ ECC 83 The current of the constant current sink circuit
1 1| Teg / g{ |2 ¥ 2T _+ a2 (Zener diode 6V8, R, = 6k8, transistor BC 549
T :!:,a Ao iiey! P (e = 200, 5s:

NN A I - / ,»'[ ] I=(U;-Upe)/Re=(6.8-0.7)/6k8 =
N L ATTT ] / };_:': _“?, 0.897mA.
ek -Ra = 330 k- 7
i W 'U'_ ?‘r‘_' lf Iny '“;’L‘_ / Considering that the auxiliary power supply
Ia 7 : M__! ,/ ,f' A - 150vis used, the current flowing through the
0.45mA [/ AT AN A Zener diode is limited by resistors 27k and 2k to
Al B T e ] the Iz = 150/ 29k = 5.17mA.
o 100 ﬁa 200 :t 00 The high voltage transistor is MPSA 42 (he, =40).
(140 V) (280 V) The resistance of the constant current sink is:

Rces®™ Ry % Npyryy X Py r=6 k8 X200 x 40=54.4 MQ
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Uab =+280V
Ral Ra2
330k 330k
V2
X U02 (‘fnf
BG83 ¥
MPSA42
2k
BC 549
6VE 6k8
=150V

R+R, R+R,
Since the resistance of the constant current sink Ry ccs is very high, the expression R g+l R, oco® p+l)

in the equations A;; and Ay, is very small and negligible, equations A;; and A;, (amplifications) are equal:

A —p.——HM*R, __ 100330k
HTUETIR#R,)x2 2%(62.5k+330k)

=42(32.47dB)

The voltage amplification, anode (V1) — anode (V2) (voltage between the anode of tube V1 and the anode of tube
V2), is:

R+R,

2+R x(u+1) k
u
o _yx Raltl —px—Re__100x—330 —ad
(U —u;,) , R+R, R+R, 62.5k+330k
T+—| % (2+———=)
R, R, x[p+1)

PSRR:

R42%(R+uxR,) 330k+2x(62.5k+100 x54400k)
i = =1 0=82.8dB
PORR 2x(R+R,) 2x(62.5k+330k) 3860=82.8

The differential amplifier circuit is easily reconfigured and used as a phase splitter circuit

Uab

Uab

Uin @
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Example 407.1:

Phase splitter amplifier circuit.
Tube: ECC81: Rj= 16; p = 60
The cathodes have to be elevated to a potential of 67 V (approximately).

Available power supply: Uy, = 400 V

‘Iﬂ'
(mA) [ NS RARY /N NEEP aCNNN N AN
o[ SO JECCB1]
25 E T O A I ) \'ﬂ. 41 1. 1\ 5 E e
T 1 1 ] jF R ..-gl_l_. -y
483 2% H G HANT o7
‘b - | {4 -
Iaél_f' - 'Z#-‘.,, = - = =
(2.65mA)_ AL LA e =TT
Y 100 Ua 200 300 Uab Va (V)
(185V) (333V)

Choose the quiescent point somewhere in the middle of the anode characteristic diagram, for example:

M (U, =185V, I, = 2.65mA) and Uy = - 2.7 V. To design the load line, use: Uy, = Uy, — U = 400V -
67V = 333 V.

Draw the load line through the points U,,r = 333 V and the quiescent point M. It intersects the I, axis at the
point I, = 5.9 mA. The anode load is R; = Uy, / 5.9 mA = 333V / 5.9 mA = 56.44 kQ = 56 kQ

2. Re=Ug/2x1I,=2.7V/2x2.65mA=0.509 kQ ~ 0.51 kQ

Rio = (Ux-Ug)/2xI,=(67V-2.7V)/2x2.65mA=12.13kQ » 12 kQ

W

4. Amplification of inverted A;; and amplification of the non-inverted output A;,:
(TR Ra RI +Rﬁ ]
Ay =— x |1+
R. + R, [ Rie X (u+ 1))
(Ri + Ry) X [2+—Rkt e
_ 60 x 56k w1+ 16k + 56k — 2438 = 27.74 dB
16k + 56k | [ 1251k x (60 +1)] ~ “7 — °F

(16k +56k) X [2 + 57~ (60 7 1)

A Ry RS 22.28 = 26.96 dB
25 Ri+R, . 16k + 56k TeeeETm e
(Ri+RIx 2+ =yl  (16k+56/) x 2+ e a7 1))
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Uab = +400V
Rai Raz
56k 56k f
(51k) I ﬁl
II“| v
{F J—lr
Vi ECCZ&81 (V2 \
Jlr-\l,:,_ 0—' LD 5
— L
1M M2 48
[“\
<+
510 Q2 ]
Ui U{)2 U{JI
12k
<

2

# A small difference can be observed between the
amplification A;; and amplification Aj>.

Ifthe anode resistance R, of the first triode (V1) (inverted
output) is slightly lower than the R, of the second triode
(V2) (non-inverted output) the amplifications of the
inverted and non-inverted outputs can be equalized. In
practice this can be realized by using resistors connected
in parallel or in series (or by a combined series-
parallel connection of resistors) or by using a trimmer
potentiometer instead of a single anode resistor of the
first triode (V1)(inverted output).

If the anode resistor of the first triode R,; = 56 k2 (ex-
ample above) is replaced by a resistor of 51kQ:

(A11/ A =24.38/22.28 = 1.094, i.e 9.4 %,

56 kQ - 0.094 x 56 kQ =~ 51 kQ2) the amplifications of
the inverted and non- inverted outputs become practi-
cally equal.

4.8 CATHODYNE PHASE INVERTER (CONCERTINA INVERTER)

+Uab
Ra
CS il
l—
" T
Co G
r,lj —
Rg K CS M an
Ve V U;
Rk
L )
Fig. 4-18

A simplified explanation of Concertina Inverter operation

Assuming a positive signal is applied to the input (grid) of the triode, the current flowing through the triode increases,
and the voltage drop across the anode resistor also increases - the anode voltage decreases (inverted output),
but, at the same time, the voltage drop across the cathode resistor increases - the cathode voltage increases (non
inverted output). Since identical currents flow through anode and cathode resistors, which are of equal resistance, the
amplitudes of the signals generated across them are equal, but the signals are opposite in phase.

(A similar process but, with opposite effects, occurs when a negative signal is applied to the input (grid) of the triode).

This type of circuit is commonly used as a driver stage in low-power push-pull output amplifiers.

Amplification and output impedance:

U,=U~Ux=U~R,xi,

Amplification (anode output):

Output impedance (anode output):

#Note: R{ = R; + (u+ 1) X Ry
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oo . ] _Ug_ L R,
Amplification (cathode output): Ag= T, 7—‘“—”1 x RR, - =px RARTpT IR,
p+1 R
R+R, <R
_ oo iR Rx(R#R)
Output impedance (cathode output): R, .= Rf+Ru+R “RRA(u1)E,
u+1 k
xR
If R, =R =R: Ay=—A,= ¥ EFSIET,

# Note on the output impedance of the cathodyne phase inverter

If we consider not only the change in impedance of the source, but also the change in the voltage generated by the
source (under the condition that both outputs are simultaneously loaded with an equal load), both outputs have equal
effective output impedance:

R R Rx[R+R)|
out—k ™ w(_a_Rf+|p+2:l>< R

Main characteristics of Cathodyne phase inverter:

e the output signal in the anode circuit and the input signal are opposite in phase.
o the output signal in the cathode circuit and the input signal are in phase.

¢ low amplification

e good amplitude characteristic

¢ low harmonic distortion

Example 408.1:

Uab =+300V

Cathodyne phase splitter.
Tube: ECC83 (12AX7)

g =100, R = 62.5kQ
Power supply: Uy, = 300V
R, = Ry = R = 100 kQ

. ll 7 Uowt 1
L

® H Uout 2

R =470k
R =470k

A, =—A, = X B
TR TR+ (u+2) xR
B 100 x 100k i
T 62.5k+ (100 +2) x 100k~
# _ RX[Ri+(u+1)xR]
out 1 (anode) — Ri + (l—l T 2) X R
100k x [62.5k + (100 + 1) x 100k] _ W—
N 62.5k + (100 + 2) x 100k -
Rx (R, +R) 100k x (62.5k + 100k)

R = = = 1.58k0
out2 (cathode) = p 4 (u+2) xR~ 62.5k + (100 + 2) x 100k
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Uab =+300V

Uab =+300V
Ra
100k C p Ra
2M7 ”5 | |'| | L{Ja 100k Cs 5
v i -+ Uha
|ﬂ‘| V)
—i ECCR83 M
\J b ECCR83
W
Cg lﬂl
T Upr M 470uF
= 1k8 y
Rl Sk R R T —e 'II\" Upk
100k L L Ry Cs 1 W By,
100k Ry
_— +

Fig. 4-19

The amplifier circuit explained in Examples 401.3 and 401.3/1 can be redesigned and converted to a cathodyne phase
splitter circuit by removing the bypass capacitor of the second triode cathode resistor and using both cathode and

anode outputs:

# Note: The design procedure is identical to the design procedure used in Examples 401.3 and 401.3/1.

Uab=+380V Uab =+380V
) la=4mA Ra ‘
68k , 24% Cy
1] it I L](Ja
1/26SN7 \J

Rg Rg? %
= S .
oy 100pF 2 ‘
g T 100V =t ) 4 |
s
Fig. 4-20
pxR 20 % 24k0) e

A(Aanode) = Az(Acarnode) = Ri+(L+2)XR 7.7kQ + (20 + 2) x 24kQ

CRX[Ri+(u+1)XR] _ 24kQ x [7.7kQ + (20 + 1) X 24kQ]

%a™  Ri+Mm+2)xR 7.7kQ + (20 + 2) x 24kQ SRR

RX (R, +R)  24kQ x (7.7kQ + 24kQ)

Row = - = 1.42 kQ
Ok TR+ (+2) xR 7.7kQ + (20 + 2) x 24kQ

4.9 MULTI-STAGE AUDIO FREQUENCY AMPLIFIERS
Audio amplifiers should amplify the AC voltage of a certain frequency band as much as possible with minimal signal
distortion. Usually, in order to achieve the desired voltage amplification, it is necessary to connect two or more

amplifier stages.

The coupling of the amplifier stages can be realized by using a resistance or resistance - capacitance coupling circuit
or by using a transformer circuit.
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4.9.1 RESISTANCE-CAPACITANCE (RC) COUPLED AMPLIFIER (Fig. 4-21)

The amplified input voltage generated at the anode circuit of the first tube can be amplified again by applying it to the
input (grid) of the second tube. The anode circuit of the first tube and the grid of the second tube are coupled with the
capacitance C; in order to prevent the positive anode DC voltage of the first tube from reaching the grid of the second
tube and at the same time to conduct the amplified AC signal to the grid of the second tube. The capacitance Cs and
R4 form an AC voltage divider, so the impedance C; must be small compared to the value of the resistance R” (for

max. voltage amplification).

The value of Ry is limited by the type of tube. The values of Ry and C; determine the low end (low cutoff frequency) of

the frequency characteristic of the amplifier.

Ug (grid bias voltage) of the tube of the second amplifier stage must fulfill the condition:
minimum U,>V2xU, ; Uer (Urys) is the voltage (U;) of the AC signal of the anode circuit of the first tube.

The amplification of the first amplifier stage is: Ay = gul'; Ay(dB) =20 x 309% (409.1)
The amplification of the second amplifier stage is: Az = U;—;” Ay(dB) = 20 x IOQU;—:“ (409.2)
The total amplification is: A== A% Ay A(B) = A,(dB) +A,(dB)  (409.3)
In general: A(dB) = ¥, A;(dB) (409.4)
Uab
Ral Ra2
Cs Cs
|1 |1
I I ®
Vi V2
Cs
o £ — —
/‘\ Ul Uout
Uin r g R"g Ry
\L Rkl Rk2
'S °

T T T

Uin Ul Uout

Fig. 4-21
4.9.2 PASSIVE RC FILTERS
e The low-pass filter allows the low frequency signals to pass through it unchanged (unchanged

amplitudes and phases), but attenuates the high frequency signals and causes their phase lag.

Cutoff Frequency:

R
[ _L L J _ 1
Uin CT Uout f‘_2><n><R><C
e ® Phase Angle:
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p=—arctan(2xmxf x RxC)

Uout/ Uin (dB)

fc f
1 (0dB) 0
0.707 (-3dB)
- 45
-9(Q
fe 4 PHASE (degree)

Fig. 4-22

e The high-pass filter allows the high frequency signals to pass through it unchanged (unchanged
amplitudes and phases), but attenuates the low frequency signals and causes their phase lead.

C :
I Cutoff Frequency:
[ I L J )
. f=5T—rer
Uin Rs: Uout 2 RxC
Phase Angle:
@ @ B 1
w—amtan—(szxfoxC)
Uout/Uin(dB) PHASE(degree)
1 (0dB) 90
0.707 (-3dB)
45
fo f 0 fe f

Fig. 4-23

e The band- pass filter is a combination of high-pass and low-pass filters. It allows signals of certain
frequencies within a certain frequency band to pass through it unchanged, but it attenuates high and low
frequency signals at the ends of the frequency band.

Uout/Uin(dB)

0dB
-3dB
o—1 °
Uin = Uout
° ®
Fig.4-24 Fig. 4-25

The amplitude characteristic of the amplifier is the frequency band determined by cutoff frequencies, low frequen-
1

cy cutoff and high frequency cutoff, where the amplification is (7 (or —3dB) of the amplification in the middle of the

frequency band. Thus, if in the middle of the frequency band the amplification of the amplifier is A, the frequency or

amplitude characteristic of the amplifier is defined as the frequency band limited by the cutoff frequencies (low

A
(fmin) @nd high (fay)) at which the amplification is reduced to i or -3dB.
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Uin Ri$ Cak+ Ra EC,‘W—I- Cw—l- Rg 2 Cin+ Uout

A more detailed analysis of the Resistance

- Capacitance Coupled Amplifier shows
that there is a band-pass filter between
the two amplifier stages, see Fig.4-26.

& L
Fig. 4-26
Ri Internal resistance of the
i
first tube
Capacitance between
Cak
anode and cathode
Ra Anode resistance of the
first tube
c Capacitance caused by
w
components wiring
Cs Coupling capacitor
R Grid resistor of the sec-
g ond tube
cin Input capacitance of the
second tube
f 1
min — R X R
Sy » g
2><:rerSx(R_g+Ri+Rﬂ)
1
meX:—'
2 XX C'm xR,
1 1 1 1
R_::a _R_(' E+a, Coq=Carp +Ciy + Gy + Ciy

(409.5)

(409.6)

fmin — is determined by the characteristic of the tube (R;), R, and the coupling capacitor Cs.

fmax — is determined by the characteristic of the tube (R;,Cy,Cg,Cga), Ras Rg @nd the layout and wiring of

electronic components.

# It is necessary to remember as well as employ the Miller effect

Cin=Cgk+Cakx(u+1) ; ci1;=cgk+cakx(ﬂ+1)

Example 409.1:
Two stage amplifier:

Tube: ECC83: (u =100; R; = 62.5 kQ; Cgi = 1.6 pF; Cyy =1.7 pF; Cyc = 0.46 pF)
Ral = 264 kQ, Rkl =3.9 kQ, Raz =100 kQ, sz =1 kQ, Rgl,2 = RL =1 MQ, CS =0.1 IJF

Calculate:

1. Amplification of the first and second amplifier stage and total amplification.

2. Amplification at a frequency of 10 kHz.

3. fpn and fpax (-3dB).
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Uab
Ral : Ra2
Cs Cs
I I ®
Vi V2 \
Cs
o€ — —
Ul Uout
Uin r ¢ R"g Ry
i/ Rkl Rk2
vV
e e ®

Fig. 4-27
1. Amplification of the first amplifier stage when the second amplifier stage is disconnected:
Ry =R, I R, = 264kQ 11 1000kQ = 208.8 kQ

R 208.8
A= = =100 x = 31.389
Riz+Rgq +(p+1)x%Rpy 62.5+208.8+(100+1)x3,9

(29.93dB)
Amplification of the second stage is:
R,> = R, II R, = 100k 11 1000k£) = 90.9 kQ
Az = X R51+Razf%§+l}ka2 =100x 62.5+90‘99-{-U:100+1)><1 =35.73 (31.06 dB)
The total amplification is:

A=A, +A,=31.389 x35.75=1121.5(61dB)
A|dB)=A,|dB|+A, dB|=29.93+31.06=61dB

2. Input capacitance of the second amplifier stage:
Cinz = Cyiz + Cya2 X (1+4,)=16+17x(1+35.73) = 64 pF

The total capacitance Co, acting in parallel with the anode resistance R,; of the first amplifier stage is:
Coqg = Car+Cyy + Cyy + C;py =046+ 5 + 5 + 64 = 7446 pF

The anode impedance of the first amplifier stage is:

1

B Ray ijceq B

" R, B 208.8 x 10?  208.8x10°
MR L1 14jwCe xRy 1+j2mx 10 X 103 x 74.46 X 10712 x 2088 x 103~ 1+ 0.976
al i
JwCeq
2088 x 10% — j203.79 x 10°
B 1.95

=106.9 x 10° — j104.37 x 103
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Amplification of the first amplifier stage when the second amplifier stage is connected (at a frequency of 10 kHz):

Zﬂl

Ay =px
LR Ry +Zy +(+1) xRy

106.9 x 10% — j104.37 x 103

=100 _ _
X 62.5% 10° + 106.9 x 10° — j104.37 x 10° + (100 + 1) X 3.9 X 10°

— 106.9 — j104.37 — 106.9 — /10437 — 126.2 — j84.6 6 PR

- 563.6 —j104.37 1-j0.185 To3s - 2l.6-Ji4

The real part of the amplification is:

A,,=V21.6°+14.48°=26

The amplification is decreased from 31.389 to 26, or from 29.93dB to 28.3dB i.e. amplification is lower by
-1.63 dB.

14.48

_ (1]
216 338

p=arctg

Phase is changed from ¢ = 180° to ¢p = (180 - 33.8)% = 146.2°

Total amplification at 10kHz:
A=Ay XA; =26x%35.73 =929 A(dB) = 28.3 + 31.06 =59.36dB phase — 33.8°

Ruy = Ry 1T [Riy + (0 + 1) X Ry ] = 264 11 [62.5 + (100 + 1) x 3.6] = 167.25 kQ

1 1
fmin = 2xmxCsx(Rgz+Ryy) T 2xmx0.1x1078x(1x105+167.25x10%)

=1.36 Hz

R; = Ray I Ry 11 [Ryy + (4 1) X Ryy] = 264 111000 11 [62.5 + (100 + 1) x 3.9] = 143.28 k0

1 1

max = X G X Ry 2X WX 7446X 102 x 14328 % 10° L+ 9 kHz

4.9.3 FEEDBACK
If fraction of the output voltage of the amplifier is fed back to its input via the appropriate circuit, the main character-
istics of the amplifier can be changed.

* Negative Feedback: The feedback and input signals are opposite in phase.
* Positive Feedback: The feedback and input signals are in phase (mainly applied in oscillators).

The analysis of the feedback effect on the characteristics of the amplifier can be processed using the schematic
illustration shown in Fig.4-28.

The feedback circuit (usually designed with passive electronic components - resistors and capacitors) is inserted be-
tween the output and input of the amplifier.

Amplification without feedback:

1 U
[ Ug] A U2 p—_2 (409.7)

U,

Ul . .
|: If a feedback circuit is applied:
Bx 2] 3
Uy=U —BxU, (409.8)
Fig. 4-28
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B - feedback circuit characteristic
B x U, - signal at the output of the feedback circuit
AxU,

U,=AxU—AxBxU, - UFm (409.9)

Amplification of the amplifier with feedback:

U,
A=— 409.10
=T, ( )
or:
=4 A= A 409.11
T1+pxA O "T1-BxA (409.11)

Flf|=1-BXA s the so-called feedback function.

If the modulus of the feedback function is greater than 1, the feedback is negative (negative feedback):
Flf)=[1-BxAl>1 (409.12)

The amplification of an amplifier with negative feedback is lower than the amplification of the same am-
plifier without feedback.

Why (Negative Feedback)?

e The nonlinear (harmonic) distortion of an amplifier with NFB is lower than the harmonic distortion of the
same amplifier without NFB.

¢ As the amplitude characteristic is almost independent of frequency (if the feedback circuit has constant
characteristics in the frequency band), the amplitude distortions are lower - negative feedback flattens

frequency response.

e By applying NFB, depending on the type and method of connection, the input impedance of the amplifier
can be changed:

- Feedback circuit connected in parallel with the amplifier input:

o . A ol The input impedance of an amplifier with parallel feedback is low-
er than input impedance of an amplifier without feedback.
'B E Ly = %
=24 (409.13)
Fig. 429 a

e Feedback circuit connected in series with the amplifier input:

—_—

[ ('E‘QI A Rz The input impedance of the amplifier with serial feedback is
i1 higher than input impedance of an amplifier without feedback.
l pxuU2| yii Zin=1Zox(1—fxA) (409.14)
Fig. 4-29 b
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Example 409.2:

a) Designing a multi-stage audio preamplifier by connected the amplifier circuits designed in
Examples 401.2, 401.1 (use R, = 1k2) and 402.1. Calculating the total amplification.

b) By applying and calculating NFB, synthesize a multi-stage amplifier with a total amplification
of 20dB (with feedback).

r» Al1=31.6 |—» A2=35.7|—»| A3=0.97 —K
Uin Uout
Fig. 4-30

a) Total amplification:

Uout

A=
U[’n

= A, X A, X A3 = 31.6 X 35.7 x 0.97 = 1094

e Amplitude characteristic or frequency response (calculation of coupling capacitor Cg):
* Coupling between the first and second tube: RC coupling.
Ri = 62.5 kQ, R, = 264 kS, grid resistance of the second tube: R; = 1MQ

If the low cutoff frequency is: fmin = 1Hz, using Equation 208.9:
R;l =Ry I [Ryy + (u+ 1) XRyq] =26411[62.5+ (100+ 1) x 3.9] = 167.25 kQ

Cs = 2 = 2 =0.136 uF

T 2T finX(Rg+Rg) | 2%3.14X1X(1064167.25x10°)

Standard: Cs = 0.22 uF

Calculation of the high cutoff frequency fpmax :

Ry = Ray 11 Ryp I [Ryy + (u+ 1) X Ryy] = 264 111000 11 [62.5 + (100 + 1) x 3.9] = 143.28 kQ

The input capacitance C;, of the second amplifier stage is (reminder: Miller effect):

Cin = Cgrc + Cya X (A + 1) = 1.6 pF + 1.7 pF x (35.73 + 1) = 64 pF

Ceq = Ca. + Co + Cyy + Ciy = 0.46 pF + 5 pF + 5 pF + 64 pF = 74.46 pF

1 1
Jmax = 2XMXCpgXRy  2XMXT7446%10712x143.28x10%

= 149 kHz

# Amplitude characteristic — the audio frequency band (especially f,,y) is extended by applying negative
feedback.
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b) Amplification with feedback:

A A-Ay _ 1094-10 _

r = Tigxa = B= AxA,  1094x10 L
®—| A1=31.6 > A2=35.7 > A3=0.97 7
; f
Uin Uout
£ -
Fig. 4-31
Fig.4-32:
B=01=— 5 R =Ru"Xu_g35pq
= Ry +Ry L2 0.1
Total amplification with negative feedback:
A A 1094
e e Bl T BE et 9.9 ~20dB
Ry, +Rr 3.9+35

If R,=39k®, A, =10.89 = 20 dB

Since there is an RC filter at the output of the preamplifier, it is necessary to calculate Cyyt;:

1 1
2X T X finin X (Ry + Rpy)  2%x3.14x5x (39 % 103 4+ 3.9 x 103)

Cout1 = =074%x10"5F = 0.74 uF

Standard: Couey = 1 PF (or two 2.2 uF connected in series)

1/2ECC83 1/2ECC83 1/2ECCE81 +Uab

Ral | 264k Ra2 | 100k V3 s
0.22uF 0.22uF
i i -
YL et | | e E
Rg3
earr (— | S M | Co3/1 co3r2
Rz [ Out
Rg2 1k 2.2uF|2.2uF
RK1 Y i
R3
3k9 1k 22k
Rr 39k
Fig. 4-32

* Characteristics of the preamplifier, Fig. 4-32:
- very low harmonic distortion (THD < 0.01 %),
- low noise (S/N = 80 dB)
- low output impedance (a few hundreds of ohms)
- good amplitude characteristic (frequency bandwidth: from a few Hz to over one hundred kHz).

The above example is the basis of typical Hi End preamplifiers used in practice.

The slightly modified version of the line preamplifier explained above can be built using the
point - to — point wiring technique and can also be built using the printed circuit board technique.
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ECCS81

1/2ECCR3 1/2ECCS83
(I12AXR7Y (124%7) (12AT7) +Uab
C7 Cé Cs ® 250V
47uF'L R4! 47uF s R7 47ur% .
350v1: 264k { 350v L | 100k 350v= =
' "~ |0.22uF V3 CR +UFf
400V 1000uF L 12.6V
LHz— ESVL_.
In ~N 2.2uF 2.2uF
N - 400V 400V s
: I e
% M 0.51k - - s
S 12k
= 2 1M
B10F <2
1 Rr 39k

# Adjust the PCB dimension: (169.5 x 66) mm

Cu side

Component side (Component layout)

O T o / cs Q O

C7 C6 C8 ' +Uab
OGND|
w1 W3 .

L ]
VTI R6 W2 W4

In g2 -:R? VT2 Ca O

O — — & 5@[]
]

O A = | 2o
GND| |r Em 5 Fd l G
O - Rafb R10 PCE-050.-pf O
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Composite

b
C7 Cé CEg + OGND
W1 W3
A —————————————————— )
— o

W
i A = C3
GND | |m Em C2 Fa ll‘“-
A —% =
O = Rufb ECE-D50.pfA O

3mm

G:[I | Cu wire & 0.6mm

All resistor: Metal film1W WI1=W2, L=65mm
) W3=W4, L=45mm

#R10: Metal film2 W W5. L=11

W6, [L=15mm

W7, [=12mm

PCB Laminate: FR 4, tinned Cu side
Drilling: @ 1.3 mm (tubes socket pins), all others @ 0.7 mm.

Line amplifier and power amplifier — technical requirements: uniform amplification over a wide frequency
range, high input and low output impedance, low noise and low distortion.

However, some audio equipment requires specific characteristics such as well-defined and specific transfer character-
istic (amplitude or frequency characteristic (or frequency response)).

A classic example of such equipment is the moving magnet cartridge preamplifier used in a turntable, or the so-called
MM RIAA preamplifier.

In these types of preamplifiers, filter networks and frequency-dependent NFB are most often used.

* A technical problem in the recording industry (the master disc cannot accept the full frequency spectrum of the signal
at equal amplitude levels) is solved by attenuating the recording signal at frequencies below 1kHz and boosting it over
1kHz in the master-cutting process. This technical issue is standardized by the RIAA (Record Industry Association of

America) curve, Fig.4-33 and Table.408.1.

The recording signal must be inverted in the audio reproduction circuit (preamplifier).
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el { Tl ]
! :}l 15 = T
A L B R e e I O
Preamp Equalization |+ [[]]T 1~ Playback . T 1T T R 73
A L4 s ob—t 1 LN |
Record Equalizatign L1110 Ty (1LY 5 £ \
+ -r»ulur -—; e R ] * tih]-;r = | \
H ' -15 ! b
bttt + bt te + s— 44t adia
10 so05 100 5005 % 2722 :;‘:qugjf"‘
Fig. 4-33

Equalization time constants specified by the RIAA recording / reproduction standard:

3180 uS (50.05 Hz)
318 uS (500.5 Hz)
75 uS (2122 Hz)

The amplitude characteristic increases by 6dB / octave below the frequency of 500Hz, and decreases by 6dB / octave
above the frequency of 2122 Hz. Between these two frequencies, the amplitude characteristic is linear and constant.

An equalization curve (amplitude characteristic of a RIAA preamplifier) is exactly the inverse of that stored on a
particular record, the combination of the two curves produces an output signal identical to the original.

Table 408.1
FREQUENCY RIAA
[Hz] [dB]
20 +19.27
30 +18.59
40 +17.79
50 +16.95
60 +16.10
70 +15.28
80 +14.51
100 +13.09
125 +11.56
150 +10.27
200 +8.22
250 +6.68
300 +5.48
400 +3.78
500 +2.65
600 +1.84
700 +1.23
800 +0.75
900 +0.35
1000 0.00
1500 -1.40
2000 -2.59
3000 -4.74
4000 -6.61
5000 -8.21
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6000 -9.60

7000 -10.82
8000 -11.89
9000 -12.86
10000 -13.73
11000 -14.53
12000 -15.26
13000 -15.94
14000 -16.57
15000 -17.16
16000 -17.71
17000 -18.23
18000 --18.72
19000 -19.18
20000 -19.62

e Passive filter RIAA Equalizer: R¢y, R, Cr1, Cpo

e The RIAA equalization can be realized passively (passive RC network in the form of a filter) or actively
using frequency-selective feedback of the preamplifier.

Rfq
& - &
R
Uin £2 sz:: Uout
Cr1
@ T @

Rf2
Cr2=F Uout
Cri
® T ®
Fig. 4-34

Basic equations used in the RIAA equalizer design process:
a) r=Zow+Re,  (Zow= RJIIR)) 1=y II Z"
b) r1’ X Cfl = 2187 |JS, r1’ X szl =750 IJS,

Cr2" = Cr2 + (Cinz2 + Cpmuller + Cstray)

sz X Cfl = 318 IJS

¢)  Cu/C =2.916, n'/ Rp= 6.8774 + 7.7
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Zout — output impedance of the previous amplifier circuit (if the previous amplifier stage is an anode follower:
Zowe = RIIIRy)

Z" - input impedance of the next amplifier circuit (if the next amplifier stage is an anode follower: Z” = R;)
(Cin2 + Cpiller + Cstray) — total input capacitance of the next amplifier stage

Cwmuller — Miller capacitance

Cin — input capacitance of the next amplifier stage

Cstray — Parasitic capacitance caused by component wiring

Examples:

The modified line preamplifier designed above can be transformed into a MM RIAA preamplifier by inserting an RIAA
equalizer circuit (passive filter) between the first and second amplifier stages of the line preamplifier.

1/2 ECC83 1/2 ECC83 1/2 ECCS83
16k/ 4W | | +250V
100V/1W ‘l" 47pn ‘i" 100p
I 350V | 350V
kol 330k 330k
A 0.221/400V
V1-a | MKP -
MMin  0.47u 240k VI-b 11/400V  Out
e 1 if o
= 27k MKP
;: 2200
&< AT ak7 120k 1M
o § ~
= 2 Y, 100
h 1M IM T 10n 3n3 ¢ T n b

Al1=35.49dB Afilt=-20.8dB A2=37.26dB A3=-0.17dB

A=51.78dB
Fig. 4-35

The amplification of the first preamplifier stage is approximately 60 (35.5 dB) and the output resistance is approximately
59 kQ.

The amplification of the second preamplifier stage is approximately 72.9 (37.26 dB)
The amplification of the third preamplifier stage is 0.97 (- 0.265 dB)
Total amplification without RIAA equalizer circuit is 4215 (72.49 dB)

RIAA equalizer circuit design:
The calculation should start using standard values of electronic components, for example: C¢; = 10 nF.

Using the equation: Rg x Cg; = 318uS — Ry = 318 x 106 /10 x 109 = 31.8 kQ
Two standard resistors 27 kS2 and 4.7 k2 connected in series: (31.7 k2) ~ 31.8 kQ2

Using the equation: r;" x Cr; = 2187 S — ry’ = 218.7 k2

r1, = (Routlstage + Rfl ) II RgHstage - 2187 kQ = (59 kQ + Rf1 ) II 1000 kQ b Rf1 = 221 kg
Using the equation: C¢; / Cp," = 2.916 — Cg” = 10 nF/ 2.916 = 3.429 nF

Sil‘lce szliS.' szl = sz + (C,’nz + CMiller + Cstray) bd sz = 3429 nF - 745 pF = 3.35 nF

Standard: Cg, = 3.3 nF
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At a frequency of f = 1 kHz, the impedance of the RIAA equalizer circuit, without Rs;, is approximately 23.4 kS2.
RIAA equalizer attenuation is 23.4 kQ / (23.4 kQ + Rf; ) — RIAA EQ Attenuation = 0.096 = - 20.37 dB

The total amplification of the MM RIAA preamplifier is:
Sum of total amplification without RIAA equalizer circuit in dB (72.49 dB) and RIAA EQ Attenuation in dB (-20.37dB):

72.49 dB - 20.37 dB = 52 dB; ( x 398.1 )
An example of a RIAA preamplifier using SRPP amplifier circuits

ECCS83 ECCR83 1/2 ECCR81 +250V
V2-b
i V3-a
0.47u
L} -
0.68k = ol
68k | s St
V2-a
Min 7~
820p| 101
Ok {}
] A len 300k}0.68k -3 =

Al1=30.26dB Afilt=-20dB A2=35.6dB A2=-0.26dB

A=45.6dB
Fig. 4-36

ACTIVE RIAA EQUALIZER
RIAA equalization can be built using a frequency-selective feedback circuit of the preamplifier:
Uin

— |

Uout

NFB
B=rr1, 12, 13)
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The most commonly used equalization networks (applied in the negative feedback circuit (NFB)):

R1 R2
o +—e
Il [l
Il Il
Cl1 i)
a)
R1 R2 C1 C2
- | I
o R —e — _RI o— _RI e
= < :: — =
b) C2 C) 2 d) C1
Fig. 4-37
Uin
Uoult
A S,
R1 R2
if |
lm c1 €2
Fig. 4-38

Basic equations - type a) RIAA equalizer circuit:
Ty =3180 us; T, =318 ps; T3 =75 ps

C1=3-6XC2 R1= 117XR2
T1=R1XC1 T3=R2XC2
Rz X Cl = 270 MS
4 Rlsz
= X
T, = (G +G) x 2222

NFB network impedance: Zyrg (jw) = (R; II jwC; ) + (R, IT jwC, ); w = 2nf

T R» _ _ _
ZNFBO(U) = J@C R +1 + G Ry +1 absolute value: IZNFBOw)I = \/ZNFBUw) X ZNFB(_)IUJ)

RZ(w2C2R2 + 1) + 2R Ry(w?C, R, CoR, + 1) + R2(w?C2R% 4+ 1)

Zyrp(jw)| =
1Znrs (o) (w?CZRZ + 1) x (w?CZRZ + 1)
- o Aw Ao ~ 1ZNFB(1KHZ)|
Amplification ( f =1 kHz ): A1gnz = 1+8x4Ay 14 Ra T T R3 +1
Zyrp(ikHz) 0

Ao = amplification without NFB
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Example:
Modification of the line preamplifier designed above using a RIAA equalizer network (type a) in the NFB circuit:

1/72EBECC83 1/2ECCS83 1/2 ECC83

@
Uab = +260V
R7
330k
Cco
— i
1l
MM 2.2uF
iN® i ® our
R3 C3 == R]O
47k T 2k2| 470k 2k2 120k 1uF 1M
150pF
R2 R1
—— A —— AN
100k 1 M5
i  —
Cc2 Cl1
750pF 2600pF
Fig. 4-39

Design and calculation of RIAA equalizer circuit:

The calculation is usually started using standard electronic components: for example R; = 100 kS2.

Using the equation: T3 =75us =R, xC, — €, =75x10%/100x 10° = 750 pF

Using the equation: C; = 3.6 xC, — €; = 3.6 x 750 pF = 2700 pF

Using the equation: T; = 3180 us =R; xC; — Ry = 3180 x 106/2700 x 1012 = 1.178 MQ

(In practice, standard electronic components are used: R; = 1.5 MQ, C; = 2.6 nf, R, = 100 k2, C, = 750 pF)
At f =1 kHz the impedance of the RIAA equalizer circuit is approximately 126.82 kS2.

The total amplification of the MM RIAA amplifier is:

_|Zyea(1kH2)| | 12682 k0

Askrz = R—3 = 55%0 + 1 = 58.64 = 35.36 dB
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A useful tool that can be used in the RIAA preamplifiers testing procedure can be made using an inverse RIAA equalizer
circuit based on the Jung - Lipshitz model:

. ]
R1 | C1
883.3k T 3-6n
Zgen
Inverse RIAA :
5002 R2 | Cc2 circuit 4
Ugend 75k ]_ In Low 23; |
Uout generator;
| Y { S8 o |
" R3|  _44 14B ' *
6040 at lkH=z

Fig. 4-40

A high-accuracy inverse RIAA circuit can be built by combining standard value resistors:

Fig. 4-41

Example:

Hi End moving magnet cartridge RIAA preamplifier designed using EC900 and 6HM5 tubes manufactured by
Ei Nis Radio Tube Factory, Serbia.

Heater Characteristics and Ratings:

Voltage (AC or DCJ. 6.3+ 0.6 volts

Current at heater volts = 6.3.. .. .. 0.180 amp
Characteristics, Class A Amplifier:
Plate Voltage . . . . . « « +« + « v « « & 135 volts
Grid Voltage. . . . . « + « .« . . .. -1 volt
Amplification Factor. s e e e e e e e 72
Plate Resistance (Approx.). . . . . . . . 5000 ohms
Transconductance. . . . . . . . . . . . . 14500 wmhos
Basing Designation for BOTTOM VIEW. . . . . . . . . . 7GM

Pin 1 -Grid Pin 5 -Plate
Pin 2 —Cathode Pin 6 = Internal
Pin 3 —Heater Shield

Pin 4 -Heater Pin 7 —Cathode
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+250V ‘
+207VMcl R8 |2k7/4W  +207V
cces-1 2k7/4W R7 | Mc2 | ccs-2
1l 5000 % 5000 Conl
Del % opei 47uF/350V Dec6 Z Pc2 Cabl +Uab
5V6/500mW Tel Cab3 5V6/500mW Tea | = & +Ustab
° I 47 r‘/ggl(l;\z/I ° 47uR/350V teoor
u |
RED LED RED LED 2N2907A Bl
Dc2 2N2907A Doa ¥y |2N2907A| |
RED LED Tc3 RED LED Tc6 +Uf
b 4 b 4 —<—o :
Dc3 3 MJIE350 Dc5 3 MIJE350 6.3V
< -ur
Rcl Tc2 Ro2 Tc5S Con?2
68k/4W ¢ MPSA92 68l/aw s MPSA92
M1 M2
0.22uF/400V Cc4
T VT2 i
c2 EC900 | 1yF/a00v
IN RIAA EQ
J1 Ad just RIAA EQ/Iccs(Ri) /Rql .2. 3.4 —_— our
| R4 — @O J2
Re2 Re3 Re4 3300
56k 16k Skl | Qi M4
o 2 Silc1.025)
o) [9 Ces| ™ |
Ak £ | 4700
R1$ €l ISE*ISrTInsTTTEi R5 RO
47k TIS Coa 820 TC3 470k
560pF GND
@
~~ GND
Fig. 4-42
Amplification: 51.78 dB (52.28 dB with C3)
THD: < 0.02%
RIAA error: < + 0.1dB (20Hz + 20kHz)
S/N=>=72dB
T
law
=<
T
I
|
=
'—h
L
*
"y ™
3+ ]

Cu side, PCB dimensions: ( 150 x 100 ) mm
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4.10 SINGLE-ENDED OUTPUT AMPLIFIER CONFIGURATION

Basically, a single ended output amplifier is a grounded cathode amplifier with a transformer as the anode load.

The secondary load of the transformer is the speaker or the speaker box or in other words the speaker as the final load
of the amplifier connected to the anode circuit via the transformer (Fig. 4-43).

n

QO e

| 1Ck e+
Rg% Rkil Uab

I

9

S
=
TN

Fig. 4-43
A few facts should be considered:
The anode load ( R, ) is a transformer, so
2
N Ry
R, = (—1) XR ==
a N L n2
N3 Secondary turn number ;
n=—= = turns ratio

1 Primary turn number

R, - secondary load

The role of the transformer is to adjust the load impedance (speaker) to the optimal anode load by changing the turns
ratio and at the same time to prevent the flow of DC anode current through the load (speaker).

If the DC resistance (ohmic resistance) of the transformer primary winding is neglected, the anode voltage is equal to
the power supply voltage.

To avoid confusion: As the transformer stores energy in a magnetic field, the anode voltage can exceed the supply
voltage - ideal tube: Ua can swing from 0V to 2 x Uab.

If a single ended output amplifier is treated as a classical grounded cathode amplifier, the output power is:

& 2 _ 1, (WXUgm)?
Poue = 2~ Ra X lom = 2 (R,-m.,) X Rq ' Ugm is the amplitude of AC voltage applied to the grid of the tube and I, is

the amplitude of the anode current. The anode load R, for maximum power can be calculated if the first derivative of

dPout
dRy

z 2
=0 - R, = R, and P el BNV,

Pout is equal to zero: outmax = =
i

The above analysis is not suitable for practical application. The main and first reason: the tube is an electronic compo-
nent of limited power - the operating area of the tube is limited by its maximum dissipation of the anode. The second
reason is: the tube is a non-linear electronic component.

Graphical analysis of the single ended amplifier implemented in Ia = f(Ua) for Ug = ctc anode characteristics diagram
of an ideal tube - straight and equidistant characteristics with a hyperbola of maximum anode dissipation plotted, can
help to better clarify the problems related to the optimal anode load necessary to produce the maximum output power
of a single ended amplifier.

Graphical analysis:

In order to achieve maximum efficiency of the tube, the bias voltage (grid 1 voltage) must be chosen in such a way
that at a given anode voltage the operating point (quiescent point) is placed on the power hyperbola curve (maximum
anode dissipation) as shown in Fig.4-44.

e 153



High-End Tube Amplifier Design

The operating area of the tube is limited by points A and B placed on the working line (anode load line) symmetrically
with respect to point M (quiescent point). Point A is located on the characteristic of the grid voltage of 0 V, and point
B is located on the characteristic of the grid voltage of the anode current cutoff.

&) |
Ug = 0V £}
B {4
AV .
HE
J{ L0
[y {' r.' =
]
i 7 W[ a e
2 Iam e . °h
£
i A = Pa max
a i H
F 7
. Fd &j* Fi Fi
* & 'iu“
0 ) C D B
=—2R1 Iame}( Uam Uam ﬂ Ua (V)
e Uag = Uab————=
Fig. 4-44
In Fig. 4-44, the amplitude of the AC anode current is equal to the DC anode current:

(Iim= 1), Up= 2xXR xXIyn+ Usyy and Uz, = Ry X Iy

By combining the last two equations: Uy, =2 X R; X I, + Ry X Iy, and gy, = %.

a T

Z
Useful output power is: Py = § X Ry X [ == Yab x Ry,

x —_— ey
2 2x(Rg+2xR;)?

The anode load R, for maximum power can be calculated if the first derivative of P, is equal to zero %= 0:
a

R, =2xR; and Poytmaxr =
The maximum output power is obtained when the amplitude of the signal applied to the grid of the tube is:

==X

U 1 RitRg
gm = 7 Rataxrg P

and if the condition for the maximum power R, = 2 x R; is applied:
Ex Uab

Ugn =7 %~

The efficiency of a single ended amplifier is defined as the ratio of the useful output power to the power of the DC

supply of the anode 7 =z,°—‘::
_ 1
=3 L 2XR,
R

At maximum power condition: R, =2xR; - n=25%
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2
Yap
16XR;

For now, the conclusion is: the maximum power of the single ended output amplifier is Pout max = under the

condition R, = 2 x R; .

In order to determine the OPTIMAL anode load (optimal load line) applicable in practice, it is necessary to perform
further analyzes based on the real characteristics of the tube (the real characteristics of the tube I, = f (U, ) are highly
non-linear in the region of low anode current. Tube operation in non-linear region may cause unacceptable signal
distortion).

4.10.1 SINGLE ENDED TRIODE OUTPUT STAGE - LOAD LINE DESIGN

~ I
E s LOAD LINE DESIGNING
L)
o 20
E 300 i ; 10
o r i 7 7
i i
g Y o : A a8
2 7ITTH i i E
200 RS F / 7 -
AT f " i ! i
Ia max &-{-—Ep0 TAmeE .
4 i ;W" 1 7
la (w) S Pl L L o.m! / H
b i 7 i A 7
100 | SUEEF) Y B
IG' "] z i h 7 gi.‘ = i s Pd::
7 : 7 =W
i T 2N
:]) Fd= B 1
Iamfnﬁ-—-'ﬂ FF= 691--71--- =FFF AN =T F -_-'.'__ P
=y o LTI LI LB T PP Lt =0 X
' 100 200 300 400 500 60D 700
Ud Uamin Uan Uamax  Anode voltage (V)
Fig. 4-45

1. Draw the power hyperbola (max anode dissipation: P4 = (I x U) in the tube characteristics diagram I, = f(U,).
# The power hyperbola equation is:
Pg
I, = 7 (409.15)

2. For the chosen anode voltage U,q, draw the point W on the power hyperbola (intersection of the vertical line
drawn through the point U,y and the power hyperbola curve).

Coordinates of point W: W ( Uo, I50 )-

3. Draw the tangent of the power hyperbola through the point W.

# The equation of the tangent of the curve expressed by the function f(x) at the point (xo, yo) is: f'(xg) ==

x—xy’!

a—lao

applied to the diagram I, = f(U,): la(Uso) = ;,a—

=Uaqg
i B
The first derivative of the function fa =7, is: — & = Jazfao.
% Uau Ua=Uan
The equation of the tangent of the power hyperbola at the point W(U,q, I0) is:

P P
loe = _ﬁx Ua +(Kdo+fﬂ0)

UZ,xl,
The tangent I intersects the U, axis at the point X: I,y =0 and lu=0 and Uy = Ugo +-E’:;—“°

The tangent I, intersects the I, axis at the point Y: U, = 0 and Ux=0and Iy, = :—i+ Lo
al
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4. Anode load R, (primary impedance of the output transformer) is determined by the slope of the load line:

2
 Yao*lan
P

u Uag
R, =Lx}=—,-,— (409.16)
lagy) F:E”ﬂv

5. For safe tube operation (and longer tube life), the load line and operating point (quiescent point) must be located
below the power hyperbola (0.7 P4 < P, < 0.95 Py). For the stated reason, the real operating line of the tube
(load line) is determined as a line parallel to the load line, which is determined as the tangent of the maximum
power hyperbola, at the chosen anode voltage U, and the chosen anode dissipation (0.75 P4 < P; < 0.95 Py).
The real load R, is equal to the anode load determined above.

6. Output power
The load line intersects the I, = f(U,) characteristic Ug = 0 at the point A(Uamins Iamax)-
The load line intersects the Uy characteristic I, = f(U,) which is twice as large as Ugq at the operating point M,
at the point B(Uamaxs Iamin)

Paut — (Ua max—Ua mm);(fa max—lamin) (409_ 17)

7. Second harmonic distortion

Ug=Ug mi
A" amin_4

HD, = —gmax—la__ » 100 (%)

( Ua=Uqs min +1)

Ua max—Ua (409.18)
A similar result is obtained by applying the equation:
HD2 e 1 % la max+lamin—2Xla % 100(%) (40919)
2 lamax—lamin

Conclusion:
The operating area of the triode used in the single ended output amplifier is limited by:

e Maximum tube dissipation hyperbola P max or (0.7 + 0.95) P, max

e Maximum anode current I, . and the condition I; max < 2 x I, (maximum I, is less than twice the
quiescent current) - condition for a class A amplifier

e Minimum I, current that is slightly higher than the current in the extremely curved parts of the
characteristics I, = f(U,) and U, mi» (point at the intersection Ug = OV with I, ,,;, ) - the operations of the
tube in the linear part of the characteristics achieves a minimum distortion of the signal.

e Maximum anode voltage determined by the minimum anode current (intersection point of the load line
with characteristic Ug equal to twice the Ug at the quiescent point). The maximum anode voltage lower
than twice the anode voltage at the quiescent point (U; max < 2 X Ugg).
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The load line is designed according to the compromise between the maximum output power (taking into account the
power dissipation and the lifetime of the tube) and the acceptable signal distortion.In practice, the anode load R, of
the triode is always higher than the calculated R, under the condition of maximum power (R, = 2 X R; ).

As it can be seen from Fig.4-46, the decrease of the harmonic distortion of the signal of a single ended triode amplifier
depending on the increase of the anode load is more rapidly than depending on the decrease of the output power.

In the literature, it can sometimes be found that R, = 5 x R;is a good choice for the anode load value of the output
triode of a single ended amplifier.

A triode single ended output amplifier has relatively low nonlinear distortions (both harmonic and non harmonic).
Harmonic distortions of the SE amplifier are mainly caused by the second harmonics of the anode current.

4.10.2 Examples of Triode Single Ended Output stage Load Lines

4.10.2.1 Single Ended output stage using directly heated triode 300B (Western Electric)

@ ~FILAMENT
4 .

PLANE OF
FILAMENT

Plate Voltage.........c.ccccocovvenrccennne. 400 Volts
Plate Current ........ccccceceecvveisevneces 100 mA
Plate Dissipation ............ccccocuviiuns 36 W
Filament Voltage, AC or DC ............. 50V
Filament Current .........ccccccceveerees. 1.2 A
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~

uhA W

o

9.

e 158

TYPICAL OPERATING CONDITIONS AND CHARACTERISTICS

SINGLE TUBE AMPLIFIER — CLASS A
Filament Voltage, A-C

Plate Voltage .

Grid Voltage . . .

Peak A-F Signal Vo]tage .

Zero Signal Plate Current .
Maximum Signal Plate Current .
Transconductance

Plate Resistance

- . 5.0 5.0 volts
300 350 volts
—61 —74 volts
61 74 volts
A, 62 60 milliamperes
. . e e 74 77 milliamperes

5300 5000 micromhos
e e 740 790 ohms
. e e e 3000 4000 obms

Load Resistance

Amplification Factor . 39 39

Maximum Signal Power Output . 6 7 watts

Total Harmonic Distortion 5 5 per cent
ERd il Ef-—SO VOLTS, AC ]“ T T WE : 3008 |
E 120 | l £
S L \/ —20| | - e
E ! ) [ | ‘-40 ]
= 280 1 T

/

=

\‘
|
I
|
\
™
"-.,-._...-.
~
Q
(=]
|
o
o
i
|
1

=

240 - J‘- 7 7/ = i —
San e
Y 200 g - i T
SSeTAR g

160 ~tA Vi

.
Ia max O

w

ol 4 A
1 ‘

Ia 80 ‘ 3 Pd= 39w
T Y (i
‘ -
; 40 ‘D / . I./ 7&‘
a min . 3 i
R ~
L
0 100 600 700

ud Ua min

P
Draw the power dissipation hyperbola (maximum anode power dissipation, P4 = 36 W): [=—t==—

Ua max Anode Voltage [V]

Fig. 4-47

36
U, U

a

Draw the point W on the power hyperbola for the required (chosen) anode voltage (Ua = 350 V)
Coordinate of point W: W(350 V, 114 mA)
Draw a tangent line to the power hyperbola passing through point W.

The tangent line intersects the U, axis at the point X (698, 0) i.e. 698 V (the voltage at the point where
the current is equal to 0 must fulfill the condition: it must be less than twice the anode operating

voltage, i.e. 698 V < 2 x 350 V).

The tangent line intersects the I, axis at point Y (0 V, 200 mA), i.e. 200 mA.

Calculation of R, (Load - impedance of the transformer primary): R, is equal to the slope of the load line:

R, = 698V / 200mA = 3490 Q

Ia at point W, (103mA) is out of the limit for safe operation (100mA) of the tube. Also, for reasons of safety
and the lifetime of the tube it is recommended that the tube operate at 0.7 to 0.8 of the maximum anode
power dissipation. For example: P = 28W (that is 77 % Of Py max = 36W, i.e. I, =28 W /350 V = 80 mA). So,

the new working point (quiescent point) M has the coordinate: M ( 350 V, 80 mA ).
Draw a straight line parallel to the X -Y line through point M (350 V, 80 mA).

10. The new line intersects the Ua axis at approximately 605 V.

11. The new point M is located on the characteristic Ug = - 70 V.
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12.

13.
14.
15.

16.

17.

18.

19.

20.

The new working line (load line) intersects the characteristic U, = 0 at point A (110 V, 148 mA), and the sym-
metrical characteristic Uy = -140 V at point B (550 V, 20 mA):
Usmax = 550 V, Uamin = 110 V, Ipmay = 148 MA, Imin = 20 mA.
The straight line I, = 20 mA intersects the characteristic U; = 0 V at point D (30 V, 20 mA)
The new working line (load line) has the same slope as the first constructed load line (7.) i.e. R; = 3490 Q.
The internal resistance of the tube at the working point (quiescent point) M (350 V, 80 mA) is approximately:
Ri =AU,/ Al | [Uy=-70 V] = 14.5V /20 mA = 725 Q.
Output power:

1 (U, — Uy)? 1 (350 — 30)?

o L k. NN _ %3490 = 7.32 W
out = X R T 2x R ® T 2% @490 +2x 725)2

Also, the area of the triangle ABC is proportional to the output power:

T (Wamax = Uamin) X Ug max — lamin) _ (550 —110) x (0.148 — 0.02)
out = .
8 8

The necessary amplitude of the driving voltage applied to the control grid (g1)to produce the nominal output
power:

=704 W

T i x (U, - U )—lx 125 3490 x (350—30) =70V
IMm T W R +2x R Temint T 397 3490 + 2 x 725 .
Efficiency:
5 ) il _oss 35 %
A L
-FL 3490

An approximately equal value of the output power is obtained by applying the equation:

P (“XU‘”") R —1><( - )2><3490—732W
oue =3 X\ B R @7 27 \725+ 3490 -

Second harmonic distortion:

Ua—Uamin _, 350-110_,
_ _Uamax—Ug __ __550-350 -
HDz = % (Ua—Uamm ) x 100 (%) = S (330-110 )X 100=45%
M mae—Ua | - 550-350

An approximately equal value of the second harmonic distortion is obtained by applying the equation:

i, + —2x1 1, 0.148+0,02—2x0.08
HD, = = x amax_amin 270 » 1()() (%) == X ——————— = 3,125 %
2

2 X DT i 2 0.148-0.02

The electric diagram (schematic) of the output stage calculated above is:

Working point (quiescent point) is: M (350 V, 80 mA), - Ug = 70 V.

Ia=80mA oT
o 35000
5 1
O 350V
Py
50Q/3W +Uab
Rg f 427V
c C
2708 |4 L ol
gsoa] | 470u|| 79V
a0w| |200v 1
5V/1.5A
-
e
Fig. 4-48
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3008 is directly heated cathode triode, i.e. the filament itself is the cathode and the filament is heated using a separate
power supply source (according to the tube data sheet): 5V, /1.5A - separate transformer or separate winding of the
transformer used in the amplifier power supply circuit). (*DC 5Vpc /1.5A voltage source can also be used).

Grid bias is provided by an automatic grid bias circuit, i.e., by using a resistor in the cathode circuit.
Cathode resistor:

R, =22k — 7V _ 8750~ 8800
Ia 0.084

Capacitance C, is calculated using the equation: 2 x 7 X fio0, X Cu X Ry > 30 — C, > 279 uF (fion = 20 Hz)
DC high voltage power supply:

U,=U+U,+Uy p=70V+350V+Ry ,x1,5427V

Single-Ended Triode output amplifiers can be built using classic power pentodes or a power beam tetrodes
connected as triodes (triode mode - screen grid connected to the anode).

=)

4.10.2.2 Single-Ended output stage: EL34 power pentode connected as triode-triode mode

Factory Data:

EL34 Limiting Operating Conditions for Safe Operation
(Triode connection)

Plate Voltage.........c.ccoveevcersceeviisissnn, 600 Volts

P+ g2 max. (Vs =500V) .ccovvvvvicrnn 30 W
Heater: 6.3V / 1.5A

OPERATING CONDITIONS AS SINGLE VALVE CLASS “A”

AMPLIFIER
Pentode connection
Vs 250 300 v
Vg2 250 300 \4
Vea 0 0 v
K 106 190 Q
Rs 2.0 35 kQ
la 100 83 mA
lg2 15 13  mA
Vingr.m.s.) (Powt = 50mW) 500 450 mY
Vin(r.m.s.) 8.0 82 . .
*Pout 1 1" w  Triode connection
*Diot 10 10 % (g2 connected to a)
Va 250 v
*2,u and Dy,: are measured at fixed bias and therefore represent the power la 70 mA
output available during the reproduction of speech and music. When a Vil -15.5 v
sustained sine wave is applied to the control-grid the bias across the 11.5 mA/V
cathode resistor will readjust itself as a result of the increased anode &m 9 0‘ Q
and screen-grid currents. This will result in a reduction in power output Ta
of approximately 10%,. W 10.5
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-
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Fig. 4-49
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4.10.2. 3 Single-Ended output stage: KT88 power beam tetrode connected as triode-triode
mode

BASE CONNECTIONS AND VALVE DIMENSIONS

g 8
OO Base: Metal shell wafer octal
a 3] (6) NP Bulb: Tubular
h © @) h Max. overall length: 125mm
Max. seated length: 110mm
[ Daur(8) Max. diameter: 52mm
s k, bp
HEATER
Vh 63 v
In 1-6 {approx) A
MAXIMUM RATINGS — Déiigh Micthiveii
Va 80O 800 v |
Vg2 600 600 v 1l
Va,g2 600 600 ¥
—Vg1 200 200 Vv
Pa 42 a5 w
Pg2 8 6 w
Pa+g2 46 40 w
I 230 230 mA
Vh—% 250 200 v
Thub 250 250 °C
Rg1 -k {cathode bias)
Pa+g2 < 35W 470 kQ
Patg2 >3I5W 270 k1
Rk (fixed bias)
Pa- g2 < 35W 220 k
Pa+tg2 >35W 100 kQ

KT88 Limiting Operating Conditions for Safe Operation (according to the data sheet):

e Maximum anode, screen grid voltage.........c.cccveeirenns 600 V

e Maximum anode dissipation..........cccocevvvinereincnenen. 42 W

e Maximum anode current (for self biasing).........c.coc.... 230 mA
e Amplification factor (p) (triode connection)................ 8

300

e ol KT88 TRIODE MODE

==|OV
- ==15
Y =3
=~25
=-30Vi
la max& A :
o
la M i
=-b
Ia min st =10
00 IOOD 200 300 D400 500 B O X
Ua min v Ua Ua max
Fig. 4-50
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Set of characteristics I, = f(U,), U, = const.(anode characteristics) is shown in Fig.4-50.

)

1. Draw the power dissipation hyperbola (maximum anode power dissipation, Py = 42W): 1 a=ﬁ=$—2‘]

Draw the point W on the power hyperbola for the required (chosen) anode voltage (375V)

Coordinate of point W: W(375V, 115 mA)

Draw a tangent line to the power hyperbola passing through point W.

The tangent line intersects the Ua axis at the point X (760, 0) i.e. 760 V

The tangent line intersects the Ia axis at the point'Y (0, 215), i.e. 215 mA.

Calculation of R, (Load - impedance of the transformer primary): R, is equal to the slope of the load line:

R, =760V /215mA = 3535 Q.

Set (draw) the new working (quiescent) point M on the characteristic Uy = - 42 V. M (375 V, 76 mA).

Draw a straight line parallel to the X-Y line through point M (375 V, 76 mA).

10. The new working (load) line intersects the characteristic U, = 0V at point A (122V, 150mA), and the symmet-
rical characteristic U, = - 84 V at point B (590 V, 18 mA) approximately:
Uamax = 590 V, Uappin = 122V, Iymax = 150 MA, Iymin = 18 mA.

11. The straight line I, =18 mA intersects the characteristic U, = 0 V at point D (25 V, 18 mA)

12. The new working line (load line) has the same slope as the first constructed load line i.e. R, = 3535 Q.

13. The internal resistance of the tube at the working point (quiescent point) M (375 V, 76 mA) is approximately:
Ri =AU, /AL | [Uy = -42 V] = 930 Q.

14. Output power:

N ALDN

© ®

{375-25)2

(Ua—Ug)*
(350042x930)%

- - x3500=746 W
(Rg+2xR;)?

1 1
Prmf='z-x XRH='£><

Also, the area of the triangle ABC is proportional to the output power:

(Ugmax — Ugmin) X Ugmar — lamin) (590 —122) x (0.15 - 0.018)
8 - 8

=772W

Poye =

15. The necessary amplitude of the driving voltage applied to the control grid (g1)to produce the nominal output
power:

1 R;+R 1 630 + 3500
X U= V) =5 =

U X—
8 3500+2x930

a [§

16. Efficiency:

—l 1 :»l— 1 = = 0,
n= 5 X:% ZX‘;_—Q;,fia 0.326 32.6%

17. An approximately equal value of the output power is obtained by applying the equation:
2
) x 3500 = 7.34 W

» _1x(p><uym)2 . _1X( 8x 36
oUET 2 \R:+ R, @~ 271930 + 3500

18. Second-harmonic distortion:

Uy = Ugmin _ 4 375-122
HD, = — Jamax—Ua % 100(%) = —220_37> x 100(%) = 0.04 x 100(%) = 4 %
2 2><(Ua—umm-“_l) o (35122
Ua max Ua (590 = 375 )

An approximately equal value of the second harmonic distortion is obtained by applying the equation:

1 I +I in—2%I 1 150+18—-2X76
HD, = = x &mex amin' "7a 5 10((%) = - X —————— xx 100(%) = 6 %
2 la max—Ta min 2 150-18

Re=Ug / 1, =42V /0.076 mA =552.6 Q ~ 560 Q
Prk = R X 12, = 560 Q x (0.076 mA)2 = 3.24 W
*R, = 560 Q / 12 W

Uab=Uk+Uak+Ia XRDC—OT = 42V + 375V + 0.075 mAXRDC_OT =~ 430V
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The bias circuit of the output tube of the of the Single-Ended Triode output amplifier can be built using other design
solutions of the bias circuit (fixed bias, constant current source), and not only using the automatic bias circuit applied
in the above examples.

+350V

0.47uF
H Rg2
5 375V
047 470 Q 375
390k _1 KT88
-42V
\ 75mA
h7ouF 270k -
T ces Rk-test
I _
-60V 10 Q2
Radj=Vref /I
Radj=1.25V/0.075A 47k 750mV
= 16.60
{_T'D - .

Single-Ended Triode output amplifiers of higher output powers
can be designed using the parallel connection of two or more
triodes (PSET): # Itis very hard to find several tubes
with identical characteristics. So, if two or more output
tubes are connected in parallel, it is necessary to use
independent bias circuits for each tube.

The effective anode resistance (internal tube resis-
tance) of the PSET is: R; (one-tube triode SE amplifier) /
number of tubes connected in parallel.

The load resistance of the PSET is: R, (one-tube triode SE
amplifier) / number of tubes connected in parallel.

The total anode current of the PSET is: I, (one-tube triode SE amplifier) x number of tubes connected in
parallel.
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The total harmonic distortion of the PSET is approximately equal to the harmonic distor-
tion of a single-tube SE triode amplifier. The Input (driving) voltage of the PSET is equal to the
driving voltage of a single- tube SE triode amplifier.

100 ﬂ
1k8 \ 1k8
1l
'{ 0.47uF
: 0.47uF
: 0.47uF
I 0.47uF
[ ®— o ®—
470mV & 470mV 470mV 470mV
10 10 10 10
47K % a7 L 47k 3 an
S60k 560k GO 560k S60k
3 100k % 100k o 100k % 100k
-60V

4.10.3 SINGLE-ENDED PENTODE AND TETRODE OUTPUT STAGE

SE Power Pentode and Power Beam Tetrode output amplifiers produce higher output power than SE triode amplifiers
for equal output tube anode power dissipation, i.e. the power efficiency of SE Power Pentode and Power Beam Tetrode
output amplifiers is higher than the power efficiency of SE triode output amplifiers. The sensitivity is also higher (at
equal output powers the driver signal (signal applied to the control grid) of the SE pentode and beam tetrode amplifier
is several times lower than the driver signal of the triode output amplifier). The non-linear distortion of the SE Power
Pentode and Power Beam Tetrode output amplifier is higher than the non-linear distortion of the SE triode amplifier.

The anode resistance (internal resistance) of the pentode and beam tetrode is very high (several tens of kQ).

Ia Beam Tetrode
2004 - - - - Pentode

+Uab
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Graphical Analysis - Single Ended Pentode Output Stage Load line

200 T T - T ‘ - L
Ia **77752 =] T |_ e i ! i
A R oz = 200
150 . ' ’ S EIE ok o i =IOV [ .
N AL f TF
la max - : l/(‘ L — = -2V
100 — MRS Sui 1 : =
RN/ aa: amn e e e B e
Ldniipnanc= FEMT T
lo = Jam g e Or SEREREE sv
27 at = : =y
50T , - I F LT ov
T L= T 1 = Bf,, |
Ia minif ' == = ) oL
i | L1 i
on i 1 - i
o 50 100 150 200 250 V(v 300
Ur Ua Ua max
I Uab JI
Fig. 4-51

The maximum output power is achieved under the condition: the intersection of the load line and the characteristic
Ia = f(Ua) |Ug = 0 is located at the knee of the curve Ug = 0 (the part of the characteristic Ug = 0 that is maximally
curved).

Note:

Fig. 4-51: Optimal load line AMB (minimum harmonic distortion of the output signal - no signal distortion): AM equal
to MB. [M (U,, 1) is the quiescent point — the operating point].

Ua Uﬂ‘
Optimal anode load: RLmd:I_ (in practice: Rics=0.9 “T)

a

1 1
Output power: P, =5xU,x[,;=5%(Uy=U,) <1,

. . Py, Ugxl, 1
Efficiency: n=——= =-%[1-

r

Ucb

Pab Unbx‘[ 2

a

J (in practice: n = (35 + 45) %)

(%]

12 Pout

LY

S
|
N
AN
7
— Pout (W)

%
™\
7

N
N
\\

o N va 1
/ /3\/‘; & “h
2 ol LY A
- \\ rd
\\..I! |
0 0
[+] 2 4 -] &8 0 =2 14
Ra (k02)
Fig. 4-52

Itis very important to match the conditions for achieving maximum output power depending on R 54 and the conditions
for achieving minimum non-linear distortion of the output signal. Pentodes distort the amplified signal more than
triodes. The second and third harmonics of the output signal are high which means higher non-harmonic non-linear
distortion than those of SE triode amplifier. Fig. 4-52 is a diagrams of output power P, , second (k) and third (ks)
harmonic distortion, total distortion (k) and non harmonic distortion (M) as a function of R 54 . Analyzing the digram

e 166



Chapter 4 e Vacuum Tube Electronic Circuits

Fig. 4-52 it can be observed that the non-linear distortion is minimal for the value of R 54 coresponding to the minimal
distortion (almoust zero) of the second harmonic.

The amplitude of the second harmonic of the anode current is:

I +] 2x]T

I __ Camax amin a
2wm™
4

Also: I,..%2%1,—1,., so it can be concluded that the non-linear distortion is minimal for the specified position of the
load line.

# Total Harmonic Distortion (THD) of a SE pentode power amplifier can be reduced by applying negative feedback
(NFB).

Power supply of the screen grid (g2):

+Uab It is not necessary to use a separate power supply unit to power the

* screen grid. The anode power supply of the amplifier can be used to
power the screen grid, which is common in practice (Fig.4-53). It is nec-
essary to consult the tube manufacturer data sheet to determine the
screen grid current Ig, (for the determined anode voltage, or control grid
voltage).

It is known that if the output pentode of the amplifier is overdriven (the
pentode operates in the area of low anode voltages), the screen grid
current rises rapidly and the tube can be damaged. To overcome this
problem, a screen grid stopper resistor Rgag is connected in the screen
grid circuit, acting to reduce the screen grid voltage as the screen grid
current rises, thereby limiting the power dissipation of the screen grid.
In practice, the resistance of Rg,s is between 100 Q and 1000 Q for most
power pentodes used in SE amplifiers.

Fig. 4-53

4.10.3.1 Single-Ended output stage: EL84 (6BQ5) medium power pentode

HEATER
v 6.3 v
l: 760 mA
CHARACTERISTICS .
Pentode connection Triode connection
(g2 connected to a)
Va 250 N Va 250 v
Vi 250 v Iy 34 mA
(N 48 mA Vi 9.0 v
[ 55 mA Em 10 mAY
Va -1.3 A ' 2.0 kil
gm 11.3 mAY ® 19.5
a 38 ki)
Ha1-p2 19

LIMITING VALUES

Viyn, max. 550 v
Vau max. 300 v
Pa Max. 12 w
Vmé.h. max. 550 \"
V2 max. 300 v
Pre Max. 2.0 w
I max, 65 mA
=V, max. 100 v
Rgi_x max. 300 ke
Vi_x max, 100 v
Ry _x max. 20 k)
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k393

h h

—»22:2 mm [e—
max

7imm max —————»

L‘— 78 mm max ———»

1

B9A Base

Anode voltage (chosen or required): U, = 270 V
Anode power dissipation (chosen or required): Py < 0.8 X Pgmax, Py < 0.8x 12W, P; < 9.6 W
Anode quiescent current: I, = P,/ U, =9.6 W/ 270V =35.5mA = 35 mA
Quiescent point M ( 270 V, 35 mA )
Using the diagram of anode characteristics I, = f(U,) — Ug =-85V
Bias voltage of the control grid: Ug, = - 8.5V

Screen grid current: I;; = 4.5 mA

I E896 f
a \ ELB4
(maA) F4— -
\ _] |
| el ot ot b P P P =
150 \\ EE = Kl Vgj= OV vgz' 290v
i T
Y L | i B
4 \\ i gy S B ._... -3
A =TT i
i/ . . ! B
7 AT\ i
100
_l e -av
: P i . |
[gup \
AL 3 I
T~ P oY I
| | | P "~
50 Rioad = 7000 2 TN — ~
- / l - ™ —
7 . =~ M3
35 / r— - = ! id
2 L/ LT h [~ s =|2wW |
W : e Pa L
= =1 -ov _
o T [ —
. ! : -
o0V 100 200 270V 300 400 Ya (V)
i U, 270
Calculation of the Anode Load: R;..,=0.9 % T==0.9x =--=6943 Q~7000Q

a

Draw Anode Load line R, ,,q = 7000 2 through the quiescent point M ( 270 V, 35 mA )

Calculate Ry = Uy / (I +152) =85V /(35mA+4mA) =218Q =22Q
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EL84 (SE PENTODE)
Screen grid ( g, .) Circuit design and calculation:

S s
g
&

e

88

]
S Va=Vp =250V TS

S Ip(mA)

T 500

U,—2585V 285—258.5

Tube manufacturers also publish screen grid current data: screen
grid current as a function of control grid voltage

Using such of diagram for EL84 and Iz, = 4 mA
(Us = Uy =250 V):

The anode circuit power supply voltage is:

Uap = Uk + Uak + Uor-nc

Usp = 8.5 + 270 + 6.5=285V

*Uorpc is approximately 6.5 V

It is necessary to adjust the screen grid power supply voltage to
a value of 258.5 V (U, + Uy, = 8.5V + 250 V):

Rg2 totar = Re2=

=6625Q

I 4mA

g2

If a common power supply circuit is used for both channels of the amplifier: Ry, = 3.3 kQ (two separate

screen grid stoppers Rgs; = Rg2s2 = 100 2 are also used).

Calculation of output power
pm=% X (U =0, | % ra=% X270V —20V | 0.035 A=4.375 W

1, [Ua—Ur]Z_lx [270v-20V)

P = =
or w= TR 2 70000

=446 W

70000 {

+278.5V|| EL84

SECOND

e 169



High-End Tube Amplifier Design

4.10.3.2 Single-Ended output stage: EL34 power pentode

Anode voltage (chosen or required): U, = 320 V

Anode power dissipation (chosen or required): P; < 0.8 X Pypmax, Pqs < 0.8x25W, P, < 20 W
Anode quiescent current: I, = Py/ U, =20 W/ 320V = 62.5mA = 60 mA

Quiescent point M ( 320 V, 60 mA )

i b Using the diagram I, = f(U,) — Ug =-16V,
Bias voltage: Uy = - 16 V
Screen grid current: I, = 8.5 mA

Calculation of anode load:

U, 320
Ri00=09 X T2=09 % =2

a

=4800Q

Draw Anode Load line R, ,,q = 4800 2 through the quiescent
point M ( 320 V, 60 mA )

Calculation of Ry = Uy / (I, + Iy2)
=16V/(60mMA+85mA) =233.50Q = 24092

The anode circuit power supply voltage is:

Uyp=U,+Uy+Upr_pc

U,,=16+320+14=350V

0 HEL =g

*Uor-pc is approximately 14V

It is necessary to adjust the screen grid power supply voltage to a value of 266 V.

U, —266 350V —266V
Rysoam=Rg= T ==gEma 98820

If a common power supply circuit is used for both channels of the amplifier: Ry, = 4.7 k 2 ( two separate
screen grid stoppers Ry3s; = Rgzs2 = 270 2 are also used).

Calculation of output power:

PMF% x(U,-U,|x Ia=% x(320V—18V|x0.06 A=9W

— 2 [ 12
_1,[U.-UF 1 [320v-18V]

=9.5W
a2 4800Q

PO 0 T R A A S 80 N T T
_.,:,?|7::_}:_.{_§r~a_-m """ T HE=SmRRmaeEan: e
i —'1 —— ...,;:-.....,__._._.:_ HH et
B B 2 5 S O
it .\.. i _;_._._;——H-!'?Uﬂ‘&f | I
| ._/)f..’"f‘ """""
FEHE PR
P S
200 H—— LY
I {H B = a
::/ /’ﬂﬂ{
J:('/"' = ~10¥
SR s = 4800 Q=
el
i = = ] N
| Sy AR mna A i TEH e SECOND
OmAE R ‘ ) SmemZ SRR RaR L
/..,,/i'_c__:__..;..; — T R ';_,____'HH-EM i
e SEAdHRESEREmn S =asEas: e = i6
018V 00 200 08320V w0 g soo = GND
lo = (Ul Ugi = OV
U = 250
Uy = Porameler
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4.10.3.3 Single Ended power beam tetrode output stage

BEAM POWER gg 6L6 A o 15
out S
- EEEE TETRODE 6 —t— 12
s BT AL .2
% LS ™ ﬂ44 }\\ | .-'"FE.'_E' 2
g 150 }/’___F SR 5 1 4 -I"\"\._E..-n-"#r o
:ﬂj w00/} e s eaa=ee=: 2 / : 4 / 4
S s 0 3 o
. U BEHNA |
".; w0 ™ 750 1000 1250 0 1 2 ey 3 Fam 4 3 6

PLATE VOLTAGE (Ep.vy

The characteristics

I, = f (U,) of power beam tetrodes are more sharply curved (knee) than the characteristics of classical power pentodes.
As a consequence of such characteristics shape, the harmonics distribution of the anode current is different from that
of the pentodes. If the anode load line is placed to intersects the Uy; = OV characteristic at its knee, the third harmonic
of the anode current is very small and the signal distortion is mainly caused by the second harmonic of the anode
current.

Example:
Power beam tetrode KT88

Anode voltage (chosen): U, = 380 V
Anode dissipation (chosen):

Pd < 0'7XPdmaX/

Py, = 0.7x42W, P, < 29 W

Anode quiescent current:

I,=Py;/U, =29 W/ 380V =76 mA
I, = 75mA

Quiescent point M ( 380 V, 75 mA )
Using I, =f(U,) - Uy =-32V
Bias voltage: Uy = - 32V

Screen grid current: I, = 3 mA

Calculation of anode load:
Ryoaq = 0.9 X % =0.9x
a
Rioaa = 4500 0

380V
0.075 4

Draw Anode Load line Ry ,;q = 4500 Q2 through the quiescent point M ( 380V, 75m A )
Calculation of R :
Ry =Ugy / (I, + 1) =32V/(75mA + 3 mA) =410 2

The anode circuit power supply voltage is:
Up=U,+Uy+Ugr_pc

U,,=32+380+8=420V

*Uorpc is approximately 8V
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It is necessary to adjust the screen grid power supply voltage to a value of 332 V.

= _ Uap=382 _ 420V-332V _ 5q
Reziom = Rgy = R T 293330

Ry> = 14 k® and two separate screen grid stoppers Rgzs; = Rgzs2 = 470 Q
*common power supply circuit is used for both channels of the amplifier
Calculation of output power:

Pout = 5% Wap = Uy) X I =% (380V — 20 V) X 0.075 A = 13.5 W

” o 2
=lx(suuv 20 V) —14.4W
2 45000

(Uﬂ—U,—)Z
Rioad

1
Or Pom=z><

470k SECOND

Channel

4.11 PUSH-PULL Output stage configuration

* Ideal Push-Pull output stage
e The electrical characteristics of both tubes are equal
¢ Both tubes operate under the same operating conditions
e Output tubes are driven by signals of equal amplitudes but opposite phases
e Center-tap output transformer (i.e. half of the primary winding is an integral part of the circuit of each

tube)
Ugr\] 5

Ug\f\—i

Fig. 4-54
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Equivalent circuit:

= @l Ry
NS [ L. 2
—uUg(
N
S—n
Np
Fig. 4-55

The main characteristics of the Push-Pull output stage
e Even harmonics of the amplified signal are canceled (lower total harmonic distortion)
For Fig. 4-55: %x a1 —%x g2 = Ns X Is
Driving signal of the control grid of the first tube: Ui = Ugm % cos(wt)

Driving signal of the control grid of the second tube (signal of the opposite phase to the phase of the
signal of the first tube):

Ugz = —Ugp % cos(wt) = Ug,, X cos(wt + 1)

Anode currents (with harmonics):

gy = I + Iy % cos(wt) + I, % cos(2wt) + I3, % cos(3wt) + -

fgo = Iy + Ly % cos(wt + 1) + Ly X cos2(wt + ) + I3y % cos3(wt + 1) + -+

Secondary winding current of the output transformer:

s = =X "2 X (igg — igz) = = X (21n cOS W + 23y, cOs 3wt + ) - The output signal contains only odd

2 Ng 2xn .
harmonics: ot, 3wt, 5wt, ...

The effect of canceling the even harmonics as well as the fact that the amplitudes of the har-
monics decrease in order of appearance, is that the non-linear distortion of the push-pull stage
is very low.

e Non-pre-magnetization of the output transformer core caused by the opposite flow of DC
current through each half of the primary winding.

e Canceling the unwanted effects of insufficient filtering of the DC power supply voltage as an
effect of the symmetry of the Push-Pull circuit.

Output power of the Push-Pull stage:

Amplitudes of anode voltage and current of one tube are:

=Ns g _ ” =Ll i =t LG
.’lm_N—Fx.'m_nx[m,andUlm—szstm—zxﬂxUm
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Uy and I, - amplitudes of the fundamental voltage and current harmonic of the output transformer secondary.
The AC resistance R, of the anode circuit of one tube (anode load) is:

1.1 »
=X=XUm 1 1
—;X 2XRL

R - Ul]!’l — ety
n

Fisn nXly

and the total AC resistance (load) between the anodes of the tubes (anode to anode load):

1
Raa_n_zXRL

Using the equivalent circuit:

ey pxUg R . - .
Lim = % and Uy = X Lz , (Ugm - amplitude of the driving voltage (signal))
Ri+- Rij4+——ks  2Xn
2HT axn
Output power:
2 2
(#xUgm) Ry, 1, (nxUgm) Raq
Pyt =——2=5xX—= or Py ==-X—"5x-2 or
Ry 42 7 2xn? outi= g R; - Rua 4 ’
( f-"‘zxnz) (2_" 4 )
(uxUgm)”
gm
=2 X ———x
PDII’.C 2 (2XR£+RRQ)2 R(I{I

Pout — output power

M - tube amplification

R; - internal resistance of the tube (plate (anode) resistance)
R, — anode (plate) to anode (plate) load

Ugm — maximum driving voltage (amplitude)

Output Transformer - The relation between the turns ratio and impedances of the transformer (transformer theory):

N R R
n= s = i 28 or nZ = il
Np Raa Raa

n - turns ratio of the push-pull output transformer

Np - the total number of turns of the primary winding of the output transformer
Ns - the number of turns of the secondary winding of the output transformer
R, - output transformer secondary load (AC resistance)

R, — anode to anode (plate to plate) load (AC resistance)

o The optimal ratio R; / R,, is very important - it determines the maximum useful output power
The condition for optimal matching of a power generator with internal resistance R; to the load R, with
which it is terminated (the generator delivers maximum power to the load) is: R; = R,

If the previous applied to a push-pull output stage:

Raa/4 = Ri /2 (|e Ri= Ra)

A Push-pull output stage can be designed and built using triodes, tetrodes, or pentodes and tetrodes
connected as triodes (triode mode of operation).

4.11.1 TRIODE CLASS A PUSH-PULL Output stage GRAPHICAL ANALYSIS

Note:

It is not possible to analyze the push-pull amplifier configuration based on the characteristics of a single tube, because
both tubes operate (conduct current) at the same time and influence each other. Therefore, it is necessary to design
the equivalent (composite) characteristics of the push-pull stage configuration by defining the relations between
anode voltage and anode current for both tubes at the same time.
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# Valid for push-pull class A and class AB output stage configuration
Drawing the equivalent (composite) characteristics and the equivalent (composite) load line:

1. Set of the characteristics I, = f (U,)| Ug = const.

. Operating (quiescent) point of tube M (350 V, 80 mA) | Ug =-70V

3. Another set of the characteristics I, = f(U,) |Ug = const. rotate by 1800 and position them so that the U, axis
touches the U, axis of the non-rotated set of characteristics and adjust their position so that the operating
voltages of the M points align vertically.

4. Equivalent (composite) characteristics
The consequence of the fact that the tubes of the push-pull configuration are driven by signals of equal
voltage amplitudes but opposite in phase is that the increase of the anode voltage of one tube is equal to
the decrease of the anode voltage of the other tube at any moment.
The current of the secondary of the output transformer is proportional to the difference of the currents
flowing through the halves of the primary winding at any moment.
Equivalent characteristics represent the difference between the anode currents of the first and second
tubes as a function of the anode voltage for a different voltage of the control grid:

N

lig1=igo)=Fu,]1u,=const .

Draw a vertical line U, = 350 V. It intersects the upper and lower characteristic U; = - 70 V at equal I, = 80
mA. Draw the first point of the composite characteristic at U; = 350 V and I, = 0 ma (80 mA - 80 mA = 0 mA).
Draw the second vertical line U, = 370 V. It intersects the upper characteristic U; = - 70 V at I, = 125 mA and

the lower characteristic Ug = - 70 V at I, = 45 mA. Draw the second point of the composite characteristic at
Us = 370V and I, = (125 - 45) mA = 80 mA. Repeat the above process for a few more points and draw a
line through them. It is the first composite characteristic. This line also defines the internal resistance Rieq Of
the composite tube. Process the second pair of characteristic: upper Ug = - 80 V and lower U; = - 60V, in the
same way as above (drawing vertical lines for some values of U,, reading the value of Ia at the intersection
of the vertical lines of the upper and lower characteristic, calculate the equivalent value) and draw the second
composite characteristic.

5. Do the same for other pairs of the characteristics: (- 90V, -50V), (-100V, -40V), (- 110V, - 30V),
(-120V, -20V), (- 130V, - 10V), (- 140V, OV).

6. Draw the load line of the upper and lower tube as it is drawn in the case of single ended amplifier.

7. Equivalent (or Composite) Load Line (R, ¢q)
Draw a straight line through the points A and A located at the intersections of I, = I, min and Ia = Iamax @nd the
new composite characteristics I, = f(U,) | Ug = 0V and Ug = -140 V, respectively. This is so-called Equivalent

(or Composite) Load Line.

8. The slope of the Equivalent (or Composite) Load Line is the impedance seen by one tube, and it is equal to
1/ 4 of the actual anode-to-anode load impedance.

Ry g =4X Raeq

9. The above analysis is shown in Fig. 4-56 (2 x 300B triodes push-pull output stage).
Calculation of R,eq, Ra-ar Pout
® Raeq is the slope of the composite load line, i.e. U,/ Al, = (700 - 0) / (0.256 + 0.256) = 1367 Q.

Raeq = Raa /4 — Ry_a = 4x1367 = 5468 Q

_ Wamar—Uamin)%(amax—lamin) _ (568.75-133.75)x(0.158+0.158)

« Py = x ) —17.18W
Ua—Ug min z 350—133.75)2
_Uz_( N )_(_ 2 ')_
e Or: Pou = ==~ = 17.2W

e 175



High-End Tube Amplifier Design
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Example: Push Pull 2 x EL 34 (triode mode - connected as a triode)

o % Lt et % )| Push Pull 2 x E134
”mwn T ,"H pEEERpERE ELaf‘._,FLPu;
R I i | Pave2”30W 7i i i }I ‘ } } l'h"io‘de1 clc.m‘ﬂeﬂledJ —:
sool A e e
N [1 N i ! P
A (1)
| | IR L
T TN | [T I ) _
A B k¥ }Hr,‘fvl H A (T Raeq=1650 ©
_} | [ N 4 I _ | [ R = 6600 O
2o | | ‘|H”V\!|\/\ 7 'Wl‘f"‘ Jlr* ma : E a-a = )
- \*H#*% o d | FEH 1 1 Ug =- 25V (fixed bias)
VS 4 AN A A - T
S AT AR A o T Usb 360V
v, | | - 25V
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s e et
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Ug = - 26V (fixed bias) ! k Hll LDZ[V i {‘ I/' %?\IN” 1 — =]
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Example: Push Pull 2 x KT 88 (triode mode - connected as a triode)

0 100 200 kv 375V4m 5C3
& T T TT PUSH PULL 2xKT88 riod
AR P Y ! O 1 : —1 LL] : 3 £X triode mode
- 1 .t ] / | _5‘} i = P ;"RC:,DE CO’.\INEJ:-_EDN [ L )
., nak AT —KISS GECL D
Raeqlt— ——?i e np : : : M ( 375V, 75mA) each tube
' | T T F: ' - : T s ; 4
b 1583 O ‘III’ ,/f ,«; [T [ Uk = 42V (automatic bias)
. : i i HEEY, g
= — i k| A A A —— A f—zé\rrv_ Rk = 280 €2 (common for both tubes)
= Pl ] Sl A=A ] hale = - 42V : o
. [Re 35700H™ A <P pf] A 'l,h\:-i , Uab = + 430V
- - z. A1 = F -...:‘t am 5'{]'—'435\"!—"
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T _;‘_ s s _If L .
T6mA |/ ¥ = 1 - ~ A /‘ I
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? > = F e - T FI=1F
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i sz gprafh i = AL AL ard
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.I’\QQ"T 2 il L ,-;- - . ¥ =f_."/ ; ,/ }:(1
- O ] ” ol . - ; [ *
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Ra-a=6330 Q (6600 ) A\ oo A j A H 0
. e I_ : 7 a = A ~ 2
Pout=17.2 W Hnt A A P — SN H &
o SV 7 ; BoLEE | Wy
pagt =4 o 0 2 D M P e = W P biht, 9
A 1} =37 1 o5 /.r 7T / : “/ [ " — 3
T 7= AL LY F ,7?’_ P I e A
: L] 1/ If/ y " — 0
T AT 2 W
]:— LSl ,} B 1 . i, Ny
ERED) sery-——r1-f = /;‘ ) ' g
HINCILIINKGD 300ML - - ST | M =
ol SO P T e —
31 LT AL ="PF T E———rr
295 Gk ASLE cog oot ool :

4.11.2 PENTODE and BEAM TETRODE PUSH-PULL Output stage
The pentode and beam tetrode push-pull output stage can be designed and analyzed based on the basic principles
applied in design and analysis of the triode PP output stage.

# Pentodes and beam tetrodes have a screen grids. So, it is necessary to take care of the power supply of the screen
grid. It can be built using the separate power supply unit or using the power supply of the anode circuit (resistor
voltage divider).

The methodology of graphical analysis of triode PP circuit can be applied to the graphical analysis of pentode and beam
tetrode PP circuit.

Drawing the equivalent (composite) load line:
1. Set of the characteristics I, = f(U,) | Ug = const.
2. Operating (quiescent) point of tube M (U,, I,) |Ug = const
3. Another set of the characteristics I, = f(U,) | Ug = const. rotate by 180° and position them so that the U,
axis touches the U, axis of the non-rotated set of the characteristics and adjust their position so that the
operating voltages of the M points align vertically.

4. Equivalent (or Composite) Load Line (R; ¢q)

Draw a straight line through the point 0 (Ua, Ia = 0) and the knees (curvature of the characteristic) of the
characteristic Uy = OV of both tubes.

This is the so-called Equivalent (or Composite) Load Line.

e 178



Chapter 4 ¢ Vacuum Tube Electronic Circuits

5. The slope of the Equivalent (or Composite) Load Line is the impedance seen by one tube

-
(Ryeq =—"—"™"), and it is equal to 1 / 4 of the actual anode-to-anode load impedance.

ICT max

R, ,=4XR,.
Ia Beam tetrode
200 — — — — Pentode
Ia max
150 4
100

50

FE-=Bp —==

~- 00T

By analyzing the above graphic, it can be concluded that it is not necessary to draw both characteristics to define the
equivalent load line. It is enough to use one characteristic and draw a straight line through the points O (Ua, Ia = 0)
and the knee of the characteristic Ugl = 0V and calculate the slope of the line (equivalent load line).

Ia Beam tetrode
2010 — — — — Pentode
Ia max
150
100
S0

Output power:

1
Pyt ZE X 1 g max X (Ua 2 Unmm)
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Example:
Push Pull 2 x EL84
M (280 V, 35mA)

e 180

PUSH PULL

2 x EL84
Uab =+ 300V
M (280V, 35mA)
Rk=125 Q (common)

or,

Rk =250 Q (each tube)
Ck = 220uF (each tube)

Ra eq = 2000 Q

Ra-a= 38000 Q2

Pout max=15W

470k -
T L]
<
o
N T
Ay | J_
e
arok: & ]

2500

25002

8000 €2/(4€2,8)
15W
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Second channel
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Push-Pull 2 x EL84 Class A (pentode):

Graphical analysis

Draw the SE class A EL 84 load line on the characteristic diagram.

Draw a straight line through the point (Ua, Ia = 0) and the intersection point of the characteristic Uy; = 0V and the
SE load line.

This line is the equivalent push-pull load line: R, eq = Ry 4 (push-puiy /' 4

I |2 ; T 1
ST PUSH PULLTF it
\ 2xEL84 FrEsEmEe | fyonor
Y L | vg=ov I
N LT (pentode) Class A I s 4__
. | . - .
1 | B : 1
’ 1 i | 1| o~ !
\\ L T . ———— 1 4 B
/ 3 i . - _
T LA L - I
160 e -
__/ ! T e e - -4V
- / e — J | :
[ |
70mAd IO A .
lapar PR ] | L S e e e e
L ! - 1. -
50 Ra eq\iioog 2 "Jr--...._ g Tt
i i 1. :
%5_/’}’ S = B~ T
z "ﬂl— .“-"F'— : | n ™ ""‘-. ___‘“-.-‘-_ - ———— Pg=12W . _—
L ' == -iov -
- -
— | [
olFic . I | ¥ T ' ~
00y 100 200 270V 200 400 Vo (V]
Ua min Ua

Using the diagram:

Raa =4XRyeq=4x 350002 =14 k&

[Ua_Uamin]z ‘270_20112
P =2x =2 x- =o.
out R 14000 BIwW

aa
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14xQ/ (40, 80)

10 W

470k 1T

8 L 2500 802

™l

o T 40
A= w _I_

a

2500

(o]

470k ol t

.

0.47uF

Second channel

® 300V
o 300
100uF # #
i
Example:
Push-Pull 2 x KT88
M (380V, 75 mA)
O SOV W ; e
/ g == 5V
‘I b 4 H H il »|
st HHE V=300V
300 stii a2 S L bt
. T T
S iSisit dskees
it i PUSH PULL
gt : ! ;."V . 2XKT88
= : ] i (tetrode) C1 A
SEanl ; =0V
50mA ¢ O : e esea
lamax HHHY HEES Smman
) SR Easi s = _35ViTH
100 i i BRI ER (1801, 75mA)
e ——— . { EE i e St 5 i
E : N !”l! at V‘|=lu'u £ f
R D g
ok ox et aas: : : s §iziasas:
0 .o Do 200 . 300 @400
Uamin vy (V) AN
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+412v | KT88

900002/ (40, 8Q)
25 W

470k
802

40

Second channel
® +420V

4.11.3 CLASS-AB PUSH-PULL Output stage

Class-B push-pull amplifier

Quiescent point is located on the lower knee of the characteristic I, = f (Uy. ) i.e. the control grid bias voltage
corresponds to the anode current cut-off (I, = 0). In the absence of a driving signal on the control grid, the anode
current doesn’t flow. If a sine wave signal is applied to the control grid, the anode current flows only during the
positive half cycle of the input signal. During the negative half cycle of the input signal, the tube doesn’t conduct
current. The total harmonic distortion of class B amplifier is high (high odd harmonic distortion and distortion
generated in the crossover region - at low output power THD is maximum), so class B is inapplicable in high end
amplifier designs.

Class B push-pull amplifier has maximum efficiency ( n = 78.5% for sine wave signal) [*in the audio amplifiers class].
Only a fixed bias of the control grid must be applied.

Without going into details, some useful equations and conclusions that can be used in the design process of class B
push-pull amplifiers:

lTal
Ug(\)—ﬂ—
lout
Ug M' -U
-0 . Mn () '_._ g’
p——— Ug\[\—ﬂ—
la? Uin

e The slope of the composite characteristic is half the slope of the composite characteristic of a class A
amplifier.

e The slope of the composite anode resistance is twice that of the composite anode resistance of class A
amplifier.
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Output power:

P =%>< L % W % Ugoia)

Pos=g* e Ry
Pom -7 x (Ua _RUa min)z
a—a
200 . Maximum power condition:
\ PUSHPULL 2 x EL84
180 \ pentode Ug2 =250V R, ,=4XR,
\
. . Class B _Ugl

Load resistance (anode to anode) R, :
4 X UG_ Uamm

a—a—
Icmax

R

Ra eq=2000 Q Average anode current (each tube):

la (mA)
=1
[=]

Ra-a=8000Q j=lee p31gxr
o
Pout=16W

Anode circuit efficiency:

&0

1_ Uamm

40 n=0.785x

a

20 Anode power dissipation:

—Ug =- 15V .
0 O P =1,,,%|0.137x U ,+0.5 x Umm]
0 50 100 150 200 250 300 350

M(300V, 3mA)

CLASS-AB PUSH-PULL AMPLIFIER

la Class A

Quiescent

point \
b

4
cut 0I'f<_\ (

Il

)

Quiescent
point

The main disadvantage of class-B amplifiers: high THD, especially at low signal levels, can be partially eliminated by
operation of the amplifier in class AB. The bias voltage of a tube operating in class AB is adjusted in such a way that
for low drive signal the anode current flows for a full cycle of the drive signal. Under condition of higher drive voltage,
anode current flows in each tube for appreciably more than one half of a cycle, but not for a complete cycle of the AC
drive signal.

The tube bias can be designed as either fixed or automatic bias, but the amplifier design procedure is not the same for
fixed and automatic bias since the DC anode currents of the tubes depend on and change with the driving AC signals.
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{,a] ﬂ[cut

- ﬂ ﬂ U_g[\)—ll— U V

0 Ug [N _ -Ug
N 0] [- 2.

|ra s}

Uin =

Illustration of a graphical analysis of a fixed-bias class AB pentode push-pull amplifier:

Ia (mA)
500 -
|
450 \
Ia max ?
00Q——O— PUSH PULL —
- pentode
Class AB
300
250
Ia C s~
aQDDa_O
Ia A
100 /
Ia5.30 Tt = - -
0 o) =0
0 50 100 150 200 250 300 350 400 450 500 550 G600 65 Ua (V}

Ur Ur-A Ua B

Analyzing the diagram these observations can be made:

For low drive signals (opposite in phase), the operating point M of one tube moves along the load line M-A, and at the
same time, the operating point of the other tube moves along the load line M-B. At these values of the AC drive signal,
both tubes conduct current and the operating conditions are adequate to the operating conditions of a class A amplifier.

i

2xn

Consequently, the anode load of each tube is: R,= 3

For a higher driving voltage than defined above, one of the tubes stops conducting current (at cut off point B) and
current flows only through half of the output transformer primary. Consequently, the tube anode load changes to the

R, R
value (to the left of point A): M—'Z:?“ (two times lower than the load in the A-B region).
n
The graphical analysis is similar to the graphical analysis of the classical push-pull amplifier (draw the first equivalent
load line Reqq through the points P (U, , I, = 0) and A (intersection point with the single tube load line R,). Draw the

second equivalent load line Reqz = Req1 / 2 through point A to the intersection with the characteristic

I, =f (Uy) | Ug = 0V)).
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The total output power can be calculated by calculating the area of the geometric figure determined by the points:
U -Uy (P)-A-Q-Ug:

HUG_U}'*A] XIM.
w{zf

0 |IUr7 _Url|><‘lIamax_Ia I|
+||Ur—A_Ur]><IaA+lI - I2I AI]

A class-AB push-pull amplifier operates in class A up to the output power:

_ I[Ua_Ur—A] XIOA]

out class A 2

P

The total output power can also be calculated using the equation:

[ \ R a—a
sz\lIa,C]—Ian X LT

* Above numerical analysis is based on the manufacturer’s recommended application note for class AB push-pull
2 x KT88 tubes:

Us =+ 420V, I, = 55 mA, Uy = - 32.7 V, Ug; = +300 V, R_ 55 = 5000 Q
Using the graphical analysis diagram above:

U.p=282.5V; U =99V

La = 110 MA; Iyc) = 205 MA; I, max = 404 mA

Raegi = (Ria-a/ 4) =5000/ 4 =1250 2; Ryeq2 = (Raeqi/ 2) = 625 Q

U, =U,_4) %1 U._,=U) x( -1
Pnur =" [( a iZA) aA] + (Ur—,q . | Ur) X 'Ja,q + [( r—A i) 2( amax aA)]
420—282.5) x 0.11 282.5—-99) x (0.404 —0.11
= I 2 ) ! +(282.5—99) x 0.11 + ( ) 2( ) =547 W
2 RL a—a g o 0
Puii= (!'a[c) = Ia) b4 — = (0.205 — 0.055)* x =56.25 W
Uy —=U,_g) x 1, 420 —1282.5) x 0.11
Pout class a4 = . . 2“1) “4] = I 3 ) ] =756 W

By moving the tube bias (quiescent point) closer to class A, the output power decreases, but the total harmonic dis-
tortion also decreases.

The price of lower total harmonic distortion is lower output power.
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Example:
Class AB Push pull amplifier - 2 x KT88 pentodes

A0 TN =V T T = [

:I—-. o Fim P ] - i ; E L . l_l;l_.__

E L T T L ety | Vg =300V

R "(/7 : T i PUSH PULL 2XKT88f
i ;1,5—””’ | 1| pentode-;

P e T e
¢ O e 1 ay W OE RN A W I | e 3 F ol g T
o i ; Ty Py et
‘f\‘f’e:/ TN FRa <3300 0= 7 —
100 = SR | e W N
f/ =T :‘?___‘_,__.._—- I .__.! T 1\4(380V 7311]:\)__
Ia (\ = + — - ~'- I . . T I F l._ ______ “35\/
Ry
TN
O 1 |
¢ (v} 500

Using the diagram:

U; =380V, Ur_pa=137V; U-=39V; I,=75mA; I;5=150mA; I,.) =183 mA; I max =270 mA;
Roeqi =1/4R,5=16509; Raoeqz2=1/2R,eq; =82582; R,_,=6600;

U, =U_ ) xI Ue_a—U.) x (] -1
Py = [( 1 12 A) C(A] s (Ur—n _ Ur) x I, + [( r—A r) 2( a max aA)]
380—137) x 0.15 137 —39) x (0.27 — 0.15
=[( > ) ]+(137—39)X0.15+( ) 2( )=38‘745W
Ry a 0
Piur = (Ia(c) - a) X ——— = (0.183 — 0.075)% x =38.49W
[(U,=U,_,) x1,4] [(380—137)x0.15]
Poutclassa = 2 A = 3 =18.225 W

The amplifier operates in class A up to 18.2W output power (almost 50% of nominal power (47%)), but
the total distortion is very low (THD < 0.2 %).

4.11.4 ULTRA LINEAR MODE PUSH-PULL Output Stage

In order to partially eliminate the disadvantages of the previously known output stage configurations (high THD of the
pentode output stage and low output power of the triode output stage), Hafler and Keroes launched a specific tetrode
(pentode) push-pull output stage configuration known as ultra - linear mode.
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+Uab +Uab

Tetrode (pentode) connected as a triode: the screen grid is connected to the anode of the tube.
Base connection of tetrode (pentode): the screen grid is connected to the power supply.

Ultra linear mode: the screen grid (g,) of tetrode (pentode) is connected to the tap (UL tap) of the primary winding of
the output transformer located somewhere between the plate (anode) tap and the center tap of the primary winding.
So, a portion of the plate (anode) signal is fed - back to the screen grid. By varying the magnitude of the fed - back
signal to the screen grid (i.e. by varying the location of the UL tap), the operating mode of the tube changes from
more-triode to more-tetrode (pentode). Moving the UL tap closer to the plate (anode) terminal of the primary of the
output transformer makes the tube operate more like a triode, and moving the UL tap closer to the central tap (CT) of
the primary windings makes the tube operate more like a tetrode (pentode).

The value of the optimal screen grid impedance is within a narrow impedance range — The optimal impedance of
the screen grid is approximately 18.5 % of the anode load impedance (The Ultra-linear configuration is
also known as “Distributed Load operation”).

Irtemal LEYS O M B 1M
Irpedance  Outpud Distortion  Distortion
e output) WWatts  Hi Level  Low Lewel .
v A v A

160 20 40 0.8 T

120 13 30 0.6
L~

/

80 10 20 04

et
— — S R

‘-"-F-F'
40 5 10 0.2
N
a 0.z 05 1
il = il
= M.ax F'DwerQumu_t E g Ratio of screen load impedance B
B High Level Distortion 5 5 to plate load impedance =
@ Low Level Distortion  +— &
@ 'nternal Impedance 5

If the impedance of the screen grid is optimal, the output power is almost equal to the maximum power
delivered by the same tube in the pentode mode of operation.

The internal impedance of the tube is low (almost equal to the internal resistance of the tube in triode
mode).

High level IM and THD distortion is minimal at high output power.

e Low level IM and THD distortion is low at low output power.
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(pentode)
100% 70%  43% (UL)
o f:ﬂu
— 0%
(triode)
g

The optimal feed-back voltage of the screen grid is approximately 43% of the anode signal voltage.

The tap of the primary of the output transformer connected to the screen grid is 43% of the total number
of turns of the primary of the output transformer, counting from the end of the primary winding which
is connected to the power supply or the center tap of the output transformer of the push-pull amplifier.

By analyzing the diagram of typical characteristics

I, = f(Ua) | Ug1 = ctc UL mode of the KT88 tetrode, it can be noted that one characteristic is linear and its bias voltage
is half of the quiescent point M bias voltage. This is the optimal quiescent (working) point because it is located in the
middle of the range of characteristics I, = f(U,).

ug=0v
SV
300 Ve -Ug (M) /2
20V g (M)
\
250 \ -15V
\ -20V

.

25V
=30V

Ultra linear tube configuration “provides the high power output of tetrodes with low internal impedance
such as is normally obtained from triodes, while distortion figures are equal or better than the extremes
of operations.” Hafler and Keroes

Ultra linear pentode (tetrode) configuration can be used in single ended and push-pull output amplifiers.
UL SE amplifier operates in class A.

UL PP amplifier can operate in class A or class AB (Hi End audio amplifier).

* Detailed UL mode of operation published by: LinearAudio http://www.linearaudio.net .
Author Mr. Rudolf Moers
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Typical characteristic diagram I, = f(U,) | Ugs = ctc. - UL mode of the beam tetrode

Svetlana KTa8
B_E_i:al Performance Curves
400 alinear Connection, 40% taps
tgr0 i Rd Plate: Current
....... Screen Current.
0
;E;. 300
-
=
Z Ta
w
% 200
2
Q
W
3
o
100
screen current at
0V grid voltage
0 100 300 400 500
PLATE VOLTAGE (Ep, V)
335 3715 415 455

255 295
SCREEN VOLTAGE (Ep, V)

Example of Tube Manufacturer’s Application Note - UL mode (Distributed Load):

FIG. 1 PERFORMANCE OF TWO 6LA7 IN PUSH-PUTL WITH DISTRIBUTED LOAD
CONDITIONS. SCREEN-GRID TAPPING AT 43% OF PRIMARY TURNS

BEesasesssssssasauunll S i
},JJIH[HHI“H T HEin
Distributed load conditions H Mms)
with screen-grid tapping at [ |
43% of primary turns. H T
Vo +g =430V g &0
VootV =425V - -
Rgz =L = EEEE|
gx =47000 H
/. =66k H T
gemtas oot i
il BSiman, ! L
R i T
H g HEintH
10at2 1 i HiH40
- NS
i =t 1
[ ] 1
e P {dtet]
o = 5
S TH bt 20
o = Sesss 5 a2 =
o == - St FARR
afll SR =L, T £ = 1 921
4 Jaaimii ) T T + 2= = 1d3
off Saissssssszasgasees T : Ho
i} 5 0 B 25 0 25

OUTPUT POWER WATTS
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Example of Tube Manufacturer’s Application Note - UL mode (Distributed Load):

563
l e
: T
T \“_:_
FEnT
it : N =
1 ‘ I-\‘\\ z ;
4. ll Il I‘I I‘ L L ¥
— f S T s
== ; e =
55: : ] T
o[ : :
RBE =
— - = MR > il
E i 1 mani 3 :u\;
x .' HHNH .,I 1 1 : ‘ju
g 58 \ Zout HHh i ke T
N HHHEEENE 55 : ==
o o DHIHHE H : -]
= &R = 5k) =
3 :kﬁ N NN o ama 1 T
i S S .
ST SEfiEEEEE e ®
3] b I | | i ‘ THH H E
(Ry = 6=Tk2) B ; =P e T T
e . EaE BlE i iaune=
e gl 7 T
o o HiHHHTEE He T Higdisarsces HEHET TR
0 25% 40%  50% 75% 100%
Pentode SCREEN TAPPING POINTS (% TURNS) Triode

Fig. 1. Output power, distortion and output 1mpedance of KT88 ultra-linear output
stage at various positions of the screen taps from 09% to 1009% of each half primary
from the centre tap.

Example:
Single-Ended Class-A Ultra linear ( 43% ) output amplifier

In (mA)

A . /
4 A 48000/ (40, 8Q)

rd ,
SE KT88 UL 43% -~ "
7 y i KT83 5
Ua=+380V; la=7TmA 15 W

e iF o =
7 Ugk=141v :Rk—ﬁnnﬂ;
/Pt:ul—l“’\ (lass% 3
/R, ,—ﬂnof'l/

'//

82
4€2

Ua min Ua Ua max
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Example:
Push-Pull Class-AB Ultra linear ( 43% ) output amplifier

[a (mA)

-

| // 4 A
§ PUSH PULL 2 x KTE§
y i UL 43% 660002/ (4€2,802)
A Ugk =0V . B
\ = s J 35w
\ Ua=+380V; la=TTmA
4 //.mv Ugh =~ 41V; Rk =500 Q e
Raeq2 =825Q B A Tt O Rpa.=6600Q -
:ssrc_mo \ /Lgm}/ Pout = 35W 4
. A . /- - 28V ///
154mA ¥ //30" A5 V
= cql = 1650 Q s
: // TS -.\I/ oS 50\'///
A / S - 6OV
(Féﬁi—? [=] o B
6OV 130V " 380V - “ss0v Ua W)
Example:
Push Pull Class AB Ultra linear ( 43% ) output amplifier
Ta " PUSH PULL 2 x EL84
UL 43% Class AR~ 000Q/13W
. Ua=+280V; la=3TmA -
112mA o Ugk =-10.3V: Rk =270 Q) .
00 R ,,.= 80000 " 2Q
’ / Pout = 10.5W 40
TdmA © //
37mA © %
EL84
l+ 305V

SUMMARY

There are a wide variety of amplifier stage configurations that can be applied in tube amplifiers. Some of the amplifier
output stage configurations are not covered in the text above (they are too complicated for DIY building or do not fulfill
the requirements of Hi End amplifiers).

Instead of a text summary, some notes on the application of some tubes are presented that can be helpful in the am-
plifier design process. The presented numerical values should not be accepted as absolutely correct and only possible,
they can be useful as a starting point in the amplifier design process. Always consult the tube data sheets (but be
careful using the manufacturer’s examples of tube application notes as tube manufacturers sometimes publish tube
application notes at the tube’s maximum operating conditions).

Output stage circuit:

Tube 300B:

SE Ua = 350V; Ia = 80 mA; Ugk = - 71V ( Rk = 880 2 ); R, ; = 3000 L2 - 3500 Q; Pout = 7.5W
PP Ua = 350V; Ia = 80 mA; Ugk = - 71V ( Rk =880 Q ); R, 5., = 5000 2 - 5600 £2; Pout = 17.5W
Tube EL84:

PP UL (43%) Class A Ua = 275V; Ia = 36 mA; Ugk = - 10V ( Rk = 270 Q ); R, 4. = 13000 Q; Pout = 8.5W
PP UL 43%)( Class AB Ua = 275V; Ia = 36 mA; Ugk = - 10V ( Rk = 270 2 ); R, .., = 8000 Q; Pout = 10W
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Tube EL34:

SE TRIODE Ua = 360V; Ia = 60 mA; Ugk = - 27.5V ( Rk = 460 2 ); R, 5 = 4800 Q; Pout = 6W

SE UL (43%) Ua = 360V; Ia = 60 mA; Ugk = - 27.5V ( Rk = 460 Q ); R, , = 5000 Q; Pout = 11W

PP UL (43%) Class A Ua = 360V; Ia = 60 mA; Ugk = - 27.5V ( Rk = 460 Q ); R, »., = 11000 Q; Pout = 20W
PP UL (43%) Class AB Ua = 360V; Ia = 60 mA; Ugk = - 27.5V ( Rk = 460 Q ); R, 5., = 6600 Q; Pout = 28.5W

Tube KT88:

SE TRIODE Ua = 390V; Ia = 75 mA; Ugk = - 42.5V ( Rk = 560 2 ); R, 5 = 4500 Q; Pout = 8W
SE UL (43%) Ua = 380V; Ia = 73 mA; Ugk = - 41.5V ( Rk = 560 Q ); R, , = 4500 Q; Pout = 13W

PP UL (43%) Class A Ua = 380V; Ia = 73 mA; Ugk = - 41.5V( Rk = 560 Q ); R, 5., = 9000 Q; Pout = 27W
PP UL (43%) Class AB Ua = 380V; Ia = 73 mA; Ugk = - 41.5V ( Rk = 560 Q ); R, 4., = 6600 Q; Pout = 35W

AN AN !

111

Useful to know

Connect low resistance resistors in the cathode circuits of the output tubes.
By measuring the DC voltage across the resistors, the cathode currents (DC)
of the output tubes can be calculated: Iy = Usens / Rsens (the cathode DC
current is equal to the anode DC current of the triode or is equal to the sum
of DC currents of the anode and the screen grid of the pentode or tetrode).
The measurement procedure must be performed under the condition that no
driving AC signal(s) is (are) applied to the control grid of the output tube(s).
Due to the low resistance of the resistor (of the ordered of 10 2) there are no
consequences to the amplitude characteristic of the amplifier.

Also, the screen grid current (DC) can be calculated by measuring the voltage
across the screen grid resistor.

(the anode DC current can be calculated as the difference between the cath-
ode current and the screen grid current).
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Chapter 5 e Transformers
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5.0 TRANSFORMERS

Primary Secondary Primary Secondary

Coil Coil Coil Coil
"[" Transformer Coil Former
laminate s
"E" Transformer ey g <— Coil Former Iron Core
- -
L \-.:—— Gowtol Cu Wire Coils
5.1 TRANSFORMERS - BASIC (ELEMENTARY)
I.P Np: Ng IS
I ® >-n |
P : L B A 1t A
qip 1
1 1 E
{”C Py w9Qibufom] #Q S
)] .
(I D)
! q
AR—— J Yo Is M

Us Ip Ng

A transformer is a device in which two circuits are coupled by a magnetic field that is linked to both. There is no
conductive connection between the circuits.

In general, transformer is electronic component that consists of the two or more coils wound on the same magnetic
core. Also, a transformer is an electrical device that transfers electrical energy between two or more circuits
through electromagnetic induction.

When a signal of a defined form, frequency, voltage and power from a generator is connected to the Primary coil,
electric current passes through the Primary coil. A signal of the same shape and frequency appears at the secondary
side of the transformer. But the voltage at the secondary side and the current passing through the Secondary coil and
the load connected to the Secondary need not be the same as on the primary side. The Secondary voltage and current
(also the impedance of the Primary and Secondary) depend on the turns ratio of the Primary and Secondary coils, but
the powers of the primary and secondary sides are the same.

When electric current flows through the coil it generates a magnetic field.

The magnetic field strength or magnetizing force (also known as the magnetic potential gradient or magnet field
intensity) is defined as the magnetomotive force per unit length of the magnetic circuit produced by the current
flowing in the coil and it is denoted as H:

H = magnetomotive force (mmf) per unit length of the magnetic circuit.

mmf is the force produced by the current I flowing through the N turns of the coil.
If the length of the magnetic circuit is denoted by MPL, the magnetic field strength or magnetizing force H is:

_ 4xn><."><N_1.256x!xN
T 10xMPL MPL

(Oersted)

(#Note: Unit Oersted is equal to 1.257 ampére - turns per cm)
The result of the action of this magnetic field is the magnetic flux that is produced inside the magnetic material. The
intensity of this flux is called flux density (B).
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The total flux is:
4XaTXNXIXxuxs
10 x MPL

@=BXS=puxHXxS=
B - magnetic flux density, Induction
Units: 1 T = 10% Gs (T = Tesla, Gs = Gauss)
B - H relation

A graphical representation of the dependence of the produced magnetic flux on the magnetizing force for each mag-
netic material is known as the B-H curve of the material.

2.0
[ \ [ |
E {:TES]E} 1.8 ' | B-H Curves for Various Metals t 1
- B g I teel
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e
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Magnetic Field Strength - H (A/m) ———————————

B=puxH=yu,XpuxH # As illustration only

Mo — permeability of the vacuum (4xmx107 H/m)

The permeability of magnetic materials is usually specified as relative permeability u, to the permeability of free space
(denoted by 1).

The permeability of a magnetic material is the ability of the material to increase the flux intensity or flux density within
the material when electric current flows through a coil wound around the magnetic material and produces a magne-
tizing force.

The inductance of the coil of N turns wound on a core of cross-section S and permeability y is:

4xmTxN2%xuxS[em? 1.256 X N2 x 1 X S[ecm?
= preesion | 0= g gt ] X 1078 Henry[H]

MPL[cm] MPL[cm]

Heff = 1

B - H curve of a closed core of a magnetic material with magnet permeability p and a continuous closed magnet-
ic path.

2000 — 1.5 . Stumion
r— (I)—Dﬁ ~ E B-H with eut air gap
1500
1.0
-_ﬂ e
1000 [~
0.5 i i
\ v o Linear Region J with out air gap
500 —
i
&
Magnetic path length 0 glE—i | | | |
l 1000 2000 3000 4000 5000
m

H (At/m)
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The magnetic force H produced by the current flowing through the coil generates a magnetic flux B and magnetizes the
transformer core. At a low magnetic force H produced by the current flowing through the coil, the B-H curve is curved.
As H increases, the B-H curve becomes very linear up to a value when it curves again, and at very high H it becomes
flat — the magnetic core is saturated. When the magnetic core is saturated, the permeability is reduced to zero value
(U= 0), and thus the inductivity of the coil is reduced to zero value (L=0).

Once this happens, any further increase in H, will not increase the flux. This situation causes the loss of the basic
function of the transformer. A transformer is normally designed to ensure that the magnetic flux density is below the
level that would cause saturation.

When an air gap is placed in the magnetic path, the B-H curve changes. It becomes more linear in a wide H range
and core saturation is avoided. The effective permeability is almost independent of H and is constant in most of the

B-H diagram.
Effective permeability of an air- gaped magnetic circuit:
o 1
He ff = ? 7 = ?

1
-y 9 g 4=
H o Hy T

* g = o =1 (permeability of air gap is equal to vacuum permeability)

Effective permeability is lower than the permeability of the transformer core laminate material: Uer < U.

The most important effect of the air gap is to prevent saturation of the transformer core caused by high
DC current or large AC signal.

R , S y 2 B(T)
2000 1.5
Air 1500
(#)
ﬂo glp 1.0 B-H withair gap
g 1000}
- J |~ .5k
/ \ s500F ) pwith airgap
7 Hefy
~
Magnetic path length oL 0 | 1 l | |
Z 1000 3000 5000
m H(At / m)
)] B B-H befor_eapplylng
\1{1::&” gap
B A

M B-H before air gap

Mbelforeapplying
the air gap 3
pbefore air ga/

7
Magnetic pathlengih

[ m - / B-H withairgap
(7] B
Air g M with air gap
Ho -L"“';; B'y" — Pl
Hefr o Ll / >
H

Magneticpath length

lm H

e 197



High-End Tube Amplifier Design

Electric Circuit Magnetic Circuit
Quantity Unit Quantity Unit
E.m.f Volt m.m.f Ampere
Magnetic field strength H Oersted
Current Ampere Magnetic flux Maxwell
Current density Ampere/m2 Magnetic flux density B Gauss
Resistance Ohm Reluctance S Ampere/Maxwell
Current = e.m.f./ resistance Flux = m.m.f./reluctance
Unit Symbol Definition To convert to CGS Multiply by

The inductance of a closed circuit in which an
Henry (H) L e.m.f. of 1 V is produced when the electric
current varies at a rate of 1 A/s.

The magnetic flux which, when linking a
circuit of one turn, produces in it an e.m.f. of | Maxwell

Weber (Wb) . . . 1 x 108

1 V when it is reduced to zero at a uniform & lines

rate in 1 s.

ampére-turns per metre. 0.01257
Ampere/meter H . Oersted

(ampere-turns per cm). (1.257)

The magnetic flux density equal to .
Tesla (T) B Gauss & Lines/cm?2 104

1 Wb/m2 .

. 795774.72

Henry/meter Permeability of free space 41 x 1077, Gauss / Oerstead (= unity)

Transformer equations
If an alternating current source (AC) is connected to the Primary of the transformer, electromotive forces (emf)
(caused by magnetic flux) are induced in the Primary and Secondary coils:

emf, =444 X 107* X f X N, X B, X So¢p (501.1)
emf; = 444 X 107* X f X Ny X By X Se5f (501.2)

f - frequency [Hz]

N, = Number of turns of the Primary

Ns = Number of turns of the Secondary

B, — Flux Density (Magnetic Flux) [T]

Serr — Cross-sectional area of the Transformer Core [cm?]

e 198



Chapter 5 e Transformers

The electromotive forces (emf) of the primary and secondary differ from the supply voltage U, of the primary and the
induced voltage Us at the secondary for voltage drops on the coils, so it must be taken into account emf = 0.9 x U :

Up = emfp and Us = emfs:

U N o (501.3)

n - turns ratio
N, - number of turns of the Primary
Ng — number of turns of the Secondary

If the secondary is loaded, current will flow through the Primary and Secondary coils:

S =P (501.4)

The inductance of the coil (L)
The inductance of a coil of N turns wound on a magnetic core (cross-section Seg and magnetic path length MPL) is:

L=1257x 1078 x ux N? x %P% (H) (501.5)

Unit: H = (Henry)

OTHER RELATIONS
Up

Ue & _Bo s _ 1% _ o (501.6)
fe~ Ly A Iy Z,

Ly , Ls - Inductance of the Primary and Secondary
Z, , Zs - Impedance of the Primary and Secondary
#Note: Powers at the input (Primary) and output (Secondary) of the transformer are equal.

5.2 MAGNETIC CORE
Magnetic cores, in common application, are made from ferroalloy laminates of a standardized (Table 501.1) shape.
A common shape is E / I laminate:

- 4a

c l«— 39—

O

Fan

Y
NS
Fan Y
NS

o
N

d
g
= a==Aad-t+— b—) =A==
g
d
6a
S5a
= =A==t 2 a—fF=ad=+a-
Sa
6a

a/2

Fan\
NS

a/2

Fig. 5-01
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EI Type:

Standard type, dimension ratios:
b=2xa

c=3xa

e=4xa

d=6xa

Each piece of the laminates is insulated.
Laminate thickness: 0.1 mm, 0.35 mm, 0.5 mm.

If the laminates are grouped together they form a transformer core.
They can be stacked in two ways:

e All E laminates stack in the same direction and all I laminates stack in a same direction. Fig. 5-02. Usually,
insulation — a non magnetic material or so called ” air gap”, is inserted between E and I stacks.

e E laminates are stacked one by one in the opposite direction. I laminates are inserted between E
laminates Fig. 5-02.

Fig. 5-02

The coil former on which the coils of Cu wire are wound must be made of mechanically strong and electrically
insulating material.

he

P

lc

Fig. 5-03
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he=a-s
l.=c—-2xs
/ -------------------- -\
v . oy R
; . \ \
| : ] 1
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5 =4 | t*
1 ] 1
1 ] ]
! b 1 1 1
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5.3 Some general parameters used to design transformers:

Effective cross-section of the core S :

Sers(cm?) = k; x b(cm) x h(cm) (501.7)

h = stack height [cm]
k; — stacking coefficient (depends on the thickness of laminates and insulating material):

0.85 < k; < 0.98; (k. = 0.96)

Cross-section of the core window S,, :

S, (cm?) = c¢(cm) x a(cm) (501.8)

Magnetic circuit length MPL = {:

£r.(cm) = 2 x [e(em) + 3 x a(cm)]

Pr.(em) = 2 x c(cm) + 2 x a(cm) + 1w X a(cm) (more accurate) or:

mXDb
fr.(cm) = 4 x b(cm) +
A simplified equation used in practice:
£r.(cm) = 5.57 x b(cm) (501.9)
Volume of the core Vg:
Vie(cm?) = Sepp(cm?) X £5.(cm) (501.10)
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Mass of the core (weight) G :
. g g
Gro(gr) = Vpo(cm®) X Dp, (—m—g) = S,55(cm?) X £r,(cm) X D, (?) (501.11)
Dge — density of ferromagnetic material
Commonly used material: 4% Si steel.

Density: DFe(4%Si) = 7.65 g / cm3

If the core dimensions, the coil former dimensions, the diameters of the insulated Cu wire and the numbers of turns
are known, the calculation proceeds as follows:

Length of the coil:

e=c—(4xs) (501.12)
s — thickness of the coil former walls [(1 + 2) mm]

Number of turns per layer:
le

— 501.13
Nic duy XK ( )
d,, — outside (overall) wire diameter
k - coefficient (depends on the diameter of wire (usually k = 1.03)
Number of layers:
zZ= Al (501.14)
Nie '
N = Total number of turns
Z is the first higher integer.
Radial dimension of the each coil (coil height):
h,=zxd,+(z—1)xA (501.15)
A - insulation thickness between layers (0.05mm).
Total radial dimension (height) of all coils:
h0=2hn +ZAj(p—S) +s5+A; + A (501.16)
A, — gap between the coil former and the magnetic core
>h, = the sum of the radial dimensions of the coils
2Ajp-s) — the sum of the thickness of the insulation between the coils
g - thickness of outside or final insulation
# Condition: hg < hc = a - s must be fulfilled.
DC resistance of the coil:
4axl,,
=p X 501.17
R‘: p Txd? ( )

d - wire diameter (mm)

p - specific resistance of the wire (For Cu wire p = 0.0175!).&)
m
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I, - length of the coil wire (m):

I, =NxI (501.18)
N - number of turns.
Ik— mean length per turn (MLT):

L,=(2xb)+ (2xh)+ (mxhy)+ (4x5s)

L=2X(b+h)+2XTX (1, +2) (501.19)
where rg = radius of the coil former (1 mm)

Table 501.1 E I laminate.

Magnetic Window

a b c d e j circuit cross
Type IEC length section

[mm] | [mm] [mm] [mm] [mm] [mm] | € Sw

[ecm] [ecm?2]
EI 30 YEI 1-10 5.0 10.0 15.0 30.0 20.0 0.0 5.57 0.75
EI 38 YEI 1-13 6.4 12.8 19.2 38.4 25.6 0.0 7.13 1.2288
EI 42 YEI 1-14 7.0 14.0 21.0 42.0 28.0 3.5 7.8 1.47
EI 48 YEI 1-16 8.0 16.0 24.0 48.0 32.0 3.5 8.9 1.92
EI 54 YEI 1-18 9.0 18.0 27.0 54.0 36.0 3.5 10.02 2.43
EI 60 YEI 1-20 10.0 20.0 30.0 60.0 40.0 3.5 11.14 3.00
EI 66 YEI 1-22 11.0 22.0 33.0 66.0 44.0 4.5 12.25 3.63
EI 75 YEI 1-25 12.5 25.0 37.5 75.0 50.0 4.5 13.92 4.6875
EI 78 13.0 26.0 39.0 78.0 52.0 4.5 14.48 5.07
EI 84 YEI 1-28 14.0 28.0 42.0 84.0 56.0 4.5 15.6 5.88
EI 90 15.0 30.0 45.0 90.0 60.0 4.5 16.71 6.75
EI 96 YEI 1-32 16.0 32.0 48.0 96.0 64.0 5.5 17.82 7.68
EI 105 17.5 35.0 52.5 105.0 70.0 5.5 19.5 9.1875
EI 108 YEI 1-36 18.0 36.0 54.0 108.0 72.0 5.5 20.05 9.72
EI 120 YEI 1-40 20.0 40.0 60.0 120.0 80.0 7.0 22.28 12.00
EI 135 22.5 45.0 67.5 135.0 90.0 7.5 25.06 15.1875
EI 150N YEI 1-50 25.0 50.0 75.0 150.0 100.0 8.0 27.85 18.75
EI 174 YEI 1-58 29.0 58.0 87.0 174.0 116.0 10.5 32.3 25.23
EI 180 30.0 60.0 90.0 180.0 120.0 10.0 33.42 27.00
EI 192 YEI 1-64 32.0 64.0 96.0 192.0 128.0 11.0 35.65 30.72
EI 216 YEI 1-72 36.0 72.0 108.0 216.0 144.0 11.5 40.1 38.88
EI 240 YEI 1-80 40.0 80.0 120.0 240.0 160.0 11.5 44.56 48.00
e

|
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e 204

Standard value of selectable grade, density, iron loss, magnetic strength and stacking coefMicient

. ; Magnetic Stacking
Thickness Density Iron loss P 5
Type Grade S Kg/dm’ Wikg strsng:l Buos mﬂf:ifant
ISWW230 2.10 1.62
JSWWI50 7.60 2.30 1.62
ISWW2T0 2.50 1.62
ASWW3DD0 035 210 1.62 96.0
ISWW3i60 7.65 330 1.63
I5WWA00 3.60 1.64
ISWWa40 7.70 4.0 1.65
SOWW2ITO 2.50 1.62
Complete process type SOWW290 7.60 2.70 1.62
non-onented silicon steel SOWW310 2.90 1.62
SOWW35S0 b 765 310 1.62 94
SOW W00 : 3.50 1.63
SOWWATO 1.70 400 1.64
SOWWHOD 275 4.30 1.66
SOWWT00 o 5,00 1.67
SOWWEDD 0.50 7.80 600 1.68 98.0
SOWW 1000 285 7.00 1.70
SOWW 1300 i £.00 1.73
Typical value of non-oriented silicon steel iron loss and magnetic strength
- - Iron lass (Wikg) Magnetic strangth
3 ness ensity - T
Grade i Kgidm'® 50Hz B0Hz
1.0T 15T 1.0T 15T 2500A/m 5000A/m
FSWW20 0,78 205 1.05 265 156 l.65
IAWW2IS0 T.60 (.84 212 1.13 2.80 1457 16
ISWW2ITH (.95 240 1.20 294 L.57 |66
IEWW I 0.35 1.07 2.60 1.34 316 1.59 .67
FAWWERD 7.65 1.21 15 150 331 1:59 .67
ISWWADD 121 318 151 340 I.5% 1.68
I5WWA4D 7.70 1.30 375 1.6l 360 .63 171
SOWW2T0 0.9% 240 1.27 305 .58 1.67
SOWW290 .60 1.0 260 138 332 1.58 1.67
SOWWI 118 275 152 349 1.58 .67
SOWW3ASH - 1.20 295 153 353 |66 |68
SOW W00 ' 128 315 1.6l Fbh 1.0 1.68
SOWW4ATH 1,50 7.0 141 325 2.05 450 | .64 .72
SOWWOO0 e 1.76 305 242 530 I.al |69
SOWWT00 o 187 | 430 2.95 6.40 161 .69
SOWWROD .80 2.18 485 3.64 T.68 1.63 1.7
SOWW 1000 249 360 302 832 |6 1.74
— T.83
FOWW 1300 252 300 437 392 1.67 1.75
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Saturation limit

Material Permeability p,ax (Bmax)
Gauss
4% Si steel non - oriented 18000
8000
NOSS (13000)
(3000)
0.35mm (12000)
4% Si steel grain — oriented
10000 - 50000
GOSS 5000 - 20000
(5000)
0.35mm

Bac = Bac = V2 Bax

Bmax = 1.5 T GOSS
Bmax = 1.3 T NOSS
Bmax = 1.0 T other
7000
1/ NORMAL 6000
PERMEABILITY
// \ ) — 5000
-/ \ 4000
| \ :
f 3000
| \
_E___._. E 2000
1000
0
° 4000 FLUX anoé)r?snw (B;E'OOO 16,900
Table 501.2
Cooper wire standards:
SWG AWG
No (] area Q/100m @ area RESISTANCE
[mm] [mm2] [mm] [mm2] Q / 100m
10 3.25 8.30 0.211 2.59 5.26 0.332
11 2.95 6.84 0.256 2.31 4.17 0.418
12 2.64 5.47 0.32 2.05 3.30 0.530
13 2.34 4.30 0.407 1.83 2.63 0.665
14 2.03 3.24 0.541 1.63 2.08 0.839
15 1.83 2.63 0.665 1.45 1.65 1.060
16 1.63 2.08 0.839 1.29 1.31 1.339
17 1.42 1.58 1.105 1.15 1.04 1.685
18 1.22 1.17 1.497 1.02 0.82 2.142
19 1.02 0.82 2.142 0.91 0.65 2.691
20 0.91 0.65 2.691 0.81 0.52 3.396
21 0.81 0.52 3.396 0.72 0.41 4.298
22 0.71 0.40 4.420 0.64 0.32 5.440
23 0.61 0.29 5.988 0.57 0.26 6.858
24 0.56 0.25 7.105 0.51 0.20 8.567
25 0.51 0.20 8.567 0.45 0.16 11.00
26 0.46 0.16 10.53 0.40 0.13 13.93
27 0.42 0.14 12.63 0.36 0.10 17.19
28 0.38 0.11 15.43 0.32 0.08 21.76
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29 0.35 0.10 18.19 0.29 0.07 26.50
30 0.32 0.08 21.76 0.25 0.05 35.65
31 0.29 0.07 26.49 0.23 0.04 42,12
32 0.27 0.06 30.56 0.20 0.03 55.70
33 0.25 0.05 35.65 0.18 0.025 68.77
34 0.23 0.04 42.12 0.16 0.020 87.04
35 0.21 0.036 50.53 0.14 0.015 113.7
36 0.19 0.029 61.72 0.13 0.013 131.8
37 0.17 0.023 77.10 0.11 0.0095 184.1
38 0.15 0.018 99.03 0.10 0.0079 222.8
39 0.13 0.013 131.8 0.09 0.0064 275.1
40 0.12 0.012 154.7 0.08 0.0050 348.2
41 0.11 0.0095 184.1 - - -

42 0.10 0.0079 222.8 - - -

SWG (Imperial Standard Wire Gauge)

AWG (American Wire Gauge)
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According to IEC standard 60317 -0-1

Nominal
conductor
diameter
Q080
0.100
a112
0125
0140
0150
0160
Q180
0200
0212
0224
0236
0250
0265
0280
0300
0315
0335
0355
0375
0400
0425
0450
0475
0500
0530
0560
0600
0630
0650
0670
0710
0.750
0800
0850
0900
0950
1.000
1060
1120
1.180
1250
1.320
1.400
1500
1800
1.700
1.800
1800
2000
2120
2240
2360
2500
2650
2800
3000
3150
3350
3650
3750
4000
4250
4500
4750
5000

Conductor
tolerance
+/-
0.003
0.003
0.003
0.002
0.003
0.003
0.003
0.003
0.003
0.003
0.003
0.004
0.004
0.004
0.004
0.004
0.004
0.004
0.004
0.005
0.005
0.005
0.005
0.005
0.005
0.006
0.006
0.006
0.008
0.007
0.007
0.007
0.008
0.008
0.008
0.008
0.010
0.010
0.011
0.011
0.012
0.013
0.013
0.014
0.015
0.016
0.017
0.018
0018
0.020
0021
0.022
0.024
0.025
0.027
0.028
0.030
0.032
0.034
0.038
0.038
0.040
0.043
0.045
0.048
0.050

Grade 1
max
min overall
increase diameter

0.008 0.105
0.008 0117
0.009 0.130
0010 0144
0.011 0.160
0012 0171
0.012 0.182
0013 0204
0.014 0226
0015 0.240
0.015 0.252
0017 0.267
0.017 0.281
0.018 0297
0.018 0312
0012 0.334
0.018 0.349
0.020 0372
0.020 0.392
0.021 0414
0.021 0.439
0.022 0.466
0.022 0.491
0.024 0519
0.024 0544
0.025 0576
0.025 0606
0.027 0649
0.027 0.679
0.028 0.702
0.028 0.722
0.028 0.762
0.020 0.805
0.030 0.855
0.032 0908
0.032 0959
0.034 1.012
0.034 1.082
0.034 1.124
0.034 1.184
0.035 1.246
0.035 1.316
0.036 1.388
0.036 1.468
0.038 1.570
0.038 1.670
0.039 1.772
0.03g 1.872
0.040 1.974
0.040 2074
0.041 2.196
0.041 2316
0.042 2438
0.042 2578
0.043 2730
0.0432 2880
0.045 3083
0.045 3233
0.046 3435
0.046 3635
0.047 3838
0.047 4088
0.049 4341
0.049 4591
0.050 4843
0.050 5093

Grade 2

max

min overall
increase diameter

0.015 0113
0.0186 0125
0.017 0.139
0.019 0.154
0.021 0171
0.023 0.182
0.023 0.194
0.025 0217
0.027 0.239
0.029 0.254
0.029 0266
0.032 0.2832
0032 0.297
0.033 0314
0.033 0.329
0.035 0.352
0.035 0.367
0.038 0.391
0.038 0411
0.040 0.434
0.040 0.459
0.042 0.488
0.042 0513
0.045 0541
0045 0566
0.047 0.600
0.047 0.630
0.050 0.674
0.080 0.704
0.083 0725
0.083 0.749
0.083 0.785
0.056 0824
0.086 0.884
0.060 0939
0.060 0989
0.063 1.044
0.063 1.094
0.065 1.157
0.065 1.217
0.067 1.279
0.067 1.349
0.069 1.422
0.069 1502
0.0M 1.606
0.0M 1.706
0.073 1808
0.073 1808
0.075 2012
0.075 2112
0.077 2235
0.077 2.356
0.079 2478
0.079 2618
0.081 2772
0.081 2922
0.084 3.126
0.084 3.276
0.086 3.479
0.088 3679
0.089 3.883
0.089 4133
0.082 4387
0.082 4637
0.094 4.891
0.084 5141

Grade 3
max
min overall
increase diameter
0.022 0.120
0.023 0.132
0.026 0.147
0.028 0183
0.030 0.181
0.033 0183
0.033 0.205
0.036 0229
0.038 0252
0043 02868
0.043 0.280
0.048 0.208
0.048 0312
0.050 0.330
0.050 0.345
0.053 0.38
0.053 0.384
0.057 0.408
0.057 0.428
0.080 0.453
0.060 0478
0.064 0508
0.064 0533
0.087 0.562
0.087 0587
0.071 0.623
0.071 0653
0.075 0.698
0.075 0.728
0.080 0.751
0.080 0.774
0.080 0814
0.085 0.861
0.085 0911
0.080 0.9868
0.020 1.018
0.085 1.074
0.095 1.124
0.098 1.188
0.098 1.248
0.100 1311
0.100 1.381
0.103 1.455
0.103 1.535
0.107 1.640
0.107 1.740
0.110 1.844
0110 1844
0.113 2.048
0113 2148
0.118 2272
01186 2392
0119 2516
0119 2666
0.123 2811
0123 2961
0127 3.166
0127 3.316
0.130 3521
0.130 a7
0.134 3926
0.134 4176
0.138 4431
0.138 4681
0.142 4936
0.142 5.186

Length (m/kg)
Grade Grade Grade
1 2 3
16628 16121 1567H
13453 13084 12789
10758 10463 10199
BEBZ 2407 8213
6827 6743 6574
6040 5890 5735
5313 5179 5054
4204 4102 4006
3409 2B 3269
3032 2965 2897
2722 2665 2608
D447 2391 2330
2186 2139 2095
1948 1806 1866
1748 1713 1679
1604 1493 1479
1384 1358 =23
1223 1200 179
1091 1072 1054
978 981 044
861 847 834
763 750 738
€682 671 661
612 603 594
5563 545 537
492 485 478
442 436 430
3385 380 375
350 345 an
328 324 320
308 305 301
276 272 269
047 244 241
17 215 212
193 190 188
172 170 168
154 153 151
139 138 137
124 123 122
111 10 109
100 0o o]
89 85 88
&0 80 79
il 71 70
62 61
55 54 54
49 48 48
43 43 43
a9 39 38
25 35 35
A ] 2
28 28 28
25 25 25
o3 29 29
20 20 20
180 178 178
15.7 156 155
142 142 141
126 125 125
112 112 111
10.0 100 10.0
88 8.8 8.8
78 78 78
70 70 69
63 62 6.2
57 56 5.6

Area
mm?2

Nominal
0.00636
0.00785
0.00985
001297
0.01539
0.01767
0.02011
0.02545
0.03142
0.03530
0.03941
0.04274
0.04909
0085515
0.06158
0.07069
0.07793
0.08814
0.09898
01104
0.1267
01419
0.1890
01772
0.1953
0.2206
024563
0.2827
03117
03318
0.3626
0.3959
04418
0.5027
0.5675
0.6362
0.7088
0.7854
0.8825
09852
1.004
1.9227
1.368
1.539
1.767
201
2270
2,545
2835
3.142
3.530
3941
4374
4.909
5515
6.158
7069
7793
8814
0.698
11.04
12,57
14.19
1580
1772
19.63

Resistance
20°C O/m

Nominal
2.6870
217685
1.7351
1.2099
1.1104
09673
0.8502
06718
0.5441
0.4843
0.4338
0.3908
0.3482
0.3099
02776
02418
02193
0.193¢9
0.1727
01548
0.1360
0.1208
0.1075
0.09648
0.08706
0.07748
0.06940
0.06048
0.05484
0.06151
0.04848
0.04318
0.03869
0.03401
0.03012
0.02687
0.02412
0.02176
0.01937
0.01735
0.01563
0.01393
0.01249
001110
0.009673
0.008502
0.007531
0.006718
0.006029
0.005441
0.004843
0.004338
0.003908
0.003482
0.0030€9
0.002776
0.002418
0.002183
0.001939
0.001727
0.001548
0.001360
0.001205
0.001075
0.0009646
0.0008706
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Cu wire dia | Overall dia, Cu wire dia | Overall dia, Cu wire dia | Qverall dia,
millimetres | including millimetres | including milimetres | including
enamel, mm enamel, mm enamel, mm

4,000 4160 0.950 1.0 0.280 0.334
3.750 3.905 0.900 0.990 0.265 0.312
3.550 3.702 0.850 0.937 0.250 0.301
3.350 3.498 0.§00 0.885 0.236 0.285
3150 3294 0.750 0.832 0.224 0.272
3.000 3142 0.710 0.790 0.212 0.258
2800 2938 0.670 0.749 0,200 0.245
2.650 2784 0.630 0.706 0.190 0.234
2.500 263 0.600 0.675 0.180 0.222
2.360 2.488 0560 0.632 0470 0.211
2.240 2.366 0530 0.601 0160 0.199
2120 2243 0.500 0.569 0150 0.188
2.000 2120 0.475 0.543 0.140 0176
1.900 208 0.450 0.516 0.132 0167
1.800 1.916 0.425 0.489 0.125 0.159
1.700 1.813 0.400 0.462 0112 0.143
1.600 1.1 0375 0.436 0.100 0.129
1.500 1.608 0.355 0.4 0.090 IR L)
1.400 1.506 0.335 0.393 0.080 0.105
1.320 1.423 0.315 0.371 0.0 0.095
1.250 1.351 0.300 0.355 0.063 0.085
1.180 1.279 Metric winding wire sizes 0.060 0.081
1120 1.217 200C polyester-imide 0.056 0.076
1.060 1.155 GRADE 2 0.050 0.063
1.000 1.093

5.4 THE OUTPUT TRANSFORMER

e Separates the high DC voltage of the output tube circuit from the load (loudspeaker).

Matches the impedance of the load (loudspeaker) with the impedance of the tube.

o Reflects the load impedance of the Secondary back to the Primary.

e Transfers power from the output tube to the load (loudspeaker).

e The Primary of the output transformer is part of the output tube circuit and DC current from the power
supply flows through it.
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Good performance output transformer:
1. Wide frequency band.
2. Low distortion.
3. Low losses.

Electric diagram of the simplified equivalent circuit of the output transformer:

S =S1+n°S:2

Fig. 5-04

R; — Internal resistance of the source
(internal resistance of the tube)

R, — Load Resistance of the Anode (Plate)

L - Inductance of the Primary

S - Leakage inductance

R, - Load Resistance of the Secondary

Low frequencies:

R-
llj] n’Ry L (=
)

Fig. 5-05

Voltage attenuation at low frequencies

ilabl” dB|
|'Rr.+Rn]x2><n><f><L ' (501.20)

b, =20 ><10ng+

At the lower end of the frequency band (cut-off frequency fi,(-348) i.€. the frequency at which the voltage across the
Primary of the transformer is 0.707 of the voltage value at middle frequencies), the inductance L is:

L—foR“x 1
R+R, 2XmXf, . 34p) (501.21)
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U1=(xE)
1= o0dB 1nsert1aloss
0.89 — -1dB \
— -xdB \
0.707 — -3dB \
f fmidd frequency

Lo
flow(aam £ Low(-1dB)

The Inductance L [H] for the attenuation b [dB] at the frequency f [Hz] is:

- 1 RiXRy 1
- 2xmxf  R{+Rq  [100-1%xb_q

_foRa X

L= X
Ri+R, 2xmXxf

(501.22)

Inductance L for attenuation — 1 dB ( U, = 0.89 x E ) at frequency f ( x = 2) is:

_ RixR4 x 2 _ RixRg 1
Ri+Rg 2XRTXSL Ri+Ry wxfr

Inductance L for attenuation — 0.5dB ( U, = 0.94 x E ) at frequency f ( x = 2.86) is:

_ RixRq 3

Ri+Ry ~ ZXTXf,

Inductance L for attenuation — 0.2dB ( U, = 0.977 x E ) at frequency f ( x = 4.6) is:

. RiXRg % 4.6
Ri+R; 2Zxmxfr

Inductance L for attenuation — 0.1 dB ( U, = 0.988 x E ) at frequency f ( x = 6.55) is:

Ri*xR 1
= L a x_
Ri+Ra  f1L

Middle frequencies

Rpc
——_ Rpc = Rppc + Rs e
R: Rp pc — DC resistance of the Primary coil
. 5 (resistance of the Cu wire of the Primary coil)
n- RLZRa
E® Rsqc — DC resistance of the Secondary coil
( (resistance of the Cu wire of the Secondary coil)

The voltage across the Primary is lower than the generator voltage due the voltage drop on the internal resistance of
the tube and the voltage drop on the DC resistance of the transformer coil.

Voltage attenuation at middle frequencies

by =20 x log (1 + 2% ) [dB] (501.23)
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High frequencies

N, — number of turns of the Primary

ng — number of dielectrics, i.e., the number of
physical contacts between the coil layers of
the Primary and the Secondary

dg [mm] - the dielectric gap, i.e., the dis-

tance between the surfaces of the cooper

wire of the Primary and Secondary turns

hg [mm] - total radial dimension of the coils

¢’ [mm]- the traverse width of the coil

S - Leakage inductance

Leakage inductance is an unwanted effect caused by an imperfect link between the coils.

The magnetic flux that does not link the Primary coil to the Secondary coil acts as an inductivity connected in
series with the Primary coil.

The leakage inductance with unwanted capacitances between the transformer coils forms a high-pass filter which
affects the frequency response of the amplifier at the higher end of the frequency band.

The leakage inductance depends on the geometry of the coils and the number turns of the coils.

To minimize these unwanted effects, the Primary coil is divided into a number of sections, and the Secondary coils
(sections) are usually inserted between the sections of the Primary coil.

Core - Np Primary
Window &
Mutual flux
. -Insulation
Coil former
Ns Secondary
Ii
h;
¢ - coil length = (mm)
h; = coil height (mm)
ii — insulation thickness (mm)
Leakage inductance of split Primary coil and inserted Secondary coils:
0.417xNExtpx[(2xngxdg)+h
S= Bxtixl(xnandy ) 4hal [H] (501.24)

10°xn3xc

N, — number of turns of the Primary
ng — number of dielectrics, i.e., the number of physical contacts between the coil layers of the Primary and the
Secondary

dg[mm] - the dielectric gap, i.e. the distance between the surfaces of the cooper wire of the Primary and Secondary
turns

ho[mm] - total radial dimension of the coil

c[mm] - the traverse width of the coil

£;[mm] - mean length per turn (MLT)
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Voltage attenuation at high frequencies

2XmXfxS
b, =20 x log ’1 + [ (R1+Ra)] [dB] (501.24)

Higher end of the frequency band - cut-off frequency fign(-3ag) :

Ri+Rg
2XEHS (501.25)

ingh(—BriB‘) =

# The high cut-off frequency is also determined by the stray capacitances (the capacitance between the
Primary windings and the earthed windings of the Secondary and the self-capacitances between adja-
cent turns of the Primary coils.

For a typical output transformer design, this capacitance has the value: 350 pF < C,, < 1300 pF.

Leakage inductance S transferred to the Primary can be calculated by measuring the impedance of the
Primary under condition of short-circuited Secondary:

\/ Z2 — (R, + n? X R,)? (501.26)

2xnxf

Z - measured impedance of the Primary under the above conditions
R; - DC resistance of the Primary
n2 x R, - impedance of the Primary

-A -
The characteristics of the output transformer at high frequencies mostly depend on the geometry of
the coils and the number of turns of the coils (leakage inductance, stray capacitances) and the mag-
netic characteristics of the core laminate material and the thickness of the laminate.

-B -
The characteristics of the output transformer at low frequencies mostly depend on the inductance of
the Primary and the mass of the ferromagnetic core, i.e. cross-section of the core.

-C-
Distortions of the output transformer, especially at low frequencies, mostly depend on the inductance
of the Primary and the cross-section of the core, i.e. the maximum flux density - it is necessary to use
a linear part of the B — H curve.

-D -
The power of the output transformer is determined by the size of the core and the size of the wire.

5.5 CALCULATION OF SINGLE-ENDED OUTPUT TRANSFORMER
Single-Ended Output stage basic configuration:

# The Primary of the output transformer is part of the

n DC power supply of the output tube, so the DC anode
C . current (anode quiescent current) also flows through the
- S w N1 H RL Primary and produces a magnetic field in the ferromag-
netic core.

b The calculation of the output transformer is an iterative
ijin\ﬂ J_-‘I Ck + process, i.e. it starts with some input data and if the
Rg Rk% Uab calculation doesn’t give acceptable results, calculation

T T - starts again.
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Input data:

R; — Tube internal resistance

I, - Plate (Anode) DC current at the operating point of the tube (QUISCENT Point)
U, - Plate (Anode) DC Voltage at the quiescent point

R,, - Plate (Anode) Load

Py, — Output Power

fmin — The lowest frequency (Hz) at which the transformer can operate at full power
f_zqpg — cut-off frequencies of the bandwidth ( f.3ag jow OF F-3a8 high )

1. The first step of calculation is defining some necessary data

Define R, 5 using the LOAD Line,
(Empirical choice: Ry = 5 x R;) or use a quick calculation:

Ua(quiscent point
Ry, = bl g xR,

La(quiscent point)

P
_ RraXI” gquiscent point)

Omax 2

P _1 (Ua{quiscem point)™ Rixfa{quiscenf: pomc])z
Omax(ac) ~ 2 (Ri+Rpq) 2

X Ryq

Define required or desired L, and fpin:

RLa
2x7X flow

a

_ (Ri + RPdc‘) X RLa

By= R; + Rpg. + Ryq
Apow s = 1
o™ oo ey
R4
f-3as low f = m
R
f-1as low f = = XALE

Rp =R; + Rpge + Ryq

Rg

f-3as highf = m

Ls - Total Leakage Inductance of the Primary
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Calculation of the Iron Core Cross — Section (Sge)

First method:

j o o Equation of the electromotive force (emf) of the Primary coil:
emf, = 444 x 107" X f X N,, X B, X S, ¢
‘ 7 Although the emf of the Primary and Secondary differ from the supply
a.._'-" 7 g/%E voltage U, of the Primary and the induced voltage Us of the Secondary
‘ [ ( for voltage drops across the coils), emf, = U, can be used:
| bl = -4
\;/W éga}(_ = A T, o ‘ U, =444x107" X f X N,, X B, X S,¢¢
g (/ If assume that the Primary coil occupies half of the core window (sec-
d P ondary coil occupies half of the core window), and the Cu wire filling

coefficient is 0.25:
Cu cross-section of the Primary coil is:

N

p X dy == % 025X 100 = 12.5 X S

r

Where: N, - number of turns of the Primary coil; d, - diameter of the Cu wire of the Primary coil; Sy, - Cross-section
of the transformer core window

Electric current of the Primary coil:

l

I,=d, %], or dp=]—
p

J - Electric current density

- Iy .
Substituting d,, = 7. into the above equation:
P

L, Sy
N, xd, =N, X ==—x0.25x 100 = 12.5 X S
Jp 2
Or
125 % Sy %]
P=T N,

Electric power of the Primary: P, = Up x I, :

125 X Sy, X ]

Py = (444X 107% X f X Ny X B X Sepp) X —

P

P, =555X 108X f X BXS,p X Sy X ]

From the equation above, the cross-section of the iron core is:
1.8X10°X P, (W)
f(Hz)xB(gauss)xSy (cm?)xJ(

Spe(cm?) = v (501.27)

)

mm2

B (Gauss) - Magnetic Flux Density

f (Hz) - The lowest frequency (Hz) at which the transformer can operate at full power

J (A/mm?2) - Electric Current Density

P (W) - Transformer power

Sw (cm?) - Cross-section of the transformer core window (For E/I laminate Sy, = (a x c) [cm?]
Calculation starts with some standard type of E/I transformer laminate, i.e. Sy, .
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If the proportion 1 <= h / b < 1.6 is fulfilled, the choice of transformer laminate is good, but if the men-
tioned proportion is not fulfilled, the calculation process must be repeated with a new standard trans-
former laminate (Sy).

The advantage of the above method of calculating the cross-section (Sg. ) of the iron core is that there is
a high probability that the coils of wire can be placed in the coil former.

The above equation can be simplified using numerical values (good performance output transformer),
B = 5000 Gauss (relatively constant inductance), 3 = 1.5A/mm?2, and f a little lower than 20Hz
(f = (14 + 18) Hz):

(14+17)XP(W)

Sre(em?) ~ ===

(501.28)
N [ [ ]

* Mathematical derivation of the above equation
Starting with the equation for the energy density in the magnetic material: E = H x B, and multiplying it by the
volume of the core (Ve=SrXlre ) @and assuming a sinusoidal form of B at frequency f, the equation can be written
as follows:

P(VA) =444 X Iz X Spe X f X B X Hx 1078

NxI
[}

Considering that H = and NxXI =k x] xS, , (k- filling coefficient, 0.25 for Primary and Secondary

Fe

windings), the transformer power equation can be written as:

P(VA) = 0.555 xj( ) X B(Gauss) X f(Hz) X Sg,(cm?) X 5, (cm?) x 107°

mm?
Also, starting the derivation of the equation from the Faraday’s Low of Induction ( emf = —% =—N X Spp X % ) and
solving the equation for the case of sinusoidal flux:

1.8 xP(W)x10°

S, (em?) xJ( A2
mm

SFe:

)% B(Gauss)* f(Hz)

Example

Designing a SE output transformer (output tube: WE 300B):

Pout = 8.5 W

R, = 3500 2

Lagminy = 24.3 H (95% of full power or power attenuation of - 0.22 dB at 18 Hz)
WE 300B: R; = 720 Q, I, = 81 mA, Uy, = 350 V, Ugx = 71V

First attempt:

Calculation attempt with standard EI 108 transformer laminate:
a=18cm

b=36cm

c=3xa=3x1.8cm=54cm
Sy=axc=18x54cm=9.72cm?

17 x P(W) _ 17 x 8.5(w)

—_ 2
Belen®)  SRlne) . e

Sre (sz) =

_ Spe(cm?) _ 14.87
Mem) == =~ 56

=413 cm
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Second attempt:

The calculation can be repeated with the next larger standard transformer laminate: EI 120
a=2.0cm

b=4.0cm

c=3xa=3x20cm=6.0cm

Sy=axc=20cmx6.0cm=12.0cm?

17 x P(W) _ 17 x 8.5(W)
Sw(em?) —  12(cm?)

Spe(cm?) = =12.04 cm?

_ Spe(em?) 1204

h(ecm) = S & =3.01lcm

Second method:

6
Pomamcxﬂxm

SFc(min)(cmz) = BXJXf

(501.29)

Pomaxac — Output power [W]

B - Induction (4000 = 8000) Gs for transformer laminate of 4% Si Ferro alloy
G - Coefficient of weight ratio of iron core and cooper winding (1.7 to 2.5)

J - Current density (1.5 to 2.5) A / mm?2

f — The lowest frequency (Hz) at which the transformer can operate at full power

The above equation can be simplified using B = 5000 Gauss, J = 1.5A/mm?2 and G = 2.5 (good performance output
transformer):

Sp.(cm?) = 18.26 x

and for f,;, a little lower than 20Hz (14 + 18Hz):
Sre(em?) = (4.3 +4.9) x [P, (W) (501.30)

The disadvantage of the above method of calculating the cross-section (S) of the iron core is that it does
not take into account whether the coils of wire can fit into the coil former.

*Note:
For the calculation of lower power output transformers (up to the 10W) with high impedance of the Primary, the
maximum value of the constant in front of the square root of the above equation should be used:

Spe(cm?) = 4.9 x /Pomax(W)

Applied to the example above:

Spo.(cm?) ~ 4.9 x ’Pomx(W) = 4.9 x /85 = 14.285cm?

Useful information that can be used to choose a standard transformer laminate:
h(em) = b(cm) = [Spe(em?) = V14.285 = 3.78 cm

CHOICE OF IRON CORE (STANDARD)

Choice of standard transformer laminate.
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Choice of standard (or preferred) coil former.

Standard dimension of EI laminates tongue (b) and the height of the laminates stack (h)
Sresty = b X h (cm?)

The optimal choice is: b =h; (b/h) =1

It is recommended to fulfill theratio1 < h/b < 1.6.

It is recommended to choose b and h so that the condition Sge(st) > See is fulfilled.

Calculation of the effective cross-section of the iron core Spec”.
Sreoy = (0.92 —0.98) x (b x h) [em?] (501.31)
Stacking coefficient of 4% Si non-oriented steel (NOSS) transformer laminate:

1. thickness 0.35 mm k = 0.96
2. thickness 0.5 mm k = 0.97

Using the first method of calculation:

First attempt:
EI 108 transformer laminate (b = 3.6 cm and h = 4.13 cm); Spe = 14.87cm?
S 14.87
h fe = 4.3(cm?)

~096xb 096x36

The nearest standard coil former: (3.6 x 4.5) cm.
Sreerf = 0.96 x (3.6 x 4.5) = 15.55 cm?2
Checking the inequality 1 <h /b <1.6: h/b=4.5/ 3.6 =1.25. Condition 1 <h/b < 1.6 is FULFILLED.

Second attempt:
EI 120 transformer laminate (b = 4 cm and h = 3.01 cm); Sg. = 12.04 cm?
Sei 12.04

h= =
096xb 096x4

= 3.13 (em?)

The nearest standard coil former: (4 x 3) or (4 x 4) cm.
Sreerf = 0.96 x (4 x 3.0) = 11.52 cm?
Checking the inequality 1<h /b <1.6: h/b =3 /4 =0.75. Condition 1 <h/b < 1.6 is NOT FULFILLED.
and: Sreerr = 0.96 x (4 x4.0) = 15.36 cm?
Checking the inequality 1 <=h /b<1.6: h/b=4/4 = 1. Condition1 <h/b < 1.6 is FULFILLED .
Using the second method of calculation:
Sre = 14.285 cm?

h =3.57 cm.
The nearest standard transformer laminate is EI 120 (b = 4.0 cm).
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8, 14.285

b= oot %E =~ 06 %A

=3.72 (cm?)

The nearest (larger size) standard coil former (b =4 cm and h=4cm ).

The effective cross-section of the transformer core is:

Skey; = 096X (b x h) = 0.96 x (4% 4) = 15.36 (cm?)

Checking the inequality 1 =h / b < 1.6:

h/b=4/4=1.Condition1 <h/b < 1.6 is FULFILLED.

Conclusion of the calculation of the cross-section of the iron core:
1. EI transformer laminate EI 108: Coil Former (3.6 x 4.5) cm; Sge o¢f = 15.55 cm?
2. EI transformer laminate EI 120: Coil Former (4 x 3.0) cm; Sgc off = 11.52 cm?2 - ELIMINATED
3. EI transformer laminate EI 120: Coil Former (4 x 4) cM; Sge o = 15.36 cm?2

The number of turns of the Primary:

First method:
Using the equations:

U,=444x10"* X f X N, X B, X Sff

and

Up=JR.XP

P - Output power (W)
R, - Anode load (Q) (impedance of the Primary of the output transformer)
_ 10%% [PXRLqa
Ny

244X fonin¥BmaxXSFeyp g

(501.32)

A simplified equation for calculating the number of turns of the Primary of higher power SE output transformer
and lower Cu losses of the Primary windings (4% Si GOSS transformer laminate B+ Bpc = 8000 Gauss +

8000 Gauss = 16000 Gauss = 1.6 T):

o (200+230)X,/PXR1a
P =~

(501.33)
SFeorf

A simplified equation for calculating the number of turns of the Primary of lower power SE output transformer
and higher Cu losses of the Primary windings (4% Si NOSS transformer laminate B,c + Bpc = 6000 Gauss+6000

Gauss = 12000 Gauss = 1.2 T):

N (230 +300)x/PxRpa
P SFeeff

(501.34)

Example (cont.):

Transformer laminate: 4% Si NOSS
Bmax = 5000 Gauss

f=18 Hz
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The minimum number of turns of the Primary:

1. EI transformer laminate EI 108: Coil Former (3.6 x 4.5) cm; Sreerr = 15.55 cm?

108 x /P X R;, B 108 x v8.5W x 350002

Nomin) = G285 Fron X Bovas % Srenyy 344 % 18Hz X 5000 X 15,5502 27 ¢ t4Tms

2. EI transformer laminate EI 120: Coil Former (4 x 4) cm; Sre e = 15.36 cm?

" _ 108 x JP xR}, _ 10® x /8.5 x 350012
PN ™ 444 X fruin X Bmax X Sre,y;, 444 X 18Hz X 5000 x 15.36cm?

= 2810 turns

Second method:
Assuming that the Primary and Secondary windings each occupy half of the core window and that the Cu wire filling
coefficient is: 0.25 (max. 0.35):

Np =125x% S, X f (501.35)
J - Electric current density (A/ mm2) (1.5 A/ mm2 < J < 2.5 A/ mm?)
I - DC current (A) flowing through the Primary winding
ForJ=2.5A/ mm2: Np =30 x—=
For) = 2.0 A/ mm?:Np ~ 25 x 2
ForJ=15A/mm2:Np = 18.75><ST“’

I (A) - DC current (A) flowing through the Primary winding
Sw (cm?2) - Cross-section of the transformer core window (For E/I laminate: Sy, = (a x ¢) [cm?])

A lower DC current density (J) means a lower number of turns of the Primary winding, but also a larger diameter of
the wire of the Primary winding and lower Cu losses of the Primary.

A simplified equation for calculating the number of turns of the Primary of Hi End SE output transformer with low
Cu losses of the Primary:

Np = (20 +25) xST“’ (501.36)
Example (cont.):

1. EI transformer laminate EI 108: Coil Former (3.6 x 4.5) cm; Sgeoir = 15.55 cm?;
Cross- section of transformer core window: Sy = (axc) = (1.8 x5.4) =9.72 cm?

J=1.5A/mm?

J s o LS
Np=125x%S5, x 7= 12.5 % 9.72¢m* % 00814 = 2250 turns

2. EI transformer laminate EI 108: Coil Former (3.6 x 4.5) cm; Sre e = 15.55cm?;
Cross-section of transformer core window: Sy = (axc) = (1.8 x5.4) = 9.72 cm?

J=2A/mm?2
A
Np=125x%S ><£= 12.5 % 9.72cm? % 2 mnr? = 3000 turns
B * WS = : 0.0814
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3. EI transformer laminate EI 120: Coil Former (4 x 4) cM; Sreerf = 15.36 cm?;
Cross-section of transformer core window: Sy = (axc) =(2x6) =12 cm?

J=1.5A /mm?2

Np=125x%S, x’; =12.5x 12cm? x

Third Method:

A

15—
— MM~ _ 2777 turns

0.0814

If the p. is defined (the characteristics of the transformer laminate material are well known), the permissible num-
ber of turns of the Primary at DC current Ipc is:

14

1] 1
P
1.2 |‘ + + i
11 ! 1 +—
Cash shewl
10 :
= 09 1
: [/ I
m: 08 | )‘
= 07
£
£ 06 y _L
< 05 O O Cast iron 4 |
04 | 1 -
3 f | & |
0. 1 i~ -
|~
el /1 1A

0.1

0

200 400 500 B0O 1000
Field intensity, H (Atim] ==

Fhot (DC current) SE Quiescent Point

B l
NP = DDEXhg (501.37)
1.257 X peX Ipc

In a class A amplifiers, the peak AC current of the signal that flows
through the anode load, i.e. through the output transformer, does
not exceed the value of the DC current that constantly flows through
the output transformer (quiescent current). Considering that the flux
density is proportional to the current flowing through the windings of
the transformer, a value equal to half of the maximum permissible flux
density (the middle of the linear part of the B-H curve) is used for the
DC flux density (Bpc), which avoids the operation of the transformer in
the non-linear part (curved) part of the B-H curve close to saturation
or even saturation of the transformer and provides low harmonic
distortion.

In the process of designing and calculating the SE output transform-
er, as a precautionary measure, it is recommended to use
Bpc = (4000 + 5000) Gauss.

The above equation can be used to calculate u. and air gap dimension in the case where the iron core
and the number of Primary turns are already defined.

In the process of designing and calculating the SE output transformer, it is recommended to use p (effective per-
meability of 4% Si transformer laminate) in the range of:

NOSS: 200
GOSS: 200

He
He

A IA

<
<

Example (cont.):

1.

e 220

450 (Best: 250
750 (Best: 250

<
<

EI transformer laminate EI 108: Coil Former (3.6 x 4.5) cM; Sreerf = 15.55 cm?;
Cross-section of transformer core window: Sy = (axc) = (1.8x 5.4) =9.72 cm?
Magnetic circuit length: MPL = l.,|cm|=2 % c|cm|+2 % a|cm|+m x alcm)

l,.lcm/=2x%54+2x1.8+3.14 x 1.8=20.05cm

He = 350
Bpc = 5000 Gauss

N.= Bpe*lz. 5000 x20.05
PT1257xu,xI, 1.257 x350x0.081

=2813
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2. EI transformer laminate EI 120: Coil Former (4 x 4) cm; Sre e = 15.36 cm?;
Cross-section of transformer core window: Sy = (axc) = (2x6) =12 cm?
Magnetic circuit length: MPL = I lcm|=2%c|cm|+2* alem|+m x alcm)

I lem)=2x6+2x2+3.14 x2=2228cm

He = 350
Bpc = 5000 Gauss

BpcXlp, _ 5000x22.28

Ne=I357x px T, 1257 3500081 o120
He* 1y

The number of turns of the Secondary:

R
N =N, x RS (501.38)
La

Np - The number of turns of the Primary
Ns - The number of turns of the Secondary
Primary load (Q)

Rs - Secondary load ()

~
&
I

Example (cont.):
First method:

1. EI transformer laminate EI 108: Coil Former (3.6 x 4.5) cm; Sreef = 15.55 cm?
Np = 2776 Turns

R; 40
N.=N_,x =2776 X% =93.84Ti
s P R, \ 35000 3.84 Turns

2. EI transformer laminate EI 120: Coil Former (4 x 4) cm; Sre e = 15.36 cm?
Np = 2810 Turns

R; 40
N.=N.x =3123 x =94 9T
=N, 1'RLO 3123 1}35009 urns

Second method:

1. EI transformer laminate EI 108: Coil Former (3.6 x 4.55) cm; Sge or = 15.55 cm?
Cross-section of transformer core window Sy, = (a xc) = (1.8 x 5.4) = 9.72 cm?; J = 1.5 A/mm?2;
Np = 2250 Turns

Ry 4Q
N.=N_,x =2250 =76T
=Ny g, =250 35000~ /O TUMS

2. EI transformer laminate EI 120: Coil Former (4 x 4) cm; Sre e = 15.36 cm?
Cross-section of transformer core window Sy, = (a xc) = (2x6) =12 cm?; ] = 1.5 A/mm?;
Np = 2777 Turns

R; 40
N.=N ><1' =2777 %4 =96.8Ti
s P R, 35000 8 Turns

Wire diameter of the Primary and Secondary windings:

Wire diameter of the Primary winding:

falA)

dpm,-,,(mm) =113 X
1) (50139)
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IP(DC) —Plate (Anode) DC Current

For] =15

e dppin(mm) ~ 0.9 X [Ippc)(A)

FOT'JIr =72 dP‘.rru'n [mm) ~0.8x IP(DC)(A)

mm?

147

A
FO?",'ll =25 W H dpmiﬂ(mm) = 0.7 % "P{DC)(A)

Choosing a standard wire diameter:

dp(standard) = dpmin

Example (cont.):

A
For] =15 ——: dppin(mm) = 09X [lpoe(4) =0.9x JO08I(A) =0.256 mm
dp(standard)y = 0.265 mm 2 dppj, = 0.256 mmy; Isolated dp(standara)y = 0.265 mm = dyp(standard) =
0.312 mm

For|] =2

A
— ¢ dpyin (M) ~ 0.8 % /!p(m (4) =0.8x./0.081(A) =0.227 mm

dp(standard)y = 0.236 mm = dppj, = 0.227 mm; Isolated dp(siandard) = 0.236 mm = dwp(standard) =

0.285 mm

A
For] =25 ——s:  dppin(mm) = 0.7 x /.’ch)(A) =07 x,/0.081(4) =0.199 mm

dp(standard)y = 0.200 mm 2 dppj, = 0.199 mm; Isolated dp(standaray = 0.200 mm = dyp(standard) =

0.245 mmy;
Wire diameter of the Secondary winding:

Is = Secondary Current

‘S —_ N_P b4 i
Ns L (501.40)

A A
15— <]<25-"—

dgpyi(mm) = 113 x % (501.41)

Example (cont.):

oo | P _ |Rw [P _[3500 |85 _ .
PR B BT AR T & 3500

A
Forj=15—: dgpn(mm) =09 x./I;(4) =09 x,1457(4) = 1.08 mm

mm?

dS(standard) =1.12mm = dSm,'n = 1.08 mm

For | =2 dgpnin(mm) = 08 x /I;(4) =0.8x /1.457(4) = 0.965 mm

mm?
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dS(standard) =1.00 mm = dSmin = 0.965 mm

For] =25

— ¢ dgmin(mm) = 0.7 xJIs(A) =07 x,/1457(4) = 0.845mm
ds(standardg) = 0.85 mm = dg;i, = 0.845 mm
N [ [ ]
The possibility of placing all transformer windings inside the window of the transformer core:
The possibility of placing all the windings inside the window of the transformer core (taking into account insu-
lation of the wire, the design of coil former, the insulating foil between the winding layers) can be checked by

calculating the filling coefficient:

C, cross — section of all windings
window cross — section (Sw) of the core

filling coef ficient (p) =

Cu cross-section of all windings is the total cross-section of the Cu wires of all transformer windings.
e Transformer windings made of Cu insulated wire and without insulating foils between the windings layers:
the filling coefficient must be less than or equal to 0.35.
e Transformer windings made of Cu insulated wire and with insulating foils between the windings layers:
the filling coefficient must be less than or equal to 0.3.

When designing and calculating the output transformer, it is recommended to use a filling cofficient p = 0.3,
i.e. the cross-section of Cu wires of all windings (primary and secondary) divided by the cross-section of the
window of the transformer core must be less than or equal to 0.3.

The result of the calculation of the filling coefficient can also be used very usefully to check the results of the
design calculation, i.e. whether is it even possible to physically realize (make) a transformer using the results of
the calculation.

The maximum diameter of the Cu wire of the Primary and Secondary windings can be calculated ussing the filling
coefficient:

Maximum diameter of the Cu wire of the Primary winding

Assuming that the Primary windings of the output transformer occupy 1 / 2 of the cross-section of the trans-
former core:

dz
—4"’-><-n-><4'\f;r

T =03
7 X Sw (mm?)

the maximum diameter of the Cu wire of the Primary winding dp is:

1 .
03 % 4 x5 xSy(mm?) 0.19 x S,y (mm?)
dglammny = 7xN, - N,

* An equation for calculating the maximum diameter of the insulated Cu wire (grade 2) of the Prima-
ry winding has been published in some technical publications, which is very suitable for practical
application:

2
dy, (mm) = [%}f"‘m} (501.42)

¢ Choose the wire according to the standards (nominal conductor diameter - dp(standara)) and
overall diameter including the isolation - (dw;))
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e It is necessary to check whether the condition dp(standara) > dpmin is fulfilled, as well as whether
the condition that the diameter of the selected insulated wire is smaller than the diameter of
the insulated wire calculated using the above equation is fulfilled.

If the minimum wire diameter of the Primary winding is defined or known, the above equation can be used to calculate
the maximum number of turns of the Primary winding that can be placed in the selected EI transformer core window,
or, if the number of turns of the Primary winding is defined or known, the above equation can be used to calculate
the maximum wire diameter of the Primary winding (need to check: the maximum wire diameter must be equal to or
bigger than the calculated wire diameter for the selected current density J).

0.28 X S, (mm?) 0.28 x S,y
dy,(mm) = —f - @ Np(max) = —
P Wp

T T W N [ ]
Example (cont.):

EI 108 transformer laminate (S = 9.72 cm? = 972 mm?) and J = 1.5 A/mm?, dy,, = 0.312 mm:

0.28 x S,  0.28 x 972

NP(mux} = db?‘lfp = 03122 = 2795 Turns

EI 120 laminate (Sy = 12.0 cm? = 1200 mm?) and J = 1.5 A/mm?, dy;, = 0.312 mm:

" _ 0.28x 5y _ 0.28 x 1200
Fiayd a2y 0.3122

= 3451 Turns

Calculating the number of turns of the Primary:
EI 108 transformer laminate, Coil former (3.6 x 4.5) cm, Effective cross-section of the transformer core Sge oir =15.55cm?

First method: Np = 2776 Turns, Second method: Np = 2250 Turns and Third method: Np = 2813 Turns.
The maximum number of turns of the Primary can be Np_= 2795 Turns

EI 120 transformer laminate, Coil former (4 x 4) cm, Effective cross-section of the transformer core Sge orf = 15.36 cm?
First method: Np = 2810 Turns, Second method: Np = 2777 Turns and Third method: Np = 3126 Turns.
The maximum number of turns of the Primary can be Np_= 3451 Turns

Calculation of turns per layer, number of layers, wire diameter, total number of winding turns

Turns/layer

Effective lenght of one winding layer: ¢ =c" =c-4 mm

he  [|3388888898888 fl—n
C 0000000000000 ||~ layer  Number of turns per layer of the Primary:
Turn/ _097xc  _  0.97x(c—4mm)
Layer de(standard} de{standard} (mm)
-------------- (501.43)
0000000000000
0000000000000
| e Choose the first lower INTEGER
! C (*sometimes it is possible to choose the first higher INTEGER)
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Number of layers of the Primary winding:

Np
Nayer = (_Tmn -s-) ;

Layer

(T iver ) Miayer: INIEGER

Example (cont.):

EI 108 transformer laminate, Coil former (3.6 x 4.5) cm, Effective cross-section of the transformer core Sgs o =15.55¢cm?
The maximum number of turns of the Primary can be Np_= 2795 Turns
Turn) _ _097x ¢ 097x(c—4mm) 097 x(54—4)
Layer

= = = 155.4
de(standard) de{standard) (mm) 0.312 (mm)

First lower INTEGER: Turn /Layer =155

__Ne _2795_ o
Tayer = (TH?‘HS) ~ 155
Layer

Niayer INTEGER = 18
Recalculated (new) number of turns of the Primary:
Turns
Np = (Tyer) X Niayer = 155 X 18 = 2790 Turns

Recalculated (new) number of turns of the Secondary:
Ng= N, x |25 = 2682 x /L“— = 94.3 Turns; INTEGER: 94 Turns
Ria 35000

EI 120 transformer laminate, Coil former (4 x 4) cm, Effective cross-section of the transformer core Sg. e = 15.36
cm?
The maximum number of turns of the Primary can be Np_= 3451 Turns

Primary: Turn /L ayer = 172 nioer INTEGER =20 ; Np= 3440 Turns;  Secondary: Ns = 116 Turns

WINDING GEOMETRY - WINDING ARRANGEMENT

Design requirements:
e Minimum Cu losses in the primary winding: maximum wire diameter i.e. minimum DC resistance of the

winding.

e Maximum primary inductance i.e. minimum low cut-off frequency: maximum number of turns of the
primary (Np) taking into account the diameter of the wire from the aspect of placing the windings in the
window of the transformer core.

e Minimum Leakage inductance i.e. maximu high cut-off frequency, optimum number of turns per layer:
winding geometry

The leakage inductance (Ls) is highly dependent on the winding geometry and the number of winding turns._

The most commonly used method in practice to minimize leakage inductance as an unwanted effect is to divide the
primary winding into sections and place the secondary windings between the primary sections. In practice, it also
depends on the skill and experience of the designer. When deciding on the winding arrangement, the designer is
usually guided by the number of layers of the primary winding and the power of the transformer.
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Examples of winding arrangement:
Output transformers of lower powers

2S + 1P (two secondary sections and one primary section): (S-P-S)
2S + 3P (two secondary sections and three primary sections): (P/4-S-P/2-S-P/4)
3S + 4P (three secondary sections and four primary section): (P/6 -S-P/3-S-P/3-S-P/6)

Output transformer of medium and higher power

4S +3P: (S-P/4-S-P/2-S-P/4-5S)

3S + 4P: [ (3/20)P - S - (7/20)P - S - (7/20)P - S - (3/20)P ]

4S +5P: (P/8-S-P/4-S-P/4-S-P/4-S-P/8)

5S + 4P: [S- (4/18)P-S - (5/18)P - S - (5/18)P - S - (4/18)P - S ]

Example (cont.):

EI 108 transformer laminate, Coil former (3.6 x 4.5) cm, Sgeef = 15.55 cm?

Np = 2790 Turns: 18 layers of 155 turns each. Insulated wire: dpistapdara)y = 0.265 mm, dypstandaray = 0.312 mm
Ns = 94 Turns

Winding arrangement:
One of the simplest winding arrangements: the primary winding divided into three sections and two secondary sec-
tions placed between the primary sections (2S + 3P).

Primary section (4/18)P: 4 layers of wire winding - Secondary section* - Primary section (10/18)P:
10 layers of wire winding - Secondary section* - Primary section (4/18)P: 4 layers of wire winding

Secondary sections*:
Is = 1.457 A: forJ =2 A/mm?2 and 1.5mm?2 it is necessary to use wire @ 1.00 mm to @ 1.12 mm respectively.
EI 108 transformer laminate: the maximum lenght of one winding layer is 0.97 x (c = 4) mm = 0.97 x (54 - 4) =
48.5mm.
94 turns of wire @ 1.00mm or @ 1.12mm of the Secondary section cannot be wound in one layer (97 x 1mm > I. =
48.5mm). The problem can be solved, for example, by winding the Secondary section in two layers of (94 / 2) = 47
turns each.
The wire diameter of a 47 turn winding that can be wounded in one layer on a EI 108 coil former is:

_097xc’ _ 097x(54mm-4mm)

dyp = = = 1.032 mm (max. diameter of insulated wire). Secondary section: two layers of
WE N 47

47 turns each standard Cu wire @ 0.9mm, insulated wire diameter dyp = 0.99mm (0.99mm < max. wire diameter
of a winding of 47 turns which can be wounded in one layer on a EI 108 coil former).

If the output transformer option of R, = 8 2 is also required, an additional winding must be wound.
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Total number of turns of the 82 Secondary winding:

Nogm = No % |25 2 2790 % |—2_ _ 1337
sisn) = Np RLa_ 35000 urns

The number of turns of the additional winding connected in series with the 42 winding to make an 82 Secondary is:
Nsso) - Nsiag) = 133 - 94 = 39 Turns

The wire diameter of a 39 turn winding that can be wounded in one layer on a EI 108 coil former is:

0.97 x (c-4) mm /39 = 0.9 7x (54 - 4) /39 =1.24mm. Standard wire: @1.12mm (insulated wire diameter: 1.217mm).

The complete winding arrangement is:

e Primary section P1: 4 layers of 155 turns each (total: 620 turns), wire: Cul @ 0.265mm, insulation foil

between winding layers: 0.05mm

Insulation foil: ( 0.3 + 0.4) mm

Secondary section S1,4¢ : 2 layers of 47 turns each (total: 94 turns), wire: Cul @ 0.9mm, insulation foil

between winding layers: 0.05mm

Insulation foil: 0.05mm

Additional secondary section S1,44 : 1 layer of 39 turns, wire: Cul @ 1.12mm

Insulation foil: (0.3 + 0.4) mm

e Primary section P2: 10 layers of 155 turns each (total: 1550 turns), wire: Cul @ 0.265mm, insulation foil

between winding layers: 0.05mm

Insulation foil: (0.3 + 0.4) mm

Secondary section S24¢ : 2 layers of 47 turns each (total: 94 turns), wire: Cul @ 0.9mm, insulation foil

between winding layers: 0.05mm

Insulation foil: 0.05mm

Additional secondary section S2,44 : 1 layer of 39 turns, wire: Cul @ 1.12mm

Insulation foil: (0.3 + 0.4) mm

e Primary section P3: 4 layers of 155 turns each (total: 620 turns), wire: Cul @ 0.265mm , insulation foil
between winding layers: 0.05mm

Recommended thicknesses of insulation foils:

Insulation foil between the layers of the primary winding: A; = 0.05mm
Insulation foil between the layers of the secondary winding: A; = 0.05mm
Insulation foil between the layers of the primary and secondary windings: A; = (0.3 + 0.4 ) mm

Calculation of the total radial dimension of the windings including the insulation between the layers of the primary
windings, between the layers of the secondary windings and between the layers of the primary and secondary wind-
ings:

he"-ghttotal = nPiayers X (dP with isolation + 'di) + ".Siayers x (d:.‘ with iselation + Ai} + Np_g layers X Aii

height,,;q = ho = 18 x (0.312 + 0.05) + 4 x (0.99 + 0.05) + 2 x (1.217 + 0.05) + 4 x 0.4 = 13.91mm

# Condition: must be fulfilled: 13.91 < 18 -2.5=15.5mm

Calculation of mean length per turn (¢;):

Lr=2Xh+ mTXhyg+2Xb+4xXxs5s=2%x45+3.14%x1391+2x36+4x2=213.6mm=0.213m

Wire length of the primary winding (all sections): fwp = Np X £, = 2790 % 0.213 = 594 m
Wire length of one 42 secondary section: f,,,o = Ngyq X {; =94 X 0.213 = 20m

Wire length of one additional secondary section: {5,454 = Nsgua X £¢ =39%0.213=83m
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DC resistance of the winding (Rc.4c):

4 x4,

R, _fin=pg¥——
c—=DC P T X d2?

mmz

p - specific resistance of the wire (Cu wire: p = 0.01752 =

DC resistance of the primary winding (total): Rp_pc = p X % = 00175 X = 188.5Q
. . Aty 4x20
DC resistance of one 4% secondary section: Rig—pc = p X =5 = 0.0175 X ———= = 0.55(

Since the two secondary 4Q sections are connected in parallel the total DC resistance of the 4Q secondary
winding is: 0.55 / 2 = 0.2750Q
48,

. s . 4x%R3
DC resistance of one additional secondary section: Raga_pc = p X e 0.0175 x e

=0.147Q

Each additional section is connected in series with the secondary 482 section so the DC resistance of one secondary 892
SeCtion IS R4Q-dc + Radd-dc = 055Q + 0147Q e 0697 Q

Since the two secondary 8Q sections are connected in parallel the total DC resistance of the 8Q secondary
winding is: 0.697 / 2 = 0.348 Q

Calculation and checking of copper (Cu) losses in transformer windings:

Rp(c—pC) 188.5
i H indina: %) = —_— —— 9
Cu loss in Primary winding: Pp_1oss(%) = 100 X T 100 X e = 5.1 %

i indi Rsan(c—de) 0.275
H 9 - P E—— —
Cu loss in Secondary winding (4 Q ):  Psin-10ss(%) = 100 X r——— OX——r=64%
Total Cu loss (for 4 2 secondary): Puoes (%) = Pp_10es (%) + Psgq_10ss(%0) =51+ 64=11.5%
R 3

. . . . ] 0, = Suil{c—DC) - 0.348 - 0
Cu loss in Secondary winding (8 Q ):  Psan_10ss(%) = 100 X e 100 x PR 4.1%
Total Cu loss (for 8 2 secondary): Pioss(%) = Pp_1oss (%) + Pg_pyss(%) =514+ 41=9.2%

Air gap calculation:
The most important effect of air gap is to prevent the saturation of the transformer core caused by a high
DC current flowing through the primary winding or by a high amplitude AC signal.

An air gap is used in the design of single-ended transformers to avoid problems with saturation of the transformer core
and to adjust the primary inductance of the transformer to the required value in an easy and simple way.

In practice, the transformer core consists of package of stacked E and a package of stacked I transformer laminate
separated by some insulation material (simulating an air gap with a material such as pertinax, mica, paper, plastic
foil...) of a defined thickness.
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"I" laminate Al o o
AIR GAP——F“— —
[ i { 1 v -
le /2 M — . lo? 2
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] 1 ] ]
] 1 [] ]
] 1 ] ]
Magnetic || i i i
]
ath lenght|? b !
lm o O O
"E" laminate >

The size of the air gap depends on the material characteristics of the transformer laminates, i.e. the permeability (un,)
of the transformer laminate and magnetic path length MPL (l,,) of the transformer core.

7600 Equations used in calculating the air gap size:
NORMAL 0000 Calculation of the effective permeability peg of the transformer core:
PERTEGBILITY
—- 5000 _ __Bpcxfm
// \\ Heff = Tzexnpxine (501.44)
I 4000
| \ " # SE output transformer: recommended By, = (4000 + 5000) Gauss
i 3000 M
= 1.4
\\ Uefr Tyx:i (501.45)
— ! 2000 =
| ! The size of the air gap ¢, :
| o 8, = ¢, xUterr) (501.46)
o g T uxpesy
¢] 4000 80 2,000 16,000 . . .
FLUX DENSITY (a; M — maximum permeability of the transformer laminate (NOSS trans-

former laminate: recommended Hmax= 3000)
Meff — effective permeability

£, — magnetic path length MPL [cm]

£g — air gap [cm]

Very important note: the thickness of the insulation material (8) placed between the package of stacked
E and a package of stacked I transformer laminate is equal to half of the air gap /,:

§=28 (501.47)

Single ended output transformer: recommended effective permeability pes (transformer core: 4% Si transformer
laminate):

NOSS: 200 =< Mg < 450 (recommendation: 250

IA
IA

He 350); [ 1 =3000]

GOSS: 200 = Heg =< 750 (recommendation: 250 = g
If {; changes, p. must be recalculated:

IA

450 ); [ 4 = 5000 <+ 7000 ]

- Wnax
e =

1
1+ Wnax XI_L
Fe
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Example (cont.):

EI 108 transformer laminate, Coil former (3.6 x 4.5) cm, Sge o = 15.55cm?

Np = 2790 Turns: 18 layers of 155 turns each. Insulated wire: dpistandarg) = 0.265 mm, dypistandaray = 0.312 mm
Ns = 94 Turns

Calculating pe:

Bpe % lge 5000 x 5.57 x 3.6
Ws = = =352
126 X N, X Iy, 1.26 % 2790 % 0.081

Airgap ({g):
i e lpe X (max — He) _ 5.57 X 3.6 X (3000 — 352)
B WU 3000 x 352

=005cm=0.5mm

Gap between E and I laminate stack (3):

—

S5 = =?=0.25mm

2
Check the inductance of the primary winding (Lp ):

1.256 = Scff x p‘e X N',f'
A 108 X L,

Example (cont.):
EI 108, Coil former (3.6 x 4.5) cm, Effective cross-section of the transformer core Sr. orr = 15.55 cm?

Np = 2790Turns: 18 layers of 155 turns each. Insulated wire dpsstandargy = 0.265 mm = dywp(standargy = 0.312 mm
Ns = 94 Turns

_ 1.256 X Sppp X, X N?f“ _ 1.256 x 15.55 % 352 X 27907

B = 108 X I, 10° x 5.57 X 3.6 Bk
(Ri + Rp_pc) X Rq

R,q =
RI + RP—DC -+ RLﬂ
R+ R,_ X R 7204 188.5) x 3500

an([ p-pc) XRya _( ) e

R+ Rp_pc + R,, _ 720+ 1885 + 3500

Calculating fi,,, (-348) (for calculated L; ):

foy = — 2
W DX Lp
( __ R _ 721 Caam
low = S mxLp 2x314x267 o0 F
Calculating fc, :
RLa

fco_zxnpr

R 3500 [
feo = axmxl, zx3laxxz67  20-8Hz
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Calculating BAC and BDC H

U,pr % 108
By =
4.44 X fo, X Np X Spe,,
Ugpr % 108 108 % \/Poyr X R 10% x /8.5 x 3500
By = Y - oUT _ s - = 4305 Gauss
444 X fr, X N, X SF%”. 444 X fe, X Ny X Spgmc 4.44 X 20.8 X 2790 X 15.55
1.26 X u, X Ny X Ipe
b — EF;-
1.26 X pt, X Ny X Ipe  1.26 X 352 % 2790 x 0.081
= = = 4998 Gauss

e B 5.57 x 3.6
Buc + Bpe < By (= 13000 Gauss)

Bac+ Bpc < Boax — (4305 + 4998) = 9303 Gauss < (13000 Gauss)

Calculating saturation frequency fg,; :

22.6 X Ugpf X 10°
Seff X Np x Bmax

sat =

22.6 X Uypy x 10° 22,6 x 10° x ¥8.5 x 3500
fsat = - = 6.9 Hz
Sesf X Np X Bomax 15,55 % 2790 x 13000

Leakage inductance and high cut-off frequency

Leakage inductance:
The leakage inductance is mainly determined by the chosen winding geometry.

Example (cont.):
EI 108 transformer laminate, coil former (3.6 x 4.5 ) cm, Effective cross-section of the core Sp. ot = 15.55 cm?
Np = 2790Turns: 18 layers of 155 turns each.

0.417 x Np? x I, X [(2 X np_s X A1) + Reorail
109xn2_; % ¢

s

Lo 0AL7X27907X 159X [(2x 4 X 04) +1391] _ o
s = 109 x 42 x 48.5 o - "

Ry =R, + Rp_pc + R, = 7200 + 188502 + 350002 = 4408.5 2

Ry 4360.8

e = = 63785 H
[sammion = 30 7= 73314 % 0011 g

Conclusion:

SE output transformer (output tube: WE 300B):
WE 300B: R; = 720 2, I, = 81 mA, U, = 350 V
Poye =85W

R,; = 3500 Q2

Lagminy = 24.3 H (Minimum inductivity necessary to achieve 95 % full power or - 0.22 dB at 18 Hz)
Transformer laminate: EI 108 F. S; (4%) 0.35 mm Transformer coil former: (3.6 x 4.5) cm

Effective cross-section of the transformer core: 15.55 cm?
Primary: 2790 turns, Cul @ 0.265 mm
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Secondary (42): 94 turns, Cul @ 0.9 mm ( x 2 connected in parallel)
Secondary (82): 133 turns (94 turns, Cul @ 0.9 mm + 39 turns Cul @1.12 mm) x 2 connected in parallel
The complete winding arrangement is:

2S + 3P: (4/18)P - Suo+Ssosdd - (10/18)P - Suo+Ssosds - (47 18)P

¢ Primary section P1: 4 layers of155 turns each (total: 620 turns),wire: Cul @ 0.265 mm, insulation foil

between winding layers: 0.05 mm
e Insulation foil: (0.3 + 0.4) mm

e Secondary section S14q : 2 layers of 47 turns each (total: 94 turns), wire: Cul @ 0.9 mm, insulation foil

between winding layers: 0.05 mm
¢ Insulation foil: 0.05 mm
e Additional secondary section S1,44 : 1 layer of 39 turns, wire: Cul @ 1.12 mm
e Insulation foil: (0.3 + 0.4) mm

¢ Primary section P2: 10 layers of 155 turns each (total:1550 turns), wire: Cul @ 0.265 mm, insulation foil

between winding layers: 0.05 mm
e Insulation foil: (0.3 + 0.4) mm

e Secondary section S24q :2 layers of 47 turns each (total: 94 turns), wire: Cul @ 0.9 mm, insulation foil

between winding layers: 0.05 mm
¢ Insulation foil 0.05mm
e Additional secondary section S2,44 : 1 layer of 39 turns, wire: Cul @ 1.12 mm
e Insulation foil: (0.3 + 0.4) mm

e Primary section P3: 4 layers of 155 turns each (total: 620 turns), wire: Cul @ 0.265 mm, insulation foil

between winding layers: 0.05 mm

Gap (insulation foil) between E and I laminate stack (8): 0.25 mm
Effective permeability u. : 352

Inductance of the Primary winding: 26.7 H

DC resistance of the Primary winding: 188.5 Q
Cu loss in Primary winding: 5.1%

Cu loss in Secondary (42) winding: 6.4 %

Cu loss in Secondary (892) winding: 4.1 %
Total Cu loss (492 Load): 11.5 %

Total Cu loss (8% Load): 9.2 %

fco: 20.8 Hz

fiow(-3d8)* 4-3 Hz

Thigh(-3d8): 63 kHz

Leakage inductance: 11mH

DC Magnetic Flux Density: 5000 Gauss

AC Magnetic Flux Density: 4300 Gauss

Total Magnetic Flux Density: 9300 Gauss
Saturation frequency: 6.9 Hz

Transformer design (schematic and graphic representation):
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P END
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4 Pl
$140Q .
GND SEC P START e
IRON CORE
—® 2O
Primary A ® 40
® = .
1 Primary P3
END ? 4layers
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o L1 ey 212 Secondary S2add
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PRIMARY
: 1 | Label as
Primary Start
CONNECT
2-7
8-13
=s———— Label as
- 14 | Primary END
SECONDARY
CONNECT Label as
3.9 T Secondary GND
Pl | CONNECT — Label as 40
srany Do 4-5-10-11
a CONNECT — Label as 8 |
P2 6-12
5240
S2add 80
P3

P1 (1 - 2): 4 layers of 155 turns each (total: 620 turns), wire: Cul @ 0.265mm; Insulation foil between layers #
0.05mm

S1 (3 - 4): 2 layers of 47 turns each (total 94 turns), wire: Cul @ 0.9 mm; Insulation foil between layers # 0.05mm
Sladd (5 - 6): 1 layer of 39 turns, wire: Cul @ 1.12 mm

P2 (7 - 8): 10 layers of 155 turns each (total: 1550 turns), wire: Cul @ 0.265mm;, Insulation foil between layers
# 0.05mm

S2 (9 - 10): 2 layers of 47 turns each (total 94 turns), wire: Cul @ 0.9 mm; Insulation foil between layers # 0.05mm
S2add (11 - 12): 1 layer of 39 turns, wire: Cul @ 1.12 mm

P3 (13 - 14): 4 layers of 155 turns each (total: 620 turns), wire: Cul @ 0.265mm;, Insulation foil between layers
# 0.05mm

Insulation foil between P and S sections: # 0.4 mm

# Note
The DC resistance of the Primary winding determines the Cu loss of the transformer, but also affects the construction
of the high voltage DC power supply stage.

The DC resistance of the Primary winding is connected in series with the anode of the output tube, so the voltage
drop across the DC resistance of the Primary winding ( I, x Rp.pc ) must be taken into account when determining the
supply stage voltage ( Uap ).

Example above:

a) Fixed bias : Up = Uy + I;xRppc = 350V + 0.081 Ax 188.5Q2 = 3653V

b) Automatic bias:  Usp = Upx + Usk (Ux) + I X Ropc = 350 V + 71 V + 0.081 A x 188.5Q = 436.3V

Example (cont.)

* The above example but using EI 120 transformer laminate and coil former: (4 x 4) cm. The same winding geometry
is applied.
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Designing a SE output transformer (output tube: WE 300B):

WE 300B: R; = 720 Q, I, = 81 mA, U, = 350 V

Pout = 8.5 W

R, = 3500 2

Lagminy = 24.3 H (95% of full power or power attenuation of - 0.22 dB at 18 Hz)

Transformer laminate: EI 120, F. S; (4%) 0.35 mm
Transformer coil former: (4 x 4) cm

Effective cross-section of the transformer core: 15.36 cm?

Primary: 2898 turns, wire: Cul @ 0.28 mm

Secondary (42): 98 turns Cul @ 1 mm ( x 2 connected in parallel )

Secondary (82): 138 turns (98 turns Cul @ 1 mm + 40 turns Cul @ 1.18 mm) x 2 connected in parallel

Winding arrangement:
25+ 3P: (4/18)P - S 0+Sgoada — (10 /18)P — Su0+Sgoada — (4/ 18)P

e P1: 4 layers of 161 turns each (total: 644 turns), wire: Cul @ 0.28 mm; Insulation foil between layers # 0.05
mm

e Insulation foil: (0.3 + 0.4) mm

e S14o : 2 layers of 49 turns each (total: 98 turns), wire: Cul @ 1mm; Insulation foil between layers # 0.05 mm

e Insulation foil: 0.05 mm

e Sl.4q ¢ 1 layer of 40 turns, wire: Cul @ 1.18 mm

e Insulation foil: ( 0.3 + 0.4) mm

e P2: 10 layers of 161 turns each (total: 1610 turns), wire: Cul @ 0.28 mm; Insulation foil between layers #
0.05 mm

e Insulation foil: ( 0.3 + 0.4) mm

e 52, :2 layers of 49 turns each (total: 98 turns), wire: Cul @ 1mm; Insulation foil between layers # 0.05 mm

e Insulation foil: 0.05 mm

e S2.44 ¢ 1 layer of 40 turns , wire: Cul @ 1.18 mm

e Insulation foil: ( 0.3 to 0.4) mm

e P3: 4 layers of 161 turns each (total: 644 turns), wire: Cul @ 0.28mm); Insulation foil between layers # 0.0 5
mm

Gap (insulation foil) between E and I laminate stack (8): 0.25 mm
Effective permeability . : 376

Inductance of the Primary winding: 27.4 H
DC resistance of the Primary winding: 177 Q
Cu loss in Primary winding: 4.8 %

Cu loss in Secondary (42) winding: 5.5 %
Cu loss in Secondary (8$2) winding: 3.6 %
Total Cu loss (42 Load): 10.3 %

Total Cu loss (8%2 Load): 8.4 %

fco: 20.35 Hz

fiow(-3a8)° 4Hz

Fhigh(-3d8)° 51.3 kHz

Leakage inductance: 13.5 mH

DC Magnetic Flux Density: 5000 Gauss

AC Magnetic Flux Density: 4288 Gauss

Total Magnetic Flux Density: 9288 Gauss
Saturation frequency: 9.4Hz

With the skill and experience of the designer as well as the use of engineering tricks, the characteristics of the

transformer can improve (for example: reduce the leakage inductance and improve the characteristics of the
transformer at high frequencies) or the production of the transformer can be made easier or simplified.
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The Single Ended Output transformer 350082 / 4 / 82, 8.5W described in the above example (EI 108 transformer
laminate and coil former (3.6 x 4.5) cm) can be constructed in another way:
The winding arrangement can be applied: 4P +3S: (P/6-S-P/3-S-P/3-S-P/6).

Primary sections connected in series, Secondary sections connected in parallel.

First trick:
One section of 4 Q Secondary winding (94 turns) can be wound as follows:
e EI 108 coil former: 94 turns of insulated wire max. diameter dy, < [0.97 x (c = 25)] / Ns = [0.97 x (54 -
4) mm] /94 = 0.515 mm. can be wound in one layer; Standard Cu wire @ 0.45 mm (dy, = 0.512 mm)
can be used.
e Each secondary section is made of two parallel connected windings each of 94 turns wound in
one layer with Cul @ 0.45 mm wire.
e Fach secondary section can handle a current of 0.4757 A.
e As the three secondary sections are connected in parallel, the Secondary winding can handle a current of:
e Is4o=3x0.4757A=1427A (0 =15A/mm?)or, Isso = 1.9A (J = 2 A/ mm3).

Second trick:
The 8 Q Secondary winding section is made by winding an additional winding (above example (EI 108): 1 layer of 39
turns of standard Cul @ 1.12 mm wire) and connecting it in series with the 4 Q Secondary winding section.

The additional winding can be wound using a special winding method - winding with two wires or so-called bifilar
winding. In fact, a bifilar winding consists of two closely spaced, parallel windings that can be connected in different
ways: a) parallel-winding, series connection, b) parallel-winding, parallel connection, c) counter-winding (series),

d) counter-winding (parallel). Therefore, the additional secondary sections in this example can be wound using type
b) parallel-winding, parallel connection bifilar winding method: one layer of 39 turns of two Cul @ 0.53mm wires (in-
sulated wire: @ 601mm). The benefit of this method of winding the additional winding consists in reducing the height
of the winding.

Winding arrangement: 4P +3S: (P/6-S-P/3-S-P/3-S-P/6).

e P1: 3 layers of 155 turns each (total: 465 turns), wire: Cul @ 0.265mm; Insulation foil between layers #
0.05 mm

e Insulation foil: ( 0.3 ... 0.4) mm

e S140 : 2 windings of 94 turns each of Cul @ 0.45mm connected in parallel. Each winding is wound in one
layer. Insulation foil between layers # 0.05 mm

e Insulation foil # 0.05mm

e S1.44 <1 layer of 39 turns of two Cul @ 0.53mm (bifilar: parallel-winding, parallel connection)

e Insulation foil: (0.3 ... 0.4) mm

e P2: 6 layers of 155 turns each (total: 930 turns), wire: Cul @ 0.265mm; Insulation foil between layers #
0.05 mm

e Insulation foil: (0.3 ... 0.4) mm

e S2,0 : 2 windings of 94 turns each of Cul @ 0.45mm connected in parallel. Each winding is wound in one
layer. insulation foil between layers # 0.05 mm

e Insulation foil # 0.05 mm

e S2.44 « 1 layer of 39 turns of two Cul @ 0.53mm (bifilar: parallel-winding, parallel connection)

e Insulation foil: (0.3 ... 0.4) mm

e P3: 6 layers of 155 turns each (total: 930 turns), wire: Cul @ 0.265mm; Insulation foil between layers #
0.05 mm

e Insulation foil: ( 0.3 ... 0.4) mm

e S3,0 : 2 windings of 94 turns each of Cul @ 0.45mm connected in parallel. Each winding is wound in one
layer. insulation foil between layers # 0.05 mm

e Insulation foil # 0.05 mm

e S3.44 - 1 layer of 39 turns of two Cul @ 0.53mm (bifilar: parallel-winding, parallel connection)

e Insulation foil: (0.3 ... 0.4) mm

e P4: 3 layers of 155 turns each (total: 465 turns), wire: Cul @ 0.265mm; Insulation foil between layers #
0.05 mm
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Pri mary Start

The leakage inductance is:

_ 0417 x 2790% x 159 % [(2 x4 x 0.4) + 13.91]

s 10° x 62 x 485 =000 N =5m

Rg 4360.8

f(—adByhigh = 2% Ly = 3% 3.14x0005 138879 Hz = 138.9 kHz
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* The new arrangement of the windings as well as the use of the winding methods described above improve the
characteristics of the transformer at high frequencies:

f(-3dB) high = 138.9 kHz. (preViOUS Wlndlng arrangement.' f(-3dB) high = 63 kHZ)
Output transformer design flow chart:
FIRST STEP

PROJECT REQUIREMENTS - INPUT DATA:

The operating point of the output tube (Quiescent point).
Internal resistance (R;) of the output tube

Plate (anode) resistance - plate (anode) load (R.,)
Output power

Frequency band

Secondary load

SECOND STEP

e Calculating the cross- section of the iron core

1.8x105%x P, (W)

4=17)%P(W)
Sr.(cm?) = 8§ (Gin?) a S2Z10XE00
Fe(cm’) fer)xB(,gauss)xsw(umz]xﬂﬁz) re( ) Sy (em?)
Py xGx10° .
SFe(mEn)(sz) = __—m;ijxf Spe(em?) ~ (4.3 +4.9) x / Py (W)

Choosing a standard transformer laminate and coil former
Calculating: Sefr, Sw e s VFe s Gre

Sreerf = (0.92 - 0.96) x (b x h)

e Sy=axc

e ffe=2XC+2xa+mxa e = 5.57xb

® Vee = Sreeff X [ Ire

® Gre = Dre X Vke

THIRD STEP

e Calculating the number of turns of the Primary and Secondary windings (Np and Ng)

10% %, /PXRLq __ (200+300)x,/PXR1q

N, = Np =~
P 4.44xfmmxsmaxx$pce” o SFgerr
5
Np = 125X S,, X1 Np = (20 +25) x 2
= Bac % lpe
= ——DdeXlre

1.257 X peXIpg

R
NS:NPX R_s

FOURTH STEP

e Calculating the minimum diameters of the Primary and Secondary windings wires
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1q(A N P
dpmin(mm) = 1.13 x |24 L==Lx
Hemad) Ns Rpa
0.28xSy(mm?) 0.28xSy
= |[——— — ¢l =
dw;n (mm) Np NP(mm] ‘Ia’p
Turn/ _097xc _ 0.97%(c—4mm) = _ Np
Layer dwp(standard)  Ywp(standard) (mm) tayer (L:;Z:)
FIFTH STEP

e Choosing the winding arrangement
SIXTH STEP

e Recalculating the diameter of the wires and checking the possibility of placing all the windings inside the
window of the transformer core

heightmmf = nPInyers x (dP with isolation + Af) + nsmyers x (ds with isolation + AI) T Np_g layers x AIE

e Recalculating the number of turns of the Primary and Secondary windings
SEVENTH STEP

e Calculating the air gap and &
e Calculating and checking p

Bpcxlre

Metf = Taexmpxipe Herr = 1+"'xr_i,i
- (=pesr) _fg
ty =4y, X i s
EIGHTH STEP
e Calculating the resistance of the windings
¢ Calculating the Cu loss
£, =2Xh+nmxhy,+2%xb+4xs fup = Np X 4,
- Aty — Rp(e-De)
Repc=pX——3 Pp_j455(%) =100 X Fra—
Rg(c—
PS—Iogs(ofa) =100 x —=25 PIoss(%) = PP—{oss(%) + Ps—ioss(%)

Rg(c-pcyths
NINTH STEP

e Calculating: Ly, Ls, fiows f-3a8s fcor Boer Bacs Brots fsat

= 1256XSerXite XNG R, = RitRP_DC)XRLq
3 108x1p, 4 Ri+Rp—_pc+Rra
__Ra _ _PRia
fiow (.f(—3ri9)£ow) 3 2xmxLp fCo T 2xmwxLy
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_ Ugprx10® _ 126XpeXNpXlgc
Bye = 4.44%f ¢, XNpXSE, Bpc = [
op Ceff

fg = 22.6XU,prx10° - 0.417xNp? xlex[(2xnp_gxAp)+hioearl
St T S ppXNpXB max s = 109 xn%_pxc"
Rp=Ri+Rp_pc+R = 28

B=Ri+Rp_pctRia f-zamynigh = 7~

TENTH STEP

e Making, testing and measuring transformer characteristics

A simple method of calculating an SE-Output transformer:

—_—

RS | |
Jo - ——. - - 4 : — - .-

20

Modified Hanna’'s Diagram — metric units
* The original Hanna’s diagram uses Imperial units (inches).

A procedure of calculating SE output transformer using Hanna’s diagram

Calculating the cross-section of the iron core Sg. and Sk, (efr) (cm?) and choosing the standard EI laminate is performed
according to the procedure explained in the text above (Calculation of the Iron Core Cross - Section (Sge)).

e In order to apply Hanna’s method, it is necessary to also calculate:

Inductance Lp (H) of the Primary winding.

Magnetic circuit length MPL = £ge (Cm)

Lp(H)xIc(A?)
SFe(ef fy(cm?) Xlpe(em)

ordinate of Hanna’s diagram intersects the curve a = ( 6 / 1, ) at point B.

Np %I
- A vertical line drawn from a point B intersects abscissa H = (%
Fe

The horizontal line drawn from the point A = (the numerical value of B calculated above) located on the

) at point C.

- Using the numerical value of H at point C, the number of turns of the Primary winding ( Np ) can be

calculated:

N, = H X lp(cm) (numerical value of H at point C) X lp.(cm)
T @ T Inc (A)
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- The gap between E and I laminate stacks (8) can be calculated using the numerical value of the curve
a at point B:

8(mm) =10 x a X [,,(cm) = 10 x (numerical value of the curve a at point B) x l,,(cm)

- Designing of the output transformer continues according to the previously explained procedure.

Example

Designing an SE output transformer (output tube: WE 300B):

WE 300B: R; = 720 Q, I, = 81 mA, Uy, = 350 V, Ugx = 71V

Pout = 8.5 W

R, = 3500 2

Lagminy = 24.3 H (95% of full power or power attenuation of - 0.22 dB at 18 Hz)

Transformer laminate: EI 108 F. S; (4%) 0.35 mm
Transformer coil former: (3.6 x 4.5) cm

Effective cross-section of the iron core: 15.55 cm?
Ly = = 20.052 cm

Calculation of B (point A):

Lp(H)x1%c(4%) __ 27.85x0.081%

-4
= = = o. X
sFe(efD(sz)leg(C?n) 15.55%20.052 5 86 10

&
Tis, .- S

. B i - 5 O o ,
ot L A
i 1- '. , !, i . JI
|f__.-;/ .
% 58 I
-

|

{1 './ i ) ::
A | |

U

From the diagram:
Point C: H
Point B: o

11.2
15 x 104

Calculating the number of turns of the Primary winding (Np):

i o R lpe(cm) 112 X 20.052
P Ie(A) T 0.081

= 2773 Turns

The number of turns of the primary winding calculated using the Hanna’s method Np = 2773 is approximately equal to
the previously calculated number of turns of the primary winding Np = 2790.

Calculating the gap between the E and I laminate stacks:

d(mm)=10x a xl,,(cm)=10x 15 x 107 x 20.052 = 0.3 mm

The gap 6 = 0.3 mm differs from the previously calculated ( & = 0.25 mm ). [*This is due to the different charac-
teristics of the transformer core material used in the previous calculation and the transformer core material used in
designing Hanna’s diagram].
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Hanna’s graphical method is applied to quickly calculate the approximate number of turns of the Primary
winding and the air gap of the SE output transformer.

SE OUTPUT TRANSFORMER Rp = 1800Q 25W

Single Ended output stage: two 300B connected in parallel

Two 300B connected in parallel: Ua = 350 V; Ia = 162 mA (2 x 81 mA); Automatic grid bias: Uy = - 71V;
Ri = 362.5Q (725 Q/ 2);

Rz = 1800 Q; Load 4 Q, 8 Q; Prax = 25 W;

EI 150N, 4 % Si, A = 0.35 mm;
Coil Former: (50 x 50) mm

N, = 2336 turns

Ns4onm = 110 turns

Nsgonm = 155 turns

Winding arrangement: 5P + 4S (5 Primary sections - 4 Secondary sections)

(P1) - (S1a, S1b, S1”) - (P2) - (S2a, S2b, S2”) - (P3) - (S3a, S3b, S3”) - (P4) - (S4a, S4b, S4”) - (P5)

The total number of layers of the Primary winding: 16

(2/16) P = Sy4q II S4q+Sadd = (4/16) P — Syq II Syq+Sadd — (4/16) P = Saq 11 Saq+Sadd — (4/16) P - Saq — Saq+Sadd -
(2/16) P

Primary

Each section of the Primary consists of a certain number of layers of 146 turns of wire Cul @ 0.4 mm (@ 0.45 mm with
insulation).

P1: 2 layers (292 turns), P2: 4 layers (584 turns), P3: 4 layers (584 turns), P4: 4 layers (584 turns), P5: 2 layers
(292 turns)

The Primary sections are connected in series (P1 + P2 + P3 + P4 +P5)

Secondary

4 Q:

Each section of the 4 Q Secondary consists of two windings connected in parallel. Each of the windings consists of one
layer of 110 turns of wire Cul @ 0.55 mm (0.6mm with insulation). The sections of the 4Q Secondary are connected
in parallel.

(Saq 11 Su0) I (Saq I1 Sa0) 11 (Suq 11 Suq) II (Saq I1 Saq) ; (S1aII S1b) II (S2a II S2b) II (S3a II S3b) II (S4a II S4b)
(110 turns II 110 turns) II (110 turns II 110 turns) II (110 turns II 110 turns) II (110 turns II 110 turns)

8 Q:

Each section of the additional Secondary winding consists of one layer of 45 turns of two wires Cul @ 0.7 mm (0.75
mm with insulation) (bifilar: parallel-winding, parallel connection). Each section of the additional Secondary winding
is connected in series with adjacent section of the 4Q Secondary making 8 Q Secondary sections. The sections of the
8Q Secondary are connected in parallel.

(S40llS4q + 45 turns bifilar) II (S40l1S4q + 45 turns bifilar) II (S4ollS4q + 45 turns bifilar) II (S40l1S4q + 45 turns
bifilar)

Insulation foil between P layers: 0.05 mm; Insulation foil between P and S layers: 0.4 mm;
Insulation foil between S layers: 0.05 mm

Air gap (production): 8 = (0.4 mm)

He = 300
Lp=17.7 H

Ls = 3.39 mH
Rp.pc = 86.48 Q
fco = 16.46 Hz
fsat = 6.58 Hz
f3gg = 3.2 Hz

BDC = 05136 T
BAC = 05177 T

e 242



Chapter 5 e Transformers

Uab{auto bias] = UK + Uak + Rp.pc X Ia = 71V + 350V + (86.48x 0.162A) = 435 V

# All E laminates stack in the same direction and all I laminates stack in a same direction.
# Air gap between E and I laminate stacks: insulation foil # 0.4mm.

END PRIMARY SECONDARY
O )
34 (32-32")
G © 8Q2
PS5
33 %%sw (31-31")
O-e 9)
g:s4b 30 e
29 P1(1-2):(146) - i- (146) - ii
028 =292Turns Cul 0.4mm
26 S4a 57 Sla(3-4):(110)-1i Turns Cul 0.55mm
p
S1b(5-6):(110) -1 Turns Cul 0.55mm
P4 (24-24") S1"(7/7" - 8/8"): (45) - ii Turns 2 x Cul 0.7mm
TgaY
P2(9-10):(146)-1-(146)-1-(146)-1-(146) -1i1
»s ééST' (23-231) ( ):( ) ( ) ( ) ( )
o =584 Turns Cul 0.4mm
é ﬁ2-2 S2a(11-12):(110) -1 Turns Cul 0.55mm
S3b>g ' S2b (13- 14): (110) - i Turns Cul 0.55mm
020 S2"(15/15" -16/16"): (45) - ii Turns 2 x Cul 0. 7mm
18 S3a 19 P3(17-18):(146)-i-(146)-i-(146)-i-(146)-ii
>
=584 Turns Cul 0.4mm
P3 .
(16-16") S3a(19-20): (110) -1 Turns Cul 0.55mm
- & S3b(21-22):(110) - i Turns Cul 0.55mm
S2" (15-15"
( ) S3"(23/23" -24/24"): (45) - ii Turns 2 x Cul 0. 7mm
G- P4 (25-26): (146) -i-(146)-i-(146)-i-(146)-ii
észb 14
133 | =584 Turns Cul 0.4mm
012 S4a (27 -28): (110) -i Turns Cul 0.55mm
1o S2a S4b (29 - 30): (110) - i Turns Cul 0.55mm
3
S4"(31/31" -32/32"): (45) - i1 Turns 2 x Cul 0. 7mm
P2 (8-8") P5(33-34): (146) -i-(146) -ii =292 Turns Cul 0.4
TgaY
9 § St 7-7" i: Isolation Foil 0.05mm
e ii: Isolation Foil 0.4mm
g:su) s ©
L O5—eo Iron Core: EI 150N (Fe 4%Si)
FgnY
5 %Sl ~4 Coil Former: 50mmx 50mm
a
P1 3m o Air Gap (between EandI): 0.4 mm|
! COMMON
€ ©
START

SEOT 1800/4/8/25W
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146 T

Cul 0.4mm 146 T

Foil 0.4mm

2x Cul 0.7mm 45T

—

&7

Foil 0.05mm

Cul 0.55mm 110 T

— Foil 0.05mm__
Cul 0.55mm 110 T

€30

928

2% Cul 0.7mm 45T

&

Foil 0.05mm

Cul0.55mm 110 T

922

— Eoil0.05mm__
Cul 0.55mm 110 T

17@

Cul 0.4mm 146 T

- EQLO4mm | _
2 X Cul 0.7mm 45T

®20

15!
150

13@

— Foil0.05mm _
Cul0.55mm 110 T

16'
5

®14

11e®

Cul 0.55mm 110 T

el2

e

Foil 0.4mm

14 ]

9@

-
Foil 0.05mm

2x Cul 0.7mm 45T

.

&

5®

Foil 0.05mm
“Cul0.55mm 170 T

o6

3e

o 2O0.05mm.
(_;nii‘o.SSmm 10T

® 4

Foil 0.4mm

146 1

Foil 0.05mm

Cul 0.4mm 146 T
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“IRON CORE\\ |

PRIMARY

START || CONNECTED END
2-9
10-17
1 34
18-25
26 -33

SECONDARY

COMMON

CONNECTED
3-5-11-13-19-21-27-29

4Q

CONNECTED
4-6-(7-7)-12-14-(15-15"-20 -
-22-(23-23"-28-30-(31-31")

8Q

CONNECTED
(8-8") - (16-16") - (24-24") - (32-32")

SEOT 1800/4/8/25W
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SE OUTPUT TRANSFORMER Rp = 2500Q 25W
Single Ended output stage: two KT88 connected in parallel ( Triode or Ultra linear )
Ria = 2500Q; Load 4Q, 8Q; Pmax = 25W; Ipc = 180 mA

EI 150N, 4%Si, A = 0.35mm;
Coil Former: (50 x 50) mm

N, = 2520 turns
Ns4onhm = 100 turns
NSSOhI’T‘I = 141 turns

Winding arrangement: 5P + 4S (5 Primary sections - 4 Secondary sections)

(P1) - (S1, Sladd) - (P2) - (S2, S2add) - (P3) - (S3, S3add) - (P4) - (S4, S4add) - (P5)

The total number of layers of the Primary winding: 18

(2/18) P = Sy4q II S4q+Sadd = (5/18) P — Syq II Sya+Sada — (4/18) P = Saq II Sso+Saqa — (5/18) P - Saq — Saq+Sadd -
(2/18) P

Primary

Each section of the Primary consists of a certain number of layers of 140 turns of wire Cul @ 0.425 mm (@ 0.489 mm
with insulation).

P1: 2 layers (280 turns), P2: 5 layers (700 turns), P3: 4 layers (560 turns: 140 turns — UL TAP - 280 turns — UL TAP
- 140 turns), P4: 5 layers (700 turns), P5: 2 layers (280 turns)

The Primary sections are connected in series (P1 + P2 + P3 + P4 +P5)

Secondary

4 Q:

Each section of the 4 Q Secondary consists of two windings connected in parallel. Each of the windings consists of one
layer of 100 turns of wire Cul @ 0.6 mm (0.675 mm with insulation). The sections of the 4Q Secondary are connected
in parallel.

(Saq 11 Sug) II (Sag II Sag) II (S II Sao) II (Suq II Sug) ; (Sla II S1b) II (S2a II S2b) II (S3a II S3b) II (S4a II S4b)
(100 turns II 100 turns) II (100 turns II 100 turns) II (100 turns II 100 turns) II (100 turns II 100 turns)

8 Q:

Each section of the additional Secondary winding consists of one layer of 41 turns of two wires Cul @ 0.75 mm (0.832
mm with insulation) (bifilar: parallel-winding, parallel connection). Each section of the additional Secondary winding
is connected in series with adjacent section of the 4Q Secondary making 8 Q Secondary sections. The sections of the
8Q Secondary are connected in parallel.

(S40l1S4n + 41 turns bifilar) II (S40lI1S4q + 41 turns bifilar) II (S4ollS4o + 41 turns bifilar) II (S40I1S4q + 41 turns
bifilar)

Insulation foil between P layers: 0.05 mm; Insulation foil between P and S layers: 0.4 mm;
Insulation foil between S layers: 0.05 mm

Air gap (production): d = (0.4mm)

Me = 300
Lp=20.7 H

Ls = 3.62 mH
Rp.pc = 82.69 Q
fco = 19.29 Hz
fsat = 7.18 Hz
fagg = 3.4 Hz
Bpc = 0.6137 T
Bac = 0.4826 T

# All E laminates stack in the same direction and all I laminates stack in a same direction.
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# Air gap between E and I laminate stacks: insulation foil # 0.4mm.

# Ultra Linear Tap 44 %

Primary
END P5 S4add

33 33131 ® 40

® 83O

26

P4 27 5454

S3add
25 23-23

UL-h

UL-1

§ 3 GND
° .
3 SEC

SE OT 25000/ 25W

Primary
START
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4@ : 140 T
Foil 0.05mm

Cul 0.4mm 140 T
Foll 0.4mm

22Cul0?5mm41 T
31 32
31‘. = &3

33e

9@

Cul 0.6mm 100 T
Foil 0.4mm

i (ol

~Foil 0.05mm

Gl 0425mm 140 T

FoﬂOdn_:m
2 Cul 0.75
23,‘ [x:> mm4l 7 § 24
23 24

lle

19 Cul 0. ﬁmm 100 T
Foil 0.4mm

140T
Foil 0.05mm

920

18®

®UL /h

Cul 0.425mm 140 T

17® @UL /1
Foﬂo-hnm

15,.. 2!1;_>Cu!075nm141'l' 216
15 " Foloosmm _ 16
Cul 0.6mm 100 T

Foil 0.05mm

lie Cul0.6mm 100 T ol2

Foil 0.4mm

13e@

Cul 0.425mm 140 T
= Fo:l04m.m

3 2xCuI0?5mm41T A
77‘ > ‘88

Cul 0.6mm 100 T

6
_ Feloosmm _ ¢

” Cul 0.6mm 100 L 4

3
1e Cu} 0.425mm 140 T

PRIMARY

START || CONNECTED END

2-9

-17
1 10-1
18 - 25
26-33

34

UL/l UL/h

SECONDARY

COMMON

CONNECTED
3-5-11-13-19-21 -27-29

4Q

CONNECTED
4-6-(7-7)-12 -14-(15-15" - 20 -
-22-(23-23")-28-30-(31-31")

8Q

CONNECTED
(8-8") - (16-16") - (24-24") - (32-32")

U roncore|  SE OT 2500/4/8/25W

SE OUTPUT TRANSFORMER Rp_ = 5000 Q
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Primary 1 2O
END For example, it can be used in SE output stage with
P3 12 —® 4C2 KT88 ( Triode or Ultra linear )
S2add
11 Classic design
o 10
R, = 5000 Q; Load 4 Q, 8 Q; Prax = 15 W; Ipc = 90 mA
UL-h 9
EI 120, 4% Si, A = 0.35 mm;
Coil Former: (40 x 50) mm
UL-1 6.
¢ Slgzf d Np = 3400 turns
. 5 Nsgohm = 96 turns
5 - . Nsgohm = 135 turns
Primary 3 Winding arrangement: 3P + 2S
—e (5 Primary sections - 4 Secondary sections)
START | GND SEC (P1) - (S1, S1add) - (P2) - (S2, S2add) - (P3)

SEOT 5000Q/ 15W

The total number of layers of the Primary winding: 20
(5/20)P - (Saq+Sadd 8e) — (10/20)P - (S4q+Sadd sa) — (5/20)P

Primary

Each section of the Primary consists of a certain number of layers of 170 turns of wire Cul @ 0.265 mm (@ 0.312 mm
with insulation).

P1: 5 layers (850 turns), P2: 10 layers (1700 turns: 680 turns — UL TAP - 340 turns - UL TAP - 680 turns), P3: 5
layers (850 turns)

The Primary sections are connected in series (P1 + P2 + P3)

Secondary

4 Q:

Each section of the 4 Q consists of two layer of 48 turns (total: 96 turns) of wire Cul @ 1mm (1.039 mm with insula-
tion). Two sections of the 4Q Secondary are connected in parallel (S4q II S40);

(S1II S2): (96 turns II 96 turns)

8 Q:

Each section of the additional Secondary winding consists of one layer of 39 turns of wires Cul @ 1.25 mm (1.351 mm
with insulation) Each section of the additional Secondary winding is connected in series with adjacent section of the 4Q
Secondary making 8 Q Secondary sections. The sections of the 8Q Secondary are connected in parallel.

(S4q + 39 turns) II (S4q+ 39 turns)

Insulation foil between P layers: 0.05 mm; Insulation foil between P and S layers: 0.4 mm;
Insulation foil between S layers: 0.05 mm

Air gap (production): 8 = (0.28mm)

Me = 350

Lp= 43.9H
Ls = 23.8 mH
Rp.pc = 249 Q
fco = 18 Hz
feat = 7.29 Hz

BDC = 06054T
BAC = 05214 T
BDC + BAC =1.12T
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# All E laminates stack in the same direction and all I laminates stack in a same direction.
# Air gap between E and I laminate stacks: insulation foil # 0.28mm.

# Ultra Linear Tap 45 %

-------.r-------
i
i
v

UL-h

e

] _+-
=1

Primary START

—

® Primary END

P3:5Layers
170 turns each layer
Cul 0.265mm

S2add: 1Layer
39Turns Cul 1.25mm
S2:2Layers

48 turns each layer
Cul 1mm

P2:
4 Layers; 170turns each;
Mike a TAP
continue: 2 Layers; 170turns each;
Make a TAP
continue: 4 Layers; 170 turrs each;

Cul 0.26 5mm

Sladd: 1Layer
39Turns Cul 1.25mm

S1i:2Lavers

48 turns each layer
Cul Imm
P1:5Layers

170 turns eachlayer
Cul 0.265 mm
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P R I M A R Y
START! | CONNECTED{| END
2.7
1 14
8-13
UL-1 UL-h
S EC O ND A RY

CONNECTED: COMMON
3-9
CONNECTED: 40
4-5-10-11
CONNECTED:
6-12 8

Insulating Foil 0.05mm
Insulating Foil 0.4mm

Iron Core: E1120 (Fe 4% Si)
Coil Former: (40 mm x 50 mm)
Air Gap: 0.28 mm

5.6 PUSH-PULL OUTPUT TRANSFORMER CALCULATIONS
Basic configuration of the Push-Pull output stage:

N No

The magnetic fields caused by the DC quies-
cent currents of the output tubes flowing in
opposite directions through the halves of the
output transformer are cancelled out. Since
there is no magnetic induction caused by DC
current, the magnetic induction caused by AC
current, which is also the total induction, can
be higher than that of the SE transformer, but
must be kept within the limits of the linear
part of the B - H curve.

Maximum magnetic induction must be
lower than 8000 Gauss (linear part of the
B - H curve, low harmonic distortion).

E laminates are stacked one by one in the opposite direction. I laminates are inserted between E laminates
The procedure for calculating the Push Pull output transformer is similar to the procedure for calculating the Single

Ended output transformer.
IRON CORE CROSS-SECTION

First method:

Calculation starts with some standard type of E/I transformer laminate, i.e. Sy, .

G
i lemd) 1.8%10°%P(W)

- f(Hz)xB(Guuss)xSw{c'mz)xj(#j

(501.48)

The above equation can be simplified using numerical values (good performance output transformer):
f=(18 - 20) Hz, J=(1.5-2) A/ mm2, B = 8000 Gauss

(6.25 = 83)xP(W)

SF&'(cmz) = SW(L‘mZ)
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B (Gauss) - Magnetic Flux Density

f (Hz) - The lowest frequency (Hz) at which the transformer can operate at full power

J (A/mm?2) - Electric Current Density

P (W) - Transformer power

Sw (cm?2) - Cross-section of the transformer core window (For E/I laminate S,y = (a x ¢) [cm?]

If the proportion 1 <= h / b < 1.6 is fulfilled, the choice of transformer laminate is good, but if the men-
tioned proportion is not fulfilled, the calculation process must be repeated with a new standard trans-
former laminate (Sy).

Second method:

2 PXG%10°
SFe(min}(Cm-) = ’;Txxlf (501.50)

Output power [W]

Induction (8000 Gs) (4% Si Ferro alloy transformer laminates)
Coefficient of weight ratio of iron core and cooper winding (1.7 ... 2.5)
Electric Current Density (1.5 ... 2.5) A / mm?2

Lowest frequency (Hz) at which the transformer can operate at full power

U
I

The above equation can be simplified using numerical values (good performance output transformer):
f=(18-20)Hz, J=(1.5-2)A/ mm2, B = 8000 Gauss

SFe(minj(cmz) =295x% \/ﬁ ~(3-3.4)x \/? (501.51)

IRON CORE (STANDARD) CHOICE

Choice of standard transformer laminate.

Choice of standard (or preferred) coil former.

Standard dimension of EI laminates tongue (b) and the height of the laminates stack (h)
Sre(standaray = b X b (cm?)

The optimal choice is: b =h; (b/h) =1

It is recommended to fulfill theratio1 < h/b < 1.6.

It is recommended to choose b and h so that the condition Sge(st) > Sge s fulfilled.

Calculation of the effective cross-section of the iron core .

Sree; = (0.92—0.98) X (b x h) (cm?)

Stacking coefficient of 4% Si non-oriented steel (NOSS) transformer laminate

1. thickness 0.35 mm k = 0.96
2. thickness 0.5 mm k = 0.97
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The number of turns of the Primary:
Equivalent circuit (Class A, AB)

R; - Internal resistance of the source (internal
resistance of the tube)

—— R, — Load Resistance of the Anode (Plate)
Lp — Inductance of the Primary
‘ R, - Load Resistance of the Secondary
U, b - Voltage attenuation (dB)

‘ flow(-3ds) — low cut-off frequency (Hz)

v
1 RiXR, p & R;xR, 1
= LT, , andforb=3dB — L = ——*
2xmxf  Ri+Rp  /1001xb—1 Ri+Rq  ZXTX[Low(-2dB)

A simplified equation for calculating the inductance of the Primary under the condition R, _; = 4 x R; and
flow(-3dB) = 2.5Hz, or impedance of the Primary equal to the R, _, at f = 15Hz:
Ra—a

>
Lp = 94.25

The number of turns of the Primary:
_ L256XSappxu XNj _ [zxLIH]xIpelem]x 108
LP - 10%x1pe - NP - I.256xsefr{t_‘m2}xpe (50152)

2xL[H]xlpalem] 2xL[H]xlpa[cm]

NP = 8923 x m ~ 9000 x Sefflfmzlxﬂe (50153)
Me = 1000 (as closely as possible stacked 4% Si Fe E and I laminates)
Class B Push Pull amplifier
The number of turns of the Primary
. 4xL[H]xlpe[cm]
NP = 9000 x Seﬁ[cmzlxg:c
(501.54)
The number of turns of the Secondary:
Ng=Npx |22 (501.55)
a=a

Np - The number of turns of the Primary
Ns - The number of turns of the Secondary
R, .2 — Load resistance of the Primary (Q)
Rs - Load Resistance of the Secondary ()
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Wire diameter of the Primary and Secondary windings:

Wire diameter of the Primary winding:

I, (A
dpmm(mm) =113 x LA)

a2

mm?

I, —Plate (Anode) DC Current (one tube)

A
For] = I'SW: dppin(mm) =~ 0.9 x f.-'p(DCJ(A)
A
For] = ZW . dpyin(mm) = 08 X [Ippcy(4)
A
For] =25 e dppin(mm) = 0.7 X _|Ippey(A)

Selection of standard wire diameter: dp(standard) = dpmin

The further calculation procedure is very similar to the single-ended output transformer calculation pro-
cedure explained above (adjusting Np and Ns as an integer, winding arrangement, number of layers of
the windings, turns per layer, checking the possibility of placing the windings in the window of the trans-
former core, choosing standard Cu wires, DC resistance of the Primary and Secondary windings, Cu losses,

etc).

Saturation frequency of the iron core

22.6 X Uppy % 10°
fsat = S

eff x Np x Bm.ax

Bmax — maximal induction (For push-pull output transformer and 4% Si Ferro alloy: Bmax = (16000 Gs)

Checking Lp for actual number of turns of the Primary

1.256 X Sepp X 1, X N2
P 108 X e

Calculating the low cut-off frequency

_RixR, 1
Jiowcsam =g TR, *TxnxL,

The most important thing when designing a push-pull output transformer is to achieve electrical and
magnetic symmetry of the transformer halves (symmetry of the primary windings halves). Minimizing the

leakage inductance is also very important.
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In practice, the technique of splitting the coil former into two equal parts is most often used:

To make the transformer halves (primary and secondary windings) equal, usually one half of the trans-
former (half of the primary and secondary windings) is wound on one half of the coil former, then the coil
former is rotated 180° and the other half of the transformer (half of the primary and secondary windings)
is wound on the other half of the coil former in the same way as the first half is wound.

Example:

e Each half of the Primary winding is split into three equal sections connected in series. Between first and
second Primary section, one section of the Secondary is inserted. Also, between second and third Primary
section, one section of the Secondary is inserted. The Secondary sections are connected in parallel.

e The beginnings of the halves of the windings of the Primary (the beginnings of the first sections of the
halves of the Primary) are connected together and this is the middle (CT - central or common) point of the
Primary.

e The ends of the halves of the windings of the Primary (the ends of the third sections of the halves of the

Primary) are the connection points for the anodes of the output tubes.
Parallel-connected sections of the halves of the Secondary are connected in series.

Vi - "
A [P || [ P3| A
.- T pd f
LOAD I S2' I I s2" I LOAD Osg"l’f s @ 1l
[P ]| [3z7] e\
s ]| 5]
o ]| o] /
[ I s +Ualk p3"/|\‘ Pl [ 2
| b

IRON CORE

Examplel:

Push Pull Output transformer
Poyr = 20 W

R (2-a) = 5600 Q

# For example, it can be used in PP output stage with 2 x WE300B ( Uy = 350V, Uy = 71V, I, = 80mA, R; =720 Q)

Cross-section of the transformer core

First method:
Calculation starts with EI 120 transformer laminate (cross-section of the core window: Sy, = (axc) = (2x6) =12 cm?)
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1.8 x 10% x P(W) 1.8 x 10 x 20W
Spe(cm?) = TR 7 = 13.89 cm?
f(Hz) x B(Gauss) x Sy (cm?) x J (m_mz) 18Hz x 8000Gs x 12(cm?) x 1.5 (mmz)
p_See 1389
SR B

Standard coil former EI 120: (b x h) = (4 cm x 4 cm)

Effective cross-section of the transformer core (EI 120 Fe 4% Si laminate A = 0.35mm, stacking coefficient
k = 0.96)

Sreerr = k x (b x h) = 0.96 X (4 X 4) = 15.36 cm?

Second method:

B (Gauss) - Magnetic Flux Density

f (Hz) - The lowest frequency (Hz) at which the transformer can operate at full power
J (A/mm?2) - Electric Current Density

P (W) - Transformer power

G - Coefficient of weight ratio of iron core and cooper winding (1.7 + 2.5)

PxGx10° 20 x 2.5 x 10° .
SFe(min'}(sz) = ; = \j > = 15.21 cm?

_\] BX|Xf 8000 x 1.5 X 18

Height of stack of transformer laminates (h):

Spe  15.21
e 3
b 7 3.8cm

Standard coil former EI 120: (b x h) = (4 cm x 4 cm)
Effective cross-section of the transformer core (EI 120 Fe 4 % Si laminate A = 0.35 mm, stacking coefficient k
= 0.96)

Sreepr = kx (bXx h) =096 x (4 x 4) = 15.36 cm?

Conclusion:

Coil Former: (4 cm x 4 cm)

EI 120 4 % Si Fe transformer laminate, A = 0.35 mm
Sreerr = 15.36 cm?

The number of turns of the Primary:

Inductance of the (1 / 2) Primary, Lp;5 :

Ru_a 56000
Ry =—5%=———=28000

b - Voltage attenuation (dB) (for example: b = - 0.1dB at f = 20Hz)

1 R, xR, 1 1 720 O x 2800 Q 1

Lpjyy = x X = x X =29.88H ~30H
PR = axaxf Ri+R, V100Tb—1 2xmx20 720Q+2800Q qpotot—1

Total inductance of the Primary: Lp =2 X Lp;; =2 x29.88H ~ 60 H

. - < 5600
94,25 — 94.25

Quick calculation of the total inductance of the Primary: Lp = =59H
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Total number of turns of the Primary:

= 2627.1 Turns

2 X Lpjp[H] X lp[cm 2%x29.88x557 x4
pralH] X Ly [em] 28923xj

=89
Np = 8923 X\] Sepslem?] x u, 15.36 % 1000

Wire diameter of the Primary winding (for J = 1.5A/mm?2):

dpmin(mm) = 1,13 x

Maximum wire diameter of the Primary winding (for Np =2628 turns):

= 0.357 mm

- Jo.zsxsw(mmZ)_ 0.28 x 1200
wp AT . N, = 2628

Standard wire diameter( dp): Cul @ 0.3mm (@ 0.355mm with insulation).

Number of turns of the Secondary (R, =4 Q and R, = 8 2):

R 4
Nscagy = Np X ,R L =2628x ’m = 70.2 Turns

Number of turns (INTEGER) of the Secondary (R, = 4 ) = 70 Turns

Number of turns of the Secondary (R, = 8 2):

‘ R ’ 8
Ns@o) = Np X |5 L =2628x oog = 99-3 Turns
a—a

Number of turns (INTEGER) of the Secondary (R, = 8R2) = 99 Turns

Saturation frequency of the Ferromagnetic core

226X Uepp X 10° 22,6 X /Pour[W] X Ru—o[Q] X 10°  22.6 X ¥20 X 5600 X 10° _ _
Foat = Sepp XN Bgs Sapr % Ny X B T T1536x2628x 16000 %

Bh,ax — maximal induction (For push-pull output transformer and 4% Si Ferro alloy: Bmax = (16000 Gs))

Checking Lp for actual number of turns of the Primary

1256 X Sepp X s, X N 1.256 x 1536 x 1000 x 2628

= = =598H
4 108 x lg, 108 x 5.57 x 4
Calculating the low cut-off frequency
Ri X R, 1 720 x 2800 1
frow(-szam = x = X =3 Hz
3 Ri+R, 2xmxLp, 720+ 2800 2><1rx(53‘8)

Winding arrangement

First design: a textbook example of transformer design
The simplest, but very effective winding arrangement is:
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ANODE First, it is necessary to adjust the number of turns of the Primary and
® Secondary (integer).
P/4 The calculated diameter of the Cu wire of the Primary is 0.3 mm, (stan-
o dard:insulated Cul @ 0.355 mm).
S/2 > . , o
¢z The maximum number of turns per layer of the Primary winding is:
<
Ccr @) .
Py P/2 7 Turn/ 097 xc 0.97 x (60 —4)
+Uab 8 Layer dw;:(smnd::r:!} dh’p{s!‘mrdam} (mm)
= = 54.32
S/2 U__‘ = 9355 oy = 15°
Number of layers:
P/4
@
ANODE Np/(Turn//ayer) =2628/153=17.17

Number of layers (First higher INTEGER) = 18

New maximum number of turns of the Primary is: (Turn / layer) x Number of layers = 153 x 18 = 2754

Since the actual number of turns of the Primary must be less than the calculated maximum number of turns of the
Primary:

Number of turns of the Primary, Np = 2700 Turns

Number of turns of the 4 2 Secondary, Ns 40 :

R [ 4
Nsamy = No X | L =2700 x o0 = 7216 Turns

Number of turns of the 4 2 Secondary, Ns ;o INTEGER: 72 Turns

Number of turns of the 8 Q Secondary, Nsgo INTEGER: 101 Turns

Winding arrangement:
18 layers of the Primary winding can be arranged as follows:

(1/4 )Primary - (1/2) Secondary - (1/4 )Primary - TAP (CT) - (1/4 ) Primary - (1/2) Secondary
- (1/4 )Primary

or: (4/18)P - S/ 2 - (5/18)P - TAP (CT) - (5/18)P - S/ 2 - (4/18)P

Winding arrangement of the Secondary:

Number of turns of one half of the 4 Q Secondary: Ns40)/ 2 = 72 / 2 = 36 Turns
It can be wound in one layer with the Cu wire (insulated) of the maximum diameter:

0.97xc" 097X (60—4) 5432

= =1.508 mm
Turn )'(Layer Turn /Layer 36

dysan (mm) =

Standard wire : Cul @ 1.4mm (insulated Cul @ 1.506 mm)
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8Q Secondary: additional winding connected in series with 42 Secondary winding. As an example, two winding meth-
od are explained:

1.  Number of turns of the additional winding is: Nsgg = Ns4 = 101 turns - 72 turns = 29 Turns

It can be wound in one layer with the Cu wire (insulated) of the maximum diameter:

097 xc  097x(60—4) 5432

=1.873 mm
Turn Turn 9
/ Layer / Layer 2

dyys(any (mm) =

Standard wire: Cul @ 1.7mm (insulated Cul @ 1.813mm)

ANODE PRIMARY SECONDARY 2. Half of the 8 Q Secondary is:
600 Turns 1/ 2 (Nsgo INTEGER =101 Turns) = 50.5 Turns
e 40
% 36 Turns An additional winding connected in series with half of
o 750 Turns the 4 Q Secondary winding is:
o T *8Q 50.5 turns - (72 /2) turns = 14.5 Turns
o 1 % 29 Turns : ) :
O +Uab
Y 5s0 Tum% Half of the additional winding (INTEGER): 14 Turns
g 36 Turns It can be wound in one layer with the Cu wire (insulated) of the
. maximum diameter:
600 Turns % COMMON d 097 x ¢ 097 x (60 — 4) 3.88
v = = = 3. mm
— (Tw‘n/ ) 14
ANODE Layer

3.88mm diameter Cu wire is very thick and difficult to wind. To avoid this problem, an additional winding (14 Turns)
can be wound with two Cul @ 1.8 mm (insulated Cul @ 1.916 mm ) wires (bifilar: parallel-winding, parallel connec-
tion).

In any case, it is necessary to check the total radial

AN 9 DR FRIMARLY BEOANDARY dimension of the windings including the insulation

s 600 Turns , between the layers of the Primary winding, between
P3 14 Turns S2add the layers of the Secondary winding and between
_ the layers of the Primary and Secondary windings.
n
36 Turns S2
750 Tur ng Insulation between the layers of the Primary wind-
G C} ings:
o] B o
S | CT - SEC C: - A= 0.05mm
O i Uabw ~
g o Insulation between the layers of the Secondary
750 Turns winding:
36 Turns S1 A; = 0.05mm
W
, i Insulation between the layers of the Primary and
P1 14 Turns Sladd Secondary windings:
;, 600 Turns
ANE)DE N; =(0.3+0.4) mm

hﬂghtwmf = nPiayers X (der'th isolation + ‘ﬂi') +nh'fayers X (ds with isolation +‘d:') 3 Np_s layers x ‘d:'i'

1. heighty,q = hg = 18 x (0.355 + 0.05) + 2 x (1.506 + 0.05) + 1 x (1.813 + 0.05) + 6 x 0.4 = 14,665 mm
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2. heightiyrq = ho = 18 x (0.355 + 0.05) + 2 x (1.506 + 0.05) + 2 x (1.916 + 0.05) + 4 x 0.4 = 15.934 mm
# Condition: hy < h, = a - s must be fulfilled: 14.665 < 20-2.5=17.5mm and 15.934 < 20-2.5=17.5mm
Calculation of mean length per turn (%, ):

fr=2xh+ mxhy+2xb+4x5s=2%x404+314x15934+2x40+4x2=218mm =0.218m

Wire length of the primary winding:
fwp = Np X £, =2700 X 0.218 = 588.6 m

Wire length of the 4 2 secondary:
Cuagy = Nsap, X €, =72% 0218 =15.69m

Wire length of the additional winding:

wadd = Nsgadag X €6 =29%0218=63m

DC resistance of the winding (Rc..q4c):

R _ x4x~£’w
c—pc =P % dz

p - specific resistance of the wire (Cu wire, p = 0.0175 ﬂ%)

13 588,
DC resistance of the Primary winding: Rp_pc = p X :2:;; =0.0175 % % =145.7Q

. . . 3 _ Axdy Ax15.69 B
DC resistance of the 4Q Secondary winding: Rsg_pc = p X —a 0.0175 x i 0.177 Q

DC resistance of the additional winding:

1. Raga-pc = (P X %J = (0.0175 x —=£3_) = 0,0486 0

3.14x1.72

An additional winding is connected in series with the 492 Secondary section, so the DC resistance of one 892
Secondary section is: Rgo-pc = Ruo-pc+ Raqg =0.177 Q + 0.0486 Q = 0.225 Q.

4y, 4x6.3

1 1
2. Raga-pc =5 X (p X mz) ==X (0.0175 X —2=) = 0.021 0

An additional winding is connected in series with the 42 Secondary section, so the DC resistance of one 82
Secondary Section /S RSQ-DC = R4Q=dc + RSQ add = 0177 Q + 0021 Q = 0198 Q

Calculation and checking of copper (Cu) losses in transformer windings:

Cu loss in Primary winding:

RP(c—DC) 145.7
0, = — — 0,
Pp_cu 10ss(70) = 100 X C—— 100 X e =2.53%
Cu loss in Secondary winding:
Rs(;_-_nc) _ 0.177

0 = _— —_— = 10,
Psan_cutoss(%) = 100 X Rscoooc, + Rs 100 % 0177+ 4 4.2%
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Cu loss in 892 Secondary winding:

Rseney 0.225

Penor (%) =100 X ——————=100 X ———— = 2.7 %
s80-cu toss (%) Rs(c-pcy + Rs % 0.225+8 =

and
P (‘V)—lOOXM_IOOXﬂ_Z‘}W
$80—Cu loss\ /0 = Rs(c—pey + Rs - 0198+8 <7

Total Cu loss (for 42 Secondary):

Ploss (%) = Pp_cutoss(%) + Ps_1ss(%) =2.53+ 4.2 =6.73% < 10 %

Total Cu loss (for 82 Secondary):
Pcu loss (%) = PP—cu tnss(ﬂ/ﬁ] & PS—L‘I.[ iass({}r’f}) =253+2.7=523% <10%
and

Pc‘u Iass(%‘) = PP-CII !uss(%) + PS-CH foss({}{l] = 253 + 24‘ = 493 % < 10 nf{i

Check the inductance of the primary winding (Lp ):

_ 1.256 X S.¢p X 1, X N _ 1.256 x 15.36 x 1000 x 27002

L= 10° x Ip, = 10° X557 X 4 e

Calculating f,, (-348) (for calculated Lp ):

(2X Ri+ Ro_pc) X Ria—a _ (2 X 720+ 145.7) X 5600
2X R +Rp_pc +Rigu 2 x720+ 1457 + 5600

a= =1235.702

R, 1235.7

Jiw= 53 axL, 2x314x63 > 12Hz

Calculating f¢, :

S TN WY
feo=Fxaxl, zx3itxxes  +15HZ

Calculating saturation frequency fs; :

22.6 X Uypp X 10° 226 X \[Poyr[W] X Ry _o[0] X 10° _ 22.6 X V20 X 5600 X 10°
Seff X Np X Brnax Serf X Np X B may T 715.36 x 2700 X 16000

=11.4 Hz

sat =

Bhax — maximal induction (For push-pull output transformer and 4 % Si Ferro alloy: Bpax = (16000 Gs))

Calculation of the lowest frequency at which the induction does not exceed 8000 Gauss (linear part of the
BH curve - low harmonic distortion):

a Uesy X 108 _ 10°x/Poyr XRye 10% x /20 x 5600 — BT
feooo69) = Taax Bac X Np X Spe,., 444 X Bpg X Np X Spe,,. 444 x 8000 x 2700 x 1536  ~ z

Bac (at 20Hz) = 9000 Gauss
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Leakage inductance and high cut-off frequency:

0.417 X Np* X Iy X [(2 X np_s X Aii) + heorail
10° xnZ_, xc"

S=

0.417 x 27002 x 178 x [(2 x 4 x 0.4) + 15.934]
10% x 42 x 56

Ly = =0.011H =11 mH

Rp =2 XR;+ Rp_pc + Riu_q = 2 X 7200 + 145.70 4 560002 = 7185.7 2

Ry 7185.7
2mx Ly 2 x3.14 x0.011

f(—3aBynigh = = 104019 Hz

In this example, a simple (“classic”) construction of a Push Pull output transformer is described. A standard EI 120 coil
former (4 x 4) cm is used which can be easily found on the market. Other materials required for making transformer
(transformer laminates, Cu wires and insulating foils) are standard and also easily available on the market. The winding

process is also simple. Despite the simplicity of the construction, the performance of this PP output transformer is very
good.

14@ 130T Cul 0 3mm ., P1: (1 - 2), 4 Layers, 150 Turns per layer
S— i003mm _ _ (Total: 600 Turns), Cul 0.3mm
L Ofoctﬁiim Insulating Foil 0.05mm between layers
|-_ _ 130T Cul 0. fmzu;; ii: Insulating Foil 0.4mm
i 0.05mm
138 o_:_:;_l 50T Cul 0 3mm 51: (3 - 4). 1 Layer 36 Turns Cul 1.4mm
i 0.4mm s s : :
e O;ﬁlﬂmﬂﬂ — ol2 ii: Insulating Foil 0.4mm
— 170;%:1%_ — P2/ 2:(5 - 6), 5 Layers. 150 Turns per layer
i 5 Ugmmmm 10 (Total: 750 Turns), Cul 0.3mm
~ "150T Cul 0. 3&5;:_ Insulating Foil 0.05mm between layers
1 0.05mm - : -
- ;}j 50T Cal 03mm ii: Insulating Foil 0.4mm
___ i00%mm _ _ Sadd: (7 - 8), 1 Layer 29 Turns Cul 1.7mm
150T Cul 0.3mm
~ _i005mm ii: Insulating Foil 0.4mm
150T Cul 0.3
S O~ === — P2/2:(9 - 10), 5 Layers, 150 Turns per layer
29T Cull7mm (Total: 750 Turns), Cul 0.3mm
~ ii04mm Insulating Foil 0.05mm between layers
150T Cul 0.3mm 6
~ i0.05mm ii: Insulating Foil 0.4mm
150T Cul 0.3:
0 o»:mmm 82: (11 - 12), 1 Layer 36 Turns Cul 1.4mm
~ 1507 Cul 0.3mm _ ii: Insulating Foil 0.4mm
"~ 10.0%mm il
T {507 Cal 0.3mm P3: (13 - 14). 4 Layers, 150 Tums per layer
10 05mm = (Total: 600 Turns), Cul 0.3mm
5@ ym 2201 Cul 0.3mm Insulating Foil 0.05mm between layers
—__#04mm
3 QeI g4 PRIMARY
Y
CONNECT (2-5)
CONNECT (6-9)
CONNECT (10-13)
180T Gl 03 ®_ 1
e O-c> —
[ moncore | SECONDARY
COMMON | 3
E’OHICTEO 3qu’1 12FO o4 CONNECT (4-11)
aminate: 0.35mm Fe 4% Si
Coil Former: (40 x 40) mm 402 ) CONNECT (7-12)
80 8
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Iron Core: E/I120
Laminate: 0.35mm Fe 4% Si
Coil Former: (40 x 40) mm

000000000000000000000000000000000000000000

COCCCOOOOOOOOO000000000000

e e e e e e e e e e e e e e e e e e e e e e e e el e e e e e e e e e e e e eeTe}
000000000000000000000000000000000000000000

0000000 O0Doo000

oo oo Soooooooooon
[T-T:T

LI,
22
e eEleleeelelelelelele]

jejelelelelelelele]

e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e eeTeTe}
000000000000000000000000000000000000000000

P1: (1 - 2), 4 Layers, 150 Turns per layer
(Total: 600 Turns), Cul 0.3mm
Insulating Foil 0.05mm between layers

i1: Insulating Foil 0.4mm

51: (3 - 4). 1 Layer 36 Turns Cul 1.4mm

ii: Insulating Foil 0.4mm

P2/2:(5-6), 5 Layers, 150 Turns per layer

(Total: 750 Turns), Cul 0.3mm
Insulating Foil 0.05mm between layers

ii: Insulating Foil 0.4mm

Sadd: (7 - 8), 1 Layer 29 Turns Cul 1.7mm
ii: Insulating Foil 0.4mm
P2/2:(9-10), 5 Layers, 150 Turmns per layer

(Total: 750 Turns), Cul 0.3mm
Insulating Foil 0.05mm between layers

ii: Insulating Foil 0.4mm
82: (11 - 12), 1 Layer 36 Turns Cul 1.4mm
ii: Insulating Foil 0.4mm

P3: (13 - 14). 4 Layers, 150 Turns per layer
(Total: 600 Turns), Cul 0.3mm
Insulating Foil 0.05mm between layers

PRIMARY

@— 1

CONNECT (2-5)

CONNECT (6-9)

CONNECT (10-13)
14

SECONDARY

oo |3

CONNECT (4-11)
(4 Q] CONNECT (7-12)

8
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12—y

10®

=013

‘e

T®

i0.05mm 3

Q=i

je

O 6

i |:> 01

2e

le

g
c)_I:bld(]'[' Cul 0.3mm

| IRON CORE |

Iron Core: E/I120
Laminate: 0.35mm Fe 4% Si
Coil Former: (40 x 40) mm

P1: (1 - 2), 4 Layers, 150 Turns per layer
(Total: 600 Turns), Cul 0.3mm
Insulating Foil 0.05mm between layers

ii: Insulating Foil 0.4mm

Sladd: (3 - 4), 1 Layer 14 Turns 2 x Cul 1.8mm
1: Insulating Foil 0.05mm

51:(5 - 6), 1 Layer 36 Turns Cul 1.4mm

11: Insulating Foil 0.4mm

P2:(7-8-9), 10 Layers (5 + 5), 150 Tums per
layer
(Total: 1500 (750 4+ 750) Turns), Cul 0.3mm
(5 Layers, TAP(8), 5 Layers)
Insulating Foil 0.05mm between layers

ii: Insulating Foil 0.4mm

S2:(10 - 11), 1 Layer 36 Turns Cul 1.4mm

i: Insulating Foil 0.05mm
$2add: (12 - 13), 1 Layer 14 Turns 2 x Cul 1.8mm
ii: Insulating Foil 0.4mm

P2/2:(9 - 10), 5 Layers, 150 Turns per lay,,
(Total: 750 Turns), Cul 0.3mm
Insulating Foil 0.05mm between layy.

ii: Insulating Foil 0.4mm
82:(11-12), 1 Layer 36 Turns Cul 1.4mm
ii: Insulating Foil 0.4mm

P3: (14 - 15), 4 Layers. 150 Turns per layer
(Total: 600 Tums), Cul 0.3mm
Insulating Foil 0.05mm between layers

PRIMARY

(:}—— 1
CONNECT (2-7)

GED—— TAP (8)

<:}—— 15

CONNECT (9-14)
SECONDARY

CONNECT (4-5)
@ i CONNECT (6-10)

3

CONNECT (11-12)
13
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Iron Core: E/I1120
Laminate: 0.35mm Fe 4% Si
Coil Former: (40 x 40) mm

Qoo00O00000000000000000R000RO00000000Q0000
Do0000o000 00000000 000000000000 000000000000

Q0OO00o0O0000000

COOCDOCo0C00C0000000000000

LT L L LT L L L LT LT T T
Q0000000000 0000000000000R00

0000000000000

Qoo 00 0000000000000 0O00D00ROO00D00n0Q
0000000000000 00000000000000000000000000000

PRIMARY

C)—— 1

CONNECT (2-7)

GED—— TAP (8)
CONNECT (9- 14)
()—— 15

SECONDARY

e O]

H

3

CONNECT (4-5)

CONNECT (6 - 10)

i

CONNECT (11-12)

Push Pull Output

POUT = 20 W
R (-5) = 5600 Q
R, =49, 8Q

# For example, it can be used in PP output stage with 2 x WE 300B ( Uz, = 350V, Uy = 71V, I; = 80mA, R; =720 Q)

13

Transformer:

Coil Former: (4 cm x 4 cm)
EI 120 4 % Si Fe transformer laminate, A = 0.35 mm
SFe eff = 15.36 cm?

® 264

P1:(1 - 2), 4 Layers, 150 Turns per layer
(Total: 600 Turns), Cul 0.3mm
Insulating Foil 0.05mm between layers

i1: Insulating Foil 0.4mm

Sladd: (3 - 4). 1 Layer 14 Turns 2 x Cul 1.8mm
i: Insulating Foil 0.05mm

S1: (5 - 6), 1 Layer 36 Turns Cul 1.4mm

ii: Insulating Foil 0.4mm

P2:(7-8-9), 10 Layers (5 + 5), 150 Turns per
layer
(Total: 1500 (750 + 750) Turns), Cul 0.3mm
(5 Layers, TAP(8), 5 Layers)
Insulating Foil 0.05mm between layers

ii: Insulating Foil 0.4mm

$2:(10 - 11), 1 Layer 36 Turns Cul 1.4mm

i: Insulating Foil 0.05mm

S2add: (12 - 13). 1 Layer 14 Turns 2 x Cul 1.8mm
i1: Insulating Foil 0.4mm

P2/2:(9 - 10), 5 Layers, 150 Turns per layg,
(Total: 750 Turns), Cul 0.3mm
Insulating Foil 0.05mm between lay, g

i1: Insulating Foil 0.4mm
S2:(11 - 12), 1 Layer 36 Turns Cul 1.4mm
i1: Insulating Foil 0.4mm

P3:(14 - 15), 4 Layers, 150 Turns per layer
(Total: 600 Turns), Cul 0.3mm
Insulating Foil 0.05mm between lavers
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Number of turns of the Primary winding: 2700 Turns Cul @ 0.3 mm
Number of turns of the 42 Secondary winding: 72 Turns Cul @ 1.4 mm
Number of turns of the 82 Secondary winding: 101 (100) Turns
Inductance of the Primary winding: Lp = 63 H

DC resistance of the Primary winding: Rp _ pc = 145.7

Leakage Inductance: 11 mH

feo = 14.15 Hz

fsor = 11.4 Hz

frow (-308) = 3.08 Hz

Push Pull Output Transformer - Improved AC and DC Symmetry

ANODE' PRIMARY Example (cont.)
‘ 438 Turns P]j
" Push Pull Output transformer
g SECONDARY . Pour = 20 W
= ry R (a-a) - 5600 Q
¥ 438 Turns P2§ S'add 14 Turns R, =48, 8Q
2]
r'l, Transformer laminate EI 120 Fe 4 % Si A = 0.35mm
& 3 .
| o 438 Turns P3§ - Coil former (4 x ‘,’) cm split n.rto two equal parts
G | Transformer effective cross-section
CT - 2
e SRR g g Sreerr = 15.36 cm
O +Uab Np = 2628 Turns, Cul @ 0.3 mm
"f‘ £ 438 Turns P3 S2 35 Turns Ns 40 = 70 Turns, Cul @ 1.3 mm
‘5 NS 8n = 98 TUrnS
: (additional coil 14 Turns
| A 2 x Cul @ 1.7 mm, bifilar))
— 438 Turns P2 Sadd 14 Turns
& :
| Do
[« 9
438 Turns Pl
ANODE

The Primary winding is split into two equal parts also:
P/2=P /2=Np/2 = 2628/2 = 1314 Turns

The each half of the Primary winding is split into three equal sections connected in series:
P1=P2=P3(P1’=P2’=P3): (Np/2)/3=1314 / 3 = 438 Turns

Each section of 438 turn is wound in six layers of 73 turns with wire Cul @ 0.32 mm.

The beginnings of the halves of the Primary winding (P / 2 and P’/ 2) are connected together and this
is the middle point of the Primary (CT — U_p).

The ends of the halves of the Primary winding are the connections for the anodes of the output tubes.

The Secondary winding is split into two equal parts connected in series:
Ns4§2/ 2 =70 / 2 = 35 Turns

Each of the two halves of the secondary is wound in two sections connected in parallel. Each section of 35
turns is wound in two layers with wire Cul @ 1.3 mm: (18 + 17) turns = 35 turns.

The beginnings of the halves of the Secondary winding are connected together (CT - Sec).

The ends of the halves of the Secondary winding are the connections for the 4  load.
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e An additional winding is connected in series with each half of the 4Q Secondary. Each additional winding
of 14 turns is wound in two layers with two wires Cul @ 1.7 mm (bifilar: parallel-winding, parallel
connection):

(7 + 7) turns = 14 turns.

e The ends of the halves of the additional winding are the connections for the 8 2 load.
¢ Insulation foil between P layers: # 0.05 mm; Insulation foil between S layers: # 0.05 mm.

e Insulation foil # 0.4 mm is placed between Primary and Secondary sections.

ANODE ANODE'

O Q
P3 438 Turns Cul 0.3mm pP3' 438 Turns Cul 0.3mm

(6 Layers x 73 Tums) (6 Layers x 73 Tums)

g dd14Tum52xCull.?mm S' dd14Tums2xCull.?mm
a ( 2 Layers x 7 Turns ) a [ 2 Layers x 7 Tums )

3% Tums Cul 1.3mm v 35 Tums Cul 1.3mm
52 (2 Layers (18+17) Turns) 52 (2 Layers (18+17) Turns)

P2 438 Turns Cul 0.3mm PEI 438 Turns Cul 0.3mm
(6 Layers x 73 Tums) (6 Layers x 73 Tums)

<1 35 Turns Cul 1.3mm s1' 35 Turns Cul 1.3mm
(2 Layers (18-+17) Turns) (2 Layers (18+17) Turns)

P1 438 Turns Cul 0.3mm Pl 438 Turns Cul 0.3mm
(6 Layers x 73 Tums) (6 Layers x 73 Tums)

:

CT
Uab

Winding procedure
Winding starts with winding the first half of the transformer:

Winding is carried out on one half of the coil former.

e 266

e Winding the first section of the Primary, P1: 438 turns wound in 6 layers (73 turns per layer).
Wire: Cul @ 0.3 mm.
Insert one layer of insulating foil # 0.05 mm between the layers of wire.
Finish the section with # 0.4 mm insulating foil.
e Winding continue with winding the first section of the Secondary, S1: 35 turns wound in 2 layers
((18 +17) turns). Wire: Cul @ 1.3 mm.
Insert one layer of the insulating foil # 0.05mm between the layers of wire.
Finish the section with # 0.4mm insulating foil.
e Winding the second section of the Primary, P2: 438 turns wound in 6 layers (73 turns per layer).
Wire: Cul @ 0.3 mm.
Insert one layer of insulating foil # 0.05 mm between the layers of wire.
Finish the section with # 0.4 mm insulating foil.
e Winding the second section of the Secondary, S2: 35 turns wound in 2 layers
((18 +17) turns). Wire: Cul @ 1.3 mm.
Insert one layer of the insulating foil # 0.05mm between the layers of wire.
Finish the section with # 0.4 mm insulating foil.
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e Winding the additional winding, S,qq : 14 turns wound in 2 layers (7 turns per layer).

Wire: TWO wires Cul @ 1.7 mm (bifilar: parallel-winding, parallel connection).

Insert one layer of the insulating foil # 0.05mm between the layers of wire.

Finish the section with # 0.4 mm insulating foil.

Winding the third section of the Primary, P3: 438 turns wound in 6 layers (73 turns per layer).
Wire: Cul @ 0.3 mm.

Insert one layer of insulating foil # 0.05 mm between the layers of wire.

Finish the section with # 0.4 mm insulating foil.

Connect the Secondary sections S1 and S2 in parallel:

Connect all the beginnings of the Secondary sections together.

Connect all the ends of the Secondary sections together.

(Parallel connected Secondary sections S1 and S2 form half of the 4 2 Secondary winding).
Connect the beginning of the additional winding to the end of the half of the 4 Q Secondary winding
explained above.

Connect the end of the first Primary section to the beginning of the second Primary section.
Connect the end of the second Primary section to the beginning of the third Primary section.

Rotate the coil former 180° and wind the second half of the transformer repeating the procedure of wind-
ing the first half of the transformer explained above.
(*The windings and sections of the second half of the transformer are denoted by the suffix “ * “).

e Connect the beginning of the first half of the Primary (beginning of the section P1) and the beginning
of the second half of the Primary (beginning of the section P1’) - this is the middle point of the push-
pull output transformer (CT = Ugp).

e Connect the beginning of the first half of the 4 2 Secondary (connected beginnings of the sections
S1 and S2) and the beginning of the second half of the 4  Secondary (connected beginnings of the
sections S1” and S2°).

e The ends of the halves of the 4  Secondary are the connections for the 4 £ load (loudspeaker).

e The ends of the additional windings (ends of the sections S,,q4 and S’.4y ) are the connections for the
8 Q load (loudspeaker).

® EI 120 4 % Si Fe transformer laminate. Laminate thickness: 0.35 mm.
e Stack the E laminates in the opposite direction piece by piece.

e Insert I laminates between E laminates.
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Iron Core: E/I1120
Laminate: 0.35mm Fe 4% Si

Coil Former: (40 x 40) mm Z

Split in two equal parts
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00000000
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COOD00000D00000D000 00000000 000000000000 000
GG00000G600000600000000000006000006000006058

SO0 000 0000000000000 0000000000000000000
806060000060000000000000000060000000000000
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COOOOOCO00O00000000

DO00000 000000 0000000000000 0000000000000
GOO0000000000000000000000000000000600000000
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QOOD OO0 oD 000000000 000000 00000000000000000
GO0000000000000000000000060000000000060808

0000000000000 000

QOO0 0D 000000 000000000000 000N 00000D00 000000
OO0000000000000000000000000000000000060500

e 268

PRIMARY

12

CONNECT (6-11)

CONNECT (2-5)

CONNECT (1-1")

CONNECT (2'-5")

CONNECT (6'-11")

12

SECONDARY

10

CONNECT (4-8-9)

CONNECT (3-7-3'-T7")

CONNECT (4'-8'-9")

10'

10’

—a 0

L 23

—nt'

o4

——3



Chapter 5 e Transformers

P1 (1-2): 6 Layers, 73 Turns per layer (Total: 438 Turns) | Calculated and expected:

Cul @ 0.3mm
Insulating Foil 0.05mm between layers Push Pull Output Transformer (PP OT)
ii: Insulating Foil 0.4mm Pour = 20W
R (5-5) = 560082
S1(3-4): 2 Layers, (18 + 17) Turns (Total 35 Turns (a-a)
( ) yers, ( ) Turns ( urns) R, = 49, 8Q

Cul @ 1.3mm

Insulating Foil 0.05mm between layers
g Y Coil Former: (4cm x 4cm)

ii: Insulating Foil 0.4mm
EI 120 4 % Si Fe transformer laminate,

P2 (5 -6 ): 6 Layers, 73 Turns per layer (Total: 438 Turns) A =0.35mm
Cul @ 0.3mm Sreerr = 15.36 cm?
Insulating Foil 0.05mm between layers

Number of turns of the Primary:
ii: Insulating Foil 0.4mm 2628 turns . Cul @ 0.3mm

S2 (7 -8): 2 Layers, (18 + 17) Turns (Total 35 Turns)
Cul @ 1.3mm
Insulating Foil 0.05mm between layers

Number of turns of the 42 Secondary:
70 turns. Cul @ 1.3mm

Sadd (9 - 10): 2 Layers, 7 Turns per layer Number of turns of the 8Q Secondary:
(Total: 14 Turns) 98 Turns

2 x Cul @ 1.7mm (bifilar)

Insulating Foil 0.05mm between layers Inductance of the Primary: Lp = 59.68 H

ii: Insulating Foil 0.4mm

DC resistance of the Primary winding:

P3 (11 -12): 6 Layers, 73 Turns per layer Rp_pc =138.8 2
(Total: 438 Turns)
Cul @ 0.3mm fco = 14.9 Hz

Insulating Foil 0.05mm between layers

fsat =11.7 Hz

The second half of the transformer ( * ) is IDENTICAL to the first half
fLOW (-3dB) = 3.2 Hz

# Modified versions of the above transformer

1. POUT =20 W, R(a.a) = 5600 Q,
RL =40

The design of the transformer is similar to the above and differs in that the additional windings (Saqq @and S’aqq )
are not wound.

2. POUT =20 VV, R(a-a) = 5600 _Q,
RL =80

The design of the transformer is similar to the above and differs in that the additional windings (Szqq and
S’.qq ) @re not wound and instead of four sections of the 4 Q Secondary (35 Turns in two layers), four sec-
tions of the 8 2 Secondary are wound. Each section: 49 turns wound in two layers with wire Cul 0.95mm.
Connecting the sections of the 8 2 Secondary is identical to connecting the sections of the 4 Q Secondary
explained above.

The purpose of the text above is to illustrate that there are many ways of winding techniques for PP transformers.

The choice of winding arrangement and general construction of the PP output transformer depends on the design re-
quirements and the technical knowledge and skill of the output transformer designer.
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Ultra Linear PUSH PULL Output transformer

Some of the basic technical requirements that must be considered when designing a UL PP transformer
e The inductive coupling of the screen grid (g2) and the anode of the same tube has to be tighter
than the inductive coupling of the screen grid (g2) and the anode of the other tube of the
output stage.

e The capacitive coupling of the screen grid (g2) of one tube and the anode of the other tube
must be as low as possible.

e The leakage inductance between the anode and screen grid of the same tube must be as low
as possible.

e The capacitances between the anodes and screen grids to the earth must be as low as possible.

Output Transformer
Type: Ultra Linear PUSH PULL

Rp = 6600 Q
Ultra Linear Tap: 43 %
Rs=4Q,8Q

Pout = (35 + 40) W

Iron Core: EI 120 # 0.35 mm Fe 4% Si laminate
Coil Former: ( 40 x 50 ) mm split in two equal parts
Number of turns of the Primary, Np = 2760

Number of turns of the 4 2 Secondary, Ns;o = 68
Number of turns of the 8 2 Secondary, Nsgg = 96,

Winding arrangement

Py ( 6 layers x 77 Turns = 462 Turns Cul @ 0.265 mm ) - S; ( 2 layers: 17 + 17 = 34 Turns Cul @ 1.32 mm ) -
P, ( 2 layers x 66 Turns = 132 Turns Cul @ 0.315 mm - UL Tap + 4 layers x 81 Turns = 324 Turns Cul @ 0.265
mm, Total: 456 Turns) - S, (2layers: 17 + 17 =34 Turns Cul @ 1.32 mm ) + Szqq( 2 layer: 7 + 7 = 14 Turns
2 x Cul @ 1.7 mm (bifilar)) - Pz ( 6 layers x 77 Turns = 462 Turns Cul @ 0.265 mm )

Py’ ( 6 layers x 77 Turns = 462 Turns Cul @ 0.265 mm ) - S;’ (2 layers: 17 + 17 =34 Turns Cul @ 1.32 mm ) -
Py’ ( 2 layers x 66 Turns = 132 Turns Cul @ 0.31 5mm - UL Tap + 4 layers x 81 Turns = 324 Turns Cul @ 0.26
5mm; Total: 456 Turns) — Sy’ (2 layers: 17 + 17 =34 Turns Cul @ 1.32mm ) + S’ 44 ( 2 layer: 7 + 7 = 14 Turns
2 x Cul @ 1.7 mm (bifilar)) - P3’ ( 6 layers x 77 Turns = 462 Turns Cul @ 0.265 mm )

Expected DC Resistance of the windings:

SCHEMATIC
Rpc-p =207 £2; (Rpc-p;» =103.52)
ANODE RZZ. _;g = 0.0966 .QDC 7
Cu loss:
UL(g2)e ETY ® Po cyioss = 3.04 %
CT(+Uab) (4/8)Q2 Ps40 cu toss = 2.36 %
43 % Protal cu loss = 54 %0
UL(g2)e ®
Fs = 12.5Hz
ANODE F—3dB =42 Hz
RA_A=6600Q L, =84H
UL(g2)TAP=43%
' Gro = 3.3 kg
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ELECTRIC DIAGRAM

ANODE <
P3
s Sadd 802
L
S2 O ’
1
UL (g2) o 40 STadd $2' P2' S1' 2
S1 !
' NP
C.T. (+Uab)
ot O
L1
s1' M N il
400 P31/t ANM\P1 U | LV
g2 | \ O )
g oSadd — Sadd S2 P2 S| )
P3
ANODE
Winding procedure

Winding starts with winding the first half of the transformer:
Winding is carried out on one half of the coil former.

Winding the first section of the Primary (P1) with wire Cul @ 0.265 mm. It has 462 turns wound in 6 layers
of 77 turns each. (The beginning is marked with [1], the end of the winding is marked with [2]).

Insert one layer of insulating foil # 0.05 mm between the layers of wire.

Finish the section with # 0.4 mm insulating foil.

Winding continues with winding the first section of the Secondary (S1) with wire Cul @ 1.32 mm. It has 34
turns (17 +17) turns wound in two layers. (The beginning of the winding is marked with [3], the end of
the winding is marked with [4]).

Insert one layer of the insulating foil # 0.05 mm between layers of wire.

Finish the section with # 0.4mm insulating foil.

Winding the second section of the Primary (P2): 2 layers of 66 turns each (total: 132 turns), wire:

Cul @ 0.315 mm, make a TAP (UL) and continue winding 4 layers of 81 turns each (total 324 turns), wire:
Cul @ 0.265 mm. (The beginning of the winding is marked with [5], Tap is marked with [6], the end of the
winding is marked with [7]).

Insert one layer of the insulating foil # 0.05 mm between layers of wire.

Finish the section with # 0.4mm insulating foil.

Winding the second section of the Secondary (S2) with wire Cul @ 1.3 mm. It has 34 turns (17 +17) turns
wound in two layers. (The beginning of the winding is marked with [8], the end of the winding is marked
with [9]).

Insert one layer of the insulating foil # 0.05mm between layers of wire.

Winding additional winding (Sa44) with TWO wire Cul @ 1.7 mm (bifilar). It has 14 turns (7 + 7) turns
wound in two layers. (The beginning of the winding is marked with [10], the end of the winding is marked
with [11]).

Insert one layer of the insulating foil # 0.05 mm between layers of wire.

Finish the section with # 0.4 mm insulating foil.

Winding the third section of the Primary (P3) with wire Cul @ 0.265 mm. It has 462 turns wound in 6
layers of 77 turns each. The beginning of the winding is marked with [12], the end of the winding is
marked with [13]).

Insert one layer of the insulating foil # 0.05 mm between the wire layers.

Connect the beginning of the Secondary section S1 [3] and the beginning of the Secondary section S2 [8].
Connect the end of the Secondary section S1 [4] and the end of the Secondary section S2 lead [9].
Connect the beginning of the additional section S,y [10] and the ends of the Secondary sections S1 and
S2, [4] and [9].

Connect the end of the first Primary section (P1) [2] with beginning of the second Primary section (P2)
[5]. Connect the end of the second Primary section (P2) [7] with beginning of the third Primary section
(P3) [12].
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Rotate the coil former 180° and wind the second half of the transformer repeating the procedure of wind-
ing the first half of the transformer explained above.
(*The windings and sections of the second half of the transformer are denoted by the suffix “ * *).

e Connect the beginning of the first half of the Primary (beginning of the section P1) [1] and the
beginning of the second half of the Primary (beginning of the section P1’) [1] — this is the middle
point of the push-pull output transformer (CT — Uzp).

e The ends of the halves of the Primary (end of the section P3 [13] and end of the section P3’ [13’]) are
the connections for the anodes of the output tubes.

e The UL TAPs ([6] and [6°]) are the connections for the screen grids of the output tubes.

e Connect the beginning of the first half of the 4 2 Secondary (connected beginnings of the sections S1
and S2) [3] and [8] and the beginning of the second half of the 4 2 Secondary (connected beginnings
of the sections S1” and S2°) [3’] and [8].

e The ends of the halves of the 4 2 Secondary (connected [4] and [9] and connected [4'[ and [9’]) are
the 4 Q (loudspeaker) load connections.

e The ends of the additional windings (ends of the sections S,yq and S’,q4 ) [11) and [11°] are the 8
(loudspeaker) load connections.

® ET 120 4 % Si Fe transformer laminate. Laminate thickness: 0.35 mm.
e Stack the E laminates in the opposite direction piece by piece.
e Insert I laminates between E laminates.

ANODE ANODE'
o O
P3 462 Turns Cul 0.265mm , 462 Turns Cul 0.265mm
(6 layers x 77 Turns) P3 (6 layers x 77 Turns)
8QC Q8 Q
14 Turmns 2 x Cul 1.7mm 14 Tumns 2 x Cul 1.7mm
Sadd (2 Layers x 7 Tumns) S'add (2 Layers x 7 Turns)
4Q0 04 Q
<2 34 Turns Cul 1.32mm ;34 Turns Cul 1.32mm
(2 Layers x 17 Turns) S2 (2 Layers x 17 Turns)
324 Tumns Cul 0.265mm 324 Tums Cul 0.265mm
UL TAP P2 (4 Layers x 81 Turns) P2 (4 Layers x 81 Turns) UL TAP
O 132 Tumns Cul 0.315mm 132 Turns Cul 0.315mm O
(2 Layers x 66 Turns) (2 Layers x 66 Turns)
51 34 Turns Cul 1.32mm g7 34 Turns Cul 1.32mm
(2 Layers x 17 Turns) (2 Layers x 17 Turns)
P1 462 Turns Cul 0.265mm , 462 Turns Cul 0.265mm
(6 layers x 77 Turns) Pl (6 layers x 77 Turns)
CT
Uab
CT
SEC
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P1 (1-2): 6 Layers, 77 Turns per layer (Total: 462 Turns)
Cul @ 0.265mm
Insulating Foil 0.05mm between layers

ii: Insulating Foil 0.4mm

S1 (3 -4): 2 Layers, 17 Turns per layer (Total: 34 Turns)
Cul @ 1.32mm
Insulating Foil 0.05mm between layers

ii: Insulating Foil 0.4mm

P2 (5-6-7): 2 Layers, 66 Turns per layer (Total: 132 Turns)
Cul @ 0.315mm
Make UL Tap [6]
Continue winding
4 Layers, 81 Turns per layer (Total: 324 Turns)
Cul @ 0.265mm
Insulating Foil 0.05mm between layers

ii: Insulating Foil 0.4mm

S2 (8 -9): 2 Layers, 17 Turns per layer (Total 34 Turns)
Cul @ 1.32mm
Insulating Foil 0.05mm between layers

Sadd ( 10 - 11 ): 2 Layers, 7 Turns per layer (Total: 14 Turns)
2xCul @1.7mm
Insulating Foil 0.05mm between layers

ii: Insulating Foil 0.4mm

P3 (12 - 13): 6 Layers, 77 Turns per layer (Total: 462 Turns)
Cul @ 0.265mm
Insulating Foil 0.05mm between layers

The second half of the transformer ( * ) is IDENTICAL to the first half

Calculated and Expected:

Ultra linear Push Pull Output transformer
Poyr = (35 ... 40) W
R (2-a) = 6600 Q

UL Tap = 43 %

R =49, 80

# Can be used in UL PP amplifier with 2 x

KT88, 2 x EL34

Coil Former: (4cm x 5cm)
split in two equal parts

EI 120 4 % Si Fe transformer laminate,
A =0.35mm

Sreerr = 19.2 cm?

Number of turns of the Primary:
2760 Turns Cul @ 0.265mm

Number of turns of the 4 2 Secondary:
68 Turns Cul @ 1.32mm

Number of turns of the 8 2 Secondary:
96 Turns

Inductance of the Primary: Lp = 82.45 H

DC resistance of the Primary winding:
Rp dc = 2 04 Q

Total Cu loss: 5.5 %
fCO = 12.75 Hz

12.8 Hz

fsat

fLOW (-3dB) = 4.96 Hz

A few more examples of the most commonly used Push Pull Output Transformers

I. Output Transformer
Type: Ultra Linear PUSH PULL

Rp = 8000 Q
Ultra Linear Tap: 43 %
Rs=4Q,8Q

Pout = (35 ... 40) W
# For example, it can be used in PP output stage with 2 x KT88

Iron Core: EI 120 # 0.35 mm Fe 4 % Si laminate
Coil Former: ( 40 x 50 ) mm split in two equal parts
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Number of turns of the Primary, Np = 2792
Number of turns of the Secondary, Ns,q = 62
Number of turns of the Secondary, Nsgo = 88

Winding arrangement:

Py ( 6 layers x 79 Turns = 474 Turns Cul @ 0.265 mm ) - S; (2 layers: 15 + 16 = 31 Turns Cul @ 1.32 mm ) -

P, ( 2 layers x 66 Turns = 132 Turns Cul @ 0.315 mm - UL Tap + 4 layers x 79 Turns = 316 Turns Cul @ 0.265
mm; Total: 448 Turns) - S, (2 layers: 15 + 16 = 31 Turns Cul @ 1.32 mm ) + Szqq (2 layers: 6 + 7 = 13 Turns
2 x Cul @ 1.7 mm (bifilar) ) — P3 (6 layers x 79 Turns = 474 Turns Cul @ 0.265 mm)

Py’ ( 6 layers x 79 Turns = 474 Turns Cul @ 0.265 mm ) - S;’ (2 layers: 15 + 16 = 31 Turns Cul @ 1.32 mm ) -
Py’ ( 2 layers x 66 Turns = 132 Turns Cul @ 0.315 mm - UL Tap + 4 layers x 79 Turns = 316 Turns Cul @ 0.265
mm; Total: 448 Turns) - Sy” (2 layers: 15 + 16 = 31 Turns Cul @ 1.32mm ) + Szqq (2 layers: 6 + 7 = 13 Turns
2 x Cul @ 1.7 mm (bifilar)) - P3’ (6 layers x 79 Turns = 474 Turns Cul @ 0.265 mm)

Winding arrangement and winding procedure: as for UL PP 6600X2 transformer explained above.

Inductance of the Primary: Lp = 84.73 H
DC resistance of the Primary winding: Rp . pc = 206.7 2
Total Cu loss: 4.8 %

fCO = 15Hz
fop = 13.94 Hz
flow (-3a8) = 5 Hz

II. Output Transformer

Type: Ultra Linear PUSH PULL

Rp = 4000 Q

Ultra Linear Tap: 43 %

Rs=49Q,8Q

Pout = 25 W

# For example, it can be used in PP output stage with 4 x EL84 (6BQ5)

Iron Core: EI 120 # 0.35 mm Fe 4 % Si laminate
Coil Former: ( 40 x 40 ) mm split in two equal parts

Number of turns of the Primary, Np = 2268
Number of turns of the Secondary, Ns4o = 72
Number of turns of the Secondary, Nsgo = 102

Winding arrangement:

P, ( 6 layers x 63 Turns = 378 Turns Cul @ 0.335 mm ) - S; (2 layers x 18 = 36 Turns Cul @ 1.32 mm ) -

P, ( 2 layers x 63 Turns = 126 Turns Cul @ 0.335 mm - UL Tap + 4 layers x 63 Turns = 252 Turns Cul @ 0.335
mmy; Total: 378 Turns) - S, (2 layers x 18 = 36 Turns Cul @ 1.32 mm ) + Szqq (2 layers: 7 + 8 = 15 Turns 2 x Cul
@ 1.5 mm (bifilar)) - P3 (6 layers x 63 Turns = 378 Turns Cul @ 0.335 mm)

Py’ ( 6 layers x 63 Turns = 378 Turns Cul @ 0.335 mm ) - S;’ (2 layers x 18 = 36 Turns Cul @ 1.32 mm ) -

Py’ ( 2 layers x 63 Turns = 126 Turns Cul @ 0.335 mm - UL Tap + 4 layers x 63 Turns = 252 Turns Cul @ 0.335
mm; Total: 378 Turns) - S,” (2 layers x 18 = 36 Turns Cul @ 1.32 mm ) + Szqq (2 layers: 7 + 8 = 15 Turns

2 x Cul @ 1.5 mm (bifilar)) - P3’ (6 layers x 63 Turns = 378 Turns Cul @ 0.335mm)

# Insulation foil between layers # 0.05 mm
# Insulation foil between section of the Primary and Secondary # 0.2 mm

Winding arrangement and winding procedure: as for UL PP 6600X2 transformer explained above.
Inductance of the Primary: Lp = 44.54 H

DC resistance of the Primary: Rp_pc = 98
Total Cu loss: 4.9 %
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fCO = 14.3 Hz
fo = 12.77 Hz
fLOW (-3dB) = 4.9 Hz

III. Output Transformer

Type: Ultra Linear PUSH PULL

Rp = 8000 Q

Ultra Linear Tap: 43 %

Rs=4Q,8Q

Pout = 15 W

# For example, it can be used in PP output stage with 2 x EL84 (6BQ5)

Iron Core: EI 108 # 0.35 mm Fe 4 % Si laminate
Coil Former: ( 36 x 36 ) mm split in two equal parts

Number of turns of the Primary, Np = 3312
Number of turns of the Secondary, N, = 74
Number of turns of the Secondary, Nsgo = 104

Winding arrangement:

Py ( 6 layers x 92 Turns = 552 Turns Cul @ 0.2 mm ) - S; (2 layers 18 + 19 = 37 Turns Cul @ 1.06 mm ) -

P ( 2 layers x 92 Turns = 184 Turns Cul @ 0.2 mm - UL Tap + 4 layers x 92 Turns = 368 Turns Cul @ 0.2 mm;
Total: 552 Turns) - S, (2 layers 18 + 19 = 37 Turns Cul @ 1.06mm ) + Sgqq (2 layers: 7 + 8 = 15 Turns

2 x Cul @ 1.25mm (bifilar)) - Pz (6 layers x 92 Turns = 552 Turns Cul @ 0.2 mm)

Py’ ( 6 layers x 92 Turns = 552 Turns Cul @ 0.2 mm ) - S;’ (2 layers 18 + 19 = 37 Turns Cul @ 1.06 mm ) -

P>’ ( 2 layers x 92 Turns = 184 Turns Cul @ 0.2 mm - UL Tap + 4 layers x 92 Turns = 368 Turns Cul @ 0.2 mm;
Total: 552Turns) - Sy” (2 layers 18 + 19 = 37 Turns Cul @ 1.06 mm ) + Szqq (2 layers: 7 + 8 = 15 Turns

2 x Cul @ 1.25mm (bifilar)) - P3” ( 6 layers x 92 Turns = 552 Turns Cul @ 0.2 mm)

# Insulation foil between layers # 0.05 mm
# Insulation foil between sections of the Primary and Secondary # 0.4 mm

Winding arrangement and winding procedure: as for UL PP 6600X2 transformer explained above.

Inductance of the Primary: Lp = 85.48 H
DC resistance of the Primary: Rp_pc = 367 2
Total Cu loss: 7.8 %

fCO = 14.9 Hz
foe = 11.87 Hz
fLOW (-3dB) = 5.2 Hz

IV. Output Transformer

Type: Ultra Linear PUSH PULL

Rp = 3300 Q

Ultra Linear Tap: 44 %

Rs=4Q,8Q

Pout = 70 W

# For example, it can be used in PP output stage with 4 x KT88

Iron Core: EI 150 # 0.35 mm Fe 4 % Silaminate
Coil Former: ( 50 x 50 ) mm split in two equal parts
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Number of turns of the Primary, Np = 1956
Number of turns of the Secondary, Ns,o = 68
Number of turns of the Secondary, Nsgo = 96

Winding arrangement:

Py ( 6 layers x 54 Turns = 324 Turns Cul @ 0.4 mm ) = S; (2 layers 34 + 34 = 68 Turns Cul @ 0.85 mm ) -

P ( 2 layers x 54 Turns = 108 Turns Cul @ 0.4 mm - UL Tap + 4 layers x 54 Turns = 216 Turns Cul @ 0.4 mm;
Total: 324 Turns) - S, (2 layers 34 + 34 = 68 Turns Cul @ 0.85 mm ) + Szqq (2 layers: 14 + 14 = 28 Turns
Cul @2.12mm ) - P3 (6 layers x 55 Turns = 330 Turns Cul @ 0.4 mm)

Py’ ( 6 layers x 54 Turns = 324 Turns Cul @ 0.4mm ) - S;” (2 layers 34 + 34 = 68 Turns Cul @ 0.85mm ) -

Py’ ( 2 layers x 54 Turns = 108 Turns Cul @ 0.4mm - UL Tap + 4 layers x 54 Turns = 216 Turns Cul @ 0.4mm;
Total: 324 Turns) - Sy’ (2 layers 34 + 34 = 68 Turns Cul @ 0.85mm ) + S’ qq (2 layer: 14 + 14 = 28 Turns
Cul @ 2.12mm ) - P3" ( 6 layers x 55 Turns = 330 Turns Cul @ 0.4mm)

# Insulation foil between layers # 0.05 mm
# Insulation foil between sections of the Primary and Secondary # 0.4mm

Windings connection:

P1, P2, P3 - connected on series

P1’, P2, P3’ - series connected

Beginning of section P1 and beginning of section P1’ - connected in series (CT, +Uab)

End of section P3 and end of section P3’ - the anodes of the output tubes

S1, S2, S1’, S2’ - connected in parallel - 4Q load

S.q0 @and S’,qq4 — connected in parallel - 82 load. The beginnings of sections S,4q and S’,q44 connected to the ends of
4Q sections S1, S2, S1°, S2’.

Inductance of the Primary: Lp = 41.4 H

DC resistance of the Primary: Rp_pc = 76.34 Q
Cu loss: 5.8 %

fco = 12.69 Hz

fost = 14.4 Hz

frow (-3d8) = 5.2 Hz

V. Output Transformer

Type: Ultra Linear PUSH PULL
Rp = 3300 Q

Ultra Linear Tap: 44 %
Rs=(4/6)Q,(8/10)Q, 16 2
Pout = 30W

# Construction of the UL PP output transformer for mass production, which is most often used by manufacturers.

Iron Core: EI 120 # 0.35 mm Fe 4 % Si laminate
Coil Former: ( 40 x 40 ) mm split in two equal parts
Number of turns of the Primary, Np = 2070
Number of turns of the Secondary, Nsuo = 72

Winding arrangement:

P, ( 3 layers x 58 Turns + 3 layers x 57 Turns = 345 Turns Cul @ 0.375 mm ) - S; (2 layers 18 + 18 = 36 Turns
Cul @1.32mm ) - Py (2layers x 57 Turns = 114 Turns Cul @ 0.375mm - UL Tap + 1 layer x 57 Turns + 3 layers
x 58 Turns = 231 Turns Cul @ 0.375 mm ; Total: 345 Turns) - S, (2 layers 18 + 18 = 36 Turns Cul @ 1.32 mm ) -
P3 (3 layers x 58 Turns + 3 layers x 57 Turns = 345 Turns Cul @ 0.375 mm)

Py’ ( 3 layers x 58 Turns + 3 layers x 57 Turns = 345 Turns Cul @ 0.375 mm ) - S;’ (2 layers 18 + 18 = 36Turns
Cul @ 1.32 mm) - Py’ (2layers x 57 Turns = 114 Turns Cul @ 0.375 mm - UL Tap + 1 layer x 57 Turns + 3 layers
x 58 Turns = 231 Turns Cul @ 0.375 mm ; Total: 345 Turns) - S5’ (2 layers 18 + 18 = 36 Turns Cul @ 1.32 mm ) -
P3’ (3 layers x 58 Turns + 3 layers x 57 Turns = 345 Turns Cul @ 0.375 mm)
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# Insulation foil between layers # 0.05 mm
# Insulation foil between sections of the Primary and Secondary # 0.4 mm

Windings connection:

P1, P2, P3 - connected in series

P1’, P2’, P3’ - connected in series

Beginning of section P1 and beginning of section P1’ - connected in series (CT, +Uab)
End of section P3 and end of section P3’ - the anodes of the output tubes

Inductance of the Primary: Lp = 37.1 H
DC resistance of the Primary: Rp.pc = 71.8
Cu loss: 4.5 %

fCO = 14 Hz
for = 13.9 Hz
fLOW (-3dB) = 7.7 Hz

Connecting the windings of the Secondary
It should be noted that each of the sections S1. S2, S1°, S2’ is actually 19 Secondary.

4C) CONNECTION 8 () CONNECTION
ANODE
80
— 040 OS2
UL (g2)
Sl
ol frumby 0 L —Q.C.T, (+Uab)
UL (g2 UL (g2)
i =t (g2)
S2! §
400 P3'
ANODE ANODE
* START winding * Start winding
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16€2 CONNECTION

ANODE

16Q

cT.euab) b LRI G Rl = @] A
() I 1N e e S A1 | | = | P | N
' =S (L R =P [ X1y = i i =T L =TT A =T
¢+ ANODE L e ="
» START winding i

PUSH PULL output transformer designing flow chart:
FIRST STEP

PROJECT REQUIREMENTS - INPUT DATA:

e The operating point of the output tube (Quiescent point).

Internal resistance (R;) of the output tube
¢ Plate (anode) to plate (anode) load (R.5)
e Qutput power

e Frequency band

e Secondary load

SECOND STEP
First method:

e Calculating the cross- section of the iron core

1.8x10%xP(W)

f(HZ)xB(gauss)xSw (cm?)xJ(=5=5)

o Spslem®) =

B (Gauss) - Magnetic Flux Density

f (Hz) - The lowest frequency (Hz) at which the transformer can operate at full power

J (A/mm?2) - Electric Current Density
P (W) - Transformer power

Sw (cm?2) - Cross-section of the transformer core window (For E/I laminate S,y = (a x ¢) [cm?]

A simplified equation (f = (18 ... 20) Hz. J = (1.5 ... 2) A/ mm2, B = 8000 Gauss):

(6.25 +8.3) x Pp(W)
SFe(sz) - SW(CmZ) -
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Second method:

5 PxGx10%
Sre(miny (em?) = BXI%F

Output power [W]

Induction (8000 Gs) (4% Si Ferro alloy transformer laminates)

Coefficient of weight ratio of iron core and cooper winding (1.7 ... 2.5)
Electric Current Density (1.5 ... 2.5) A / mm?2

The lowest frequency (Hz) at which the transformer can operate at full power

—humm-o
1

A simplified equation (f = (18 ... 20) Hz. J = (1.5... 2) A/ mm?2, B = 8000 Gauss):
Sreminy(cm?) = 295 x VP ~ (3 — 3.4) x VP

e Choosing a standard transformer laminate and coil former

e Calculating: Sefr, Sw, lfe » Vre » Gre
Sreeff = (0.92 - 0.96) x (b x h)
Sw=axc
e =2XC+2Xxa+mxa e = 5.57 xb
Vre = Sre eff X Ire
Gre = Dre X Ve

THIRD STEP

Calculating the number of turns of the Primary and Secondary windings (Np and Ng)
L = RixRgq 1
RitRq  2XTX[Low(-3dB)

1 R %X R, 1

L=2XHXfoi+Rax 1001%h — 1

A simplified equation for calculating the inductance of the Primary (R, 5 = 4 x R; and ,fow(-3d8) = 2.5Hz, or impedance
of the Primary equal to the R, _ 5 at f = 15Hz):

Ra—a
I
P = 9425

Number of turns of the Primary:

2x L[H] x 1 2x L[H] x1
HI X ben]  gqgq s (2% EIH] ¥ Lxsfénd]
Scﬁ[cm ] Xﬂe J Seff[cm _I X.llt_

Lp[H] x I LoIH] % I
Np = 8923 x Lﬁ[cm] oLl 2Fe[cm]
Serrlem®] x , Serrlem?] X p,

Me = 1000 (as closely as possible stacked 4% Si Fe E and I laminates)

NP=B923><J

Class B Push Pull amplifier
Number of turns of the Primary

4 x L[H] X Lg,[cm]

Np = 9000 x
P J Sepplem?] x
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Number of turns of the Secondary:

N3=NPX

Np — Number of turns of the Primary

Ns — Number of turns of the Secondary
Rs-s — Load resistance of the Primary (Q)
Rs - Load resistance of the Secondary ()

Wire diameter of the Primary and Secondary windings:

Wire diameter of the Primary winding:

de("n (mm) =113 x

Ippc) —Plate (Anode) DC Current (one tube)

A
ot Apmm(mm) = 0.9 X [Ippey(4)
A f
mm? ¢ dpmin(mm) = 0.8 X |Ippey(4)
A
For]=25——3+ dpmin(mm) = 0.7 X _[lppc)(A)

Choise of standard wire diameter: dp(standard) = Hdpmin

For[=15

For|=2

FOURTH STEP

e Calculating the minimum wire diameter of the Primary and Secondary winding

1a(A N P
dpmin(mm) = 1.13 x |2 =2y |2
7) Ng Rira
mm
0.28x Sy (mm?2) 0.28XSy
dy,(mm) = |[————= - N =
w P(max
p Np ( ) dﬁ{,‘p
Turn/ _ _ 097xc’ _  097x(c-4mm)
L(Iyﬁ’?" dwp(standard) dwp(standardy (mm)
—_Ne
Nayer = Turri,s)
(Layer

FIFTH STEP

¢ Choosing the winding arrangement

e 281



High-End Tube Amplifier Design

SIXTH STEP

¢ Recalculating the diameter of the wires and checking the possibility of placing all the windings
inside the window of the transformer core.

heighttora! = nPiayers X (dP with isolation + ‘di) #F nsfayers X (ds with isolation ¥ ‘di) + nP—Siaycrs X ‘df.i
¢ Recalculating the number of turns of the Primary and Secondary windings.
SEVENTH STEP
e Calculating the resistance of the windings

¢ Calculating the Cu loss

fe=2xh+ nxhy+2xb+4xs e = No x4,

44, Rpic—dc
Rc—dr =pX rrxd‘; PP—Ioss(nféj =100 Xm
Ps_oss (%}) =100 x ——lede) Pioss(%‘) = PP—ioss(D”f’) g Ps‘—toss(offi)

Rs(c-dc)+Rs
EIGHT STEP
b CalCUIating I-p ’ Ls: fLowr f—3dBl fCOI Bdcr Bacr Btotr fsat

_ 1.256XSeppXu, XNj _ (2XRi{+Rpgc)*Rra—a

L R, =

P 108x1pe A" 2xRi+Rpdc*+RLa=a
f — Ry f — Rig—a

low ZXTXLp Co 2XmxLp

22.6XUgrpx10° 0417XNp2 X1 X[(2Xnp_sXAi)+hiorall

fsat = SeffXNpXBmax Ls = 10°xn3_pxc"
Rgp = R; + Rpgc + R, fe_sapynigh = —2—
¢ a ( Yhig 2mxLg

NINTH STEP
¢ Making, testing and measuring transformer characteristics

5.7 POWER SUPPLY TRANSFORMERS
The power transformer supplies electronic circuits with the various voltages necessary for their operation.

Input data required for designing a power transformer:

¢ Mains voltage or Primary voltage (U,) and frequency (f) of the mains.
e Voltage (Ug) and current (Ig).of the Secondary

Cross-section of the Iron core (E/I laminates)

Poavae X G x 108
SFe(min)(cmz) = J m“;:;xj < f

° 282



Chapter 5 e Transformers

Pomaxac — Output power [W] of the Secondary

B - Induction (Gauss) (4% Si Ferro alloy transformer laminates)

G - Coefficient of weight ratio of iron core and cooper winding (1.0 ... 1.5)
J - Electric Current Density (1.5 ... 2.5) A / mm?2

f - frequency (Hz) of the mains

ForJ=2.5A/mm2, G=1.5,B = 12000 Gs:

2y — Ps(VA) _ Us(VIxIs(4)
Spe(em?®) =7 x ,f(Hz) =7x f YR (501.56)

f (Hz) - frequency of the mains
Ps — Total power of the Secondary

The above formula is used for the calculation of power transformers used in the mass production of consumer elec-
tronics and the reason is the lower production cost: less EI transformer laminate and less Cu wire.

# If the transformer has more than one secondary, it is necessary to calculate the total power of all secondaries:

Ps = (Usl X J!'sl) o+ (Usz X Isz} s (Usn X ‘isu) =

L

(Usi x ’si)

n
=1

Transformer laminate:
Calculation of the optimal dimension of the transformer laminates (b):

b-maxl[cm:lz "SFe'-
b,,.lcm|=0.85xVS,,=0.85%b,,

b _..<b<b

|min | |max|

# Choose a standard transformer laminate

Calculation of the height of the stack of transformer laminates (h):

SF‘e (sz}

o= Ie; X b(em)

k; - stacking coefficient (0.92 - 0.98)

EI laminate Fe 4 % Si with a thickness of 0.5 mm is most often used for the production of power trans-
formers.

ki = 0.97 ( EI laminate A = 0.5 mm)
# Choose a standard coil former (or make it if it is not of standard dimensions).

Np - Number of turns of the Primary

_ uExm‘ 01.57
P 444% fxByxSpe (501.57)

Turn per Volts (T / V):
A simplified equation (f = 50 Hz. B,, = 1T (10 000 Gauss):

Turn 45 (501.58)
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Turn 45
and N,=U,Xx TR Up XS_Fe (501.59)

Ns - Number of turns of the Secondary

AU
3000, . | _ U;(l-lTs)x 10*
2000 S 7 4.44XfXB, XSk, (501.60)
oo N
g Coefficient of loss of power of the Secondary:
q;q
- X AU _
1 o h ! 1 +U— = Vy; V; from the diagram: v, = f(Ps)
.3
\
- N or
T - N, =0
ass w1 (501.61)
h
a AY
: A n — efficiency of the transformer core = 0.82 (0.8)
- T ( Fe Si 4 % NOSS A = 0.5 mm)
a0
Calculation of the wire diameter of the transformer wind-
0 = mg
T N
" B The wire diameter of the Primary winding:
{ar {0 (93 {05 1 2 (3 & 2

— Pp
P U, x

IP
dp =113 x T

I

The wire diameter of the Secondary winding:

Is
de =113 % -j—

Core laminate material Magnetic flux density ¢p | Core efficiency n
[Wb/m?] [1/1]

Grain-oriented silicon steel (C-shaped), M5 1.3 0.88

Grain-oriented silicon steel (0.35 mm plates), M6 1.2 0.84

Non grain-oriented silicon medium steel (0.5 mm plates), M7 1.1 0.82

Non grain-oriented silicon standard steel (or for heavy duty) 1.0 0.80

Mild steel 0.8 0.70

Further calculation is similar to the transformer calculation already explained (adjusting Np and Ns as an
integer, number of layers, turns per layer, standard diameter of Cu wire according to the possibility of

fitting the windings in the window of the transformer core, DC resistance of the Primary and Secondary
windings, Cu loss, etc).

Example:
Mains voltage: 220V / 50Hz

Secondary:

S, -2x6.3V/1.5A

S, -12.6V/1A

S; - (240 + 110) = 350 V/ 0.3 A
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The total power of all secondaries:
P = (Us‘l ES -!51) o [Usz X “sz) Tk (Us3 X 133)

P.=2x(63x15)+ (126 x 1) + (350 X 0.3) = 136.5 W

Cross-section of the Iron core:

Pﬂmaxac X G x10°

Speminy(em?) = BX] X

From the table (NOSS transformer laminate): B,, = 1T = 10000 Gauss and n = 0.8

=13 e¢m?

- (em?) = LG 105  [136.5 L L25X 106
Fe(min) (1) = n Bx]xf . 08 ~ 10000 x 2.5 x 50

Core laminate:

b(em) = [Sg. =V13 =3.6

Standard transformer laminate (b = 3.6 cm): EI 108
Sﬁ,[cmz] _ 13
k,xblcm) 0.97x3.6

hlcm|= =3.7cm

Standard coil former: (3.6 x 3.6) cm

Sr.,=0.97 x3.6 x3.6=12.57 cm’

Coefficient of loss of power of the Secondary (Ps = 136 W), from the diagram: 1+ Z—U =v, =1.075
5

Ns — Number of turns of the Secondary_

AU
oy )X 107 __6e3xio75x10t . 2
U7 444 X f X By X Spe,;; 444X 50x1x 1257 77
AU
v A X1t 1pexiersxiot o
7 444 X f X By X Spe,,; 444X 50x1x 1257
AU
v Us(I+ )% 10" 350x1.075x10* \5us
7 444 X f X By X Spe,,, 444X 50X 1x12.57
Ny, — Number of turns of the Primary
U, x 10* 220 x 10*
N =788

P T 344X f X B, X Sp, 444X 50 X 1 X 12.57

Wire diameter (J = 2.5 A/ mm?):
dsy = 113 X ’ "STJ =113 x E =0.875mm;  standard Cul @ 9 mm (insulated Cul @ 0.99 mm)

dg; =113 x "’;—2= 1.13 x Jg = 0.71 mm; standard Cul @ 0.71 mm (insulated Cul @ 0.79 mm)
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dg; =113 % | "STE= 113 x \/g = 0.39 mm; standard Cul @ 0.4 mm (insulated Cul @ 0.462 mm)

Wire diameter of the Primary winding (J = 2.5 A/ mm?2):
B 130.2

I, = = = 0.66 A
P U, x\n 220x+08

dy =113 % JTT”= 113 x ’% = 0.58 mm; standard Cul @ 0.6 mm (insulated Cul @ 0.675 mm )

Maximum length of winding:

f.=c—(4%xs)=54—4=50mm

Number of turns per layer:

Maximum number of turns per layer, S;:

- b . S0 _
Ny =097 X e 097 x— =489 turn/layer

One layer: 1 winding of 24 turns of wire Cul @ 0.9 mm and 1 winding of 24 turns of wire Cul @ 0.9 mm.
Standard Cul @ 0.9 mm (insulated Cul @ 0.99 mm )

Maximum number of turns per layer, S5:

e — 097 %

50
Niez = 0.97 x . = 61.3 twrn/layer

48 turns of S2 in one layer can be wound with insulated wire of maximum diameter layer:

8"—097x il =1mm
Ng, 4852

dwp =0.97

Standard Cul @ 0.9mm (insulated Cul @ 0.99 mm )

Maximum number of turns per layer, S3:

- e, i
Nje3 = 0.97 x T 0.97 X —— = 104 turn/layer

Number of layers:

N, 1348
=L -0 _-129 —
Z3 N 104 6, Integer = 13 layers

S3: 13 layers x 104 turns = 1352 turns. Wire: Cul @ 0.4 mm (insulated Cul @ 0.462 mm)

Maximum number of turns per layer, Primary P;: Ny, = 0.97 X ;“ =097 x ”':(;L_}
wPpP B7¢

=71
Number of layers:

—N"—788—109 Int =111
zp_NIcp_71_ 9, Integer = ayers

P: 11 layers x 71 turns = 781 turns. Wire: Cul @ 0.6 mm (insulated Cul @ 0.675 mm)

Total radial dimension of the windings:

hy = 0.99 +0.05+ 0.99 + 0.05 + 13 X 0.462 + 0.3 + 11 X 0.675 = 15.8 mm
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# Condition: ho(15.8 mm) < h. =a -s = (18 - 2) = 16 mm (condition is fulfilled)

1, — mean length per turn (MLT):

L=02xb)+2xh)+(m@xhy)+(4xs)=(2x3.6)+(2x3.6)+(3.14 x 1.58) + (4 x 0.2) = 20.57 cm

1, — wire length of the winding (m)
Ly, = Ngy x 1 =24 x0.2057 = 493 m
by, = Ng X I, =49 % 0.2057 = 10m

l,.. = N x [, = 1348 x 0.2057 = 277.28 m

Wsz

pr =N, x1l, =788x0.2057=162Zm

DC resistance of the windings:

R, = xd’““’“—oo175x o =01350
e =P XTq T 314%092

R, = ><4XIW52—001?5>< 2l =02750
e = P X gz 314%x092

R, =pxXlton _ 01755 2X2T728 _ 560
s =P X ar T 314%042

R, = 4”“’"—00175 AR g
o =P X Txa - VY 3 Tax06?

Winding procedure
Coil former (3.6 x 3.6) cm
EI 108 Fe 4 % Si NOSS transformer laminate A = 0.5 mm

1. Primary winding: 11 layers of 71 turns each (total: 781 turns), wire Cul @ 0.6 mm.
Insulation foil : # 0.3 mm

N

3. S3, Secondary winding: 9 layers of 104 turns each (total: 936 turns), wire Cul @ 0.4 mm, per layer. TAP

(240V) + 4 layers of 104 turns each (total: 416 turns), wire Cul @ 0.4 mm.

S3 Secondary winding, total: 13 layers of 104 turns each (total: 1352 turns. Calculated number of turns:
1348. The difference is negligible. If the exact number of turns is desired, two of the 13 layers can be

wound with 102 turns, for example the ninth and thirteenth layers ), wire Cul @ 0.4 mm.
Insulation foil : # 0.0 5mm

S2, Secondary winding: 1 layer of 48 turns, Cul @ 0.9 mm.

Insulation foil : # 0.0 5mm

S1, Secondary winding: 1 layer, 2 windings, 24 turns per winding, wire: Cul @ 0.9 mm.
Insulation foil : # 0.0 5mm

© N U A

E laminates are stacked one by one in the opposite direction. I laminates are inserted between E laminates.
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®
¢ 51(6.3V/1.5A)
°
°
¢ 81'(6.3V/1.5A)
. E—------------.--------------------‘-----------------------------i
o S R SR T e T E
. S2(12.6 V/1A) =l | N T P
2 v b ~ NI
I 7 P ol | !
e3s50v | | i -
P(220V/0.7A) § | o || e i allallglY .
e210v | | - -
LB L 7 .
o P L "y 4
P 1) | . .
S3(240V/350V/0.3A) | i e
&

POWER SUPPLY TRANSFORMER FOR APPLICATION IN HIGH-END EQUIPMENT

For applications in Highi End apparatus, significantly higher quality power transformers than those used
in consumer products are required, so much stricter values for maximum induction, current density and
coefficient of weight ratio of iron core and cooper winding are used for the calculation:

e Induction By,ox = 09T

Electric Current Density J = 2A / mm?2

¢ Coefficient of weight ratio of iron core and cooper winding G = 1.25
e Transformer efficiency n = 0.8

Cross-section of the transformer core (Bax = 9000 Gauss, J = 2A/ mm?, G = 1.25):

S ( 2) Pﬂmaxuc X G X108 Pﬁmﬂxac x1.25 x 10° 934 Pomaxar:
aleme) = = = 3. e
Fe(min) NXBxJx[ 0.8 %9000 x 2 x f N

Simplified equation:

1 B
Spe(miny(cm?) = 9.34 x \/@
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For f = 50 Hz:

‘P maxac Pomaxac _ S
SPe(min)(sz) =934 x UT =934 x UT =132 % P‘Jrnaxac (50162)

Where the Pgay is the total power of all Secondaries:

n
Pomax =B = (Usl x 151) + (Usz x J"52) o 2h (Usn X ‘fsn) = Z(Uﬂ‘ x 1)

i=1

Core laminate:
Calculation of the optimal dimension of the transformer laminates (b):

b{max}(cm) = Ske
Bomimy(cm) = 0.85 X \[Sre = 0.85 X by

b(min} <bh< b(?nax)

# Choose a standard transformer laminate

Calculation of the height of the stack of transformer laminates (h):

SFe (sz)

e = e B o)

# Choose a standard coil former (or make it if it is not of standard dimensions).

k; — stacking coefficient (0.92 - 0.98)
EI laminate Fe 4 % Si, A = 0.5 mm
ki = 0.97 (EI laminate A = 0.5 mm)

Turn per Volt, simplified equation:
Turns 2250
v SF'e eff x f

For f = 50 Hz:
Turns _ 45
4 SF& efr

N, — Number of turns of the Primary:

Turns
Vv

Np=Up X

Ns — Number of turns of the Secondary:
Turns 1 Turns
Ny =Us X ——x—== 1118 X Ug x ——

4 ﬁ v
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Wire diameter:
Wire diameter of the Primary winding (J = 2 A / mm?2):

P
=1.118x-L£

b
I =—2>
U, x /0 Uy

I I
= ' P _ ’ b _
d,=113x i 1.13 x A mmE 0.8 x /I,

Wire diameter of the Secondary winding:

d, =08x/Ts

Further calculation is similar to the transformer calculation already explained (adjusting Np and Ns as an
integer, number of layers, turns per layer, standard diameter of Cu wire according to the possibility of
fitting the windings in the window of the transformer core, DC resistance of the Primary and Secondary
windings, Cu loss, etc).

Example:
# Simplified and quick calculation

Mains voltage: 230V / 50Hz

Secondary:

S; -6.3V/4A

S, -6.3V/4A

S; -2x12.6V/ 1A

S, -80V/0.06 A

S; -360V/0.5A (300V+10V+10V+10V+10V+10V +10V)

Total power of all Secondaries:
Ps = (Us] x J{sl) + (U.‘;Z x l’52) + (Us3 x "53) + (UM x 1‘54) + (Uss x "55)

B.=(63%x4)+(63x4)+ (2 x12.6 x 1)+ (80 x 0.06) + (360 x 0.5) = 26045 W

Cross-section of the transformer core, simplified equation:

SFL(JI’?,U;)(Cm ) =934 % JE

Core laminate:
Calculation of the optimal dimension of the transformer laminates (b):

b(max}(cm) = SFE =v2131=46cm

=2131cm?

Biminy (cm) = 0.85 X /S, = 0.85 X by, = 0.85 X 4.6 = 391 cm
b('ﬂlf?l) <b< b(mux}

391<b< 46

Standard transformer laminate: EI 120, b = 4 cm

Height of stack of transformer laminates (h):

Spo(em?) 2131
ki x b(em) 097 x 4

h(cm) = = 5.49 cm
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EI laminate Fe 4 % Si, A = 0.5 mm.
ki = 0.97 ( EI laminate A = 0.5 mm)

Standard coil former: 4 cm x 5.5 cm
Effective cross-section of the transformer core:

Skeerf = ki X b X h =097 X 4 X 5.5 = 21.34 cm?

Turn per Volt:

Turns _ 2250
4 B SFe eff X f

For f= 50 Hz:

Turns 45 45
V7 Speerr 2134

= 2.1087

Ny — Number of turns of the Primary:

Turns
V

Np = Up X =230 x 2.1087 = 485 turns

Ns = Number of turns of the Secondary:

N. = xTurns xi= 1118x U ><Tm*ns
¢ s 4 \/E § 4
Ns; = Ns; : Ns; = Nsp; = 1.118 x 6.3 x 2.1087 = 14.85 turns; INTEGER: 15 turns
Ns3 : Ns3z =2 x(1.118 x 12.6 x 2.1087) = 2 x 29.7 turns; INTEGER: 2 x 30 turns
Nsy4: Nsy = 1.118 x 80 x 2.1087 = 188.6 turns; INTEGER: 189 turns
Nss Nss = 1.118 x 360 x 2.1087 = 848.7 turns; INTEGER: 849 turns

Wire diameter:
Wire diameter of the Primary winding (J = 2 A/ mm?2):

P, 247.85
=1.118 x - = 1.118 x

- PT-’
5 Up x ﬁ Up

% ' 2
dp=1.13xj;=1.13x W:o.wﬁ:o.aﬁ:u.amm

Standard Cul @ 0.8 mm (insulated Cul @ 0.885 mm)

I =104

Wire diameter of the Secondary winding:

d; =08x 15
S1, S2: dgy =dg; = 0.8 X V& = 1.6 mm; Stabdard Cul @ 1.6 mm (insulated Cul @ 1.711 mm )
S3: dgs = 0.8 X1 = 0.8 mm; Stabdard Cul @ 0.8 mm (insulated Cul @ 0.885 mm )
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S4: dgy = 0.8 x v0.06 = 0.196 mm; Stabdard Cul @ 0.2 mm (insulated Cul @ 0.245 mm )
S5: dgs = 0.8 x V0.5 = 0.565 mm; Stabdard Cul @ 0.56 mm (insulated Cul @ 0.632 mm)

Maximum length of winding:

£, =c—(4%xs)=60—4=56mm

Maximum number of turns per layer:

S;: Ny, = 0.97 o = 31.74 turn/layer
Length of the winding, S1: €., = N“x:_WS‘ = 15:;’:” = 26.46 mm

Nz xd i i i
Length of the winding, §2:  {cg, = 2w Se = T = 26,46 mm

k; 0.97

foo, +H.., =2646+ 2646 =5292mm < £, =56mm

£s1 £s2

As can be seen from the above calculation, the windings of both secondary S1 and S2 can be wound in one layer.

. = Nssxdw s _ 30x0.885 _ _
S3: {’c33—2x( % )—ZX—U_Q? = 2x 2737 =547 mm

. _ ((Nsaxdw g4y _ 189x0.245
S4: fes, _( 7 )— 0oy = 47.7mm
In order for the winding to completely fill one layer, use the standard Cul @ 0.236 mm (insulated Cul @ 0.285 mm,)
wire.

S5:
Turns per layer:

e

56 turn turn
=097 X ———=859——-/INTEGER 85—
layer

Niis = 087'% dw 55 0.632 layer

Number of layers:

;= Nss_ 849
" Ny 85

——=09.98; INTEGER = 10 layers

S5: 10 layers of 85 turns each (total: 850 turns), wire Cul @ 0.56 mm, (TAPS: 708 turns + 24 turns +24 turns + 24
turns + 24 turns + 23 turns + 23 turns).

Primary, P

Turns per layer:

Nip = 0.97 x < 2 097 x—0— = 613-™ . InTEGER 612"
fep = = dyp 0.885 layer iyer

Number of layers:

N, 485
= =7.95; INTEGER = 8 layers

= N 61
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P: 8 layers of 61 turns (total: 488 turns), wire Cul @ 0.8 mm.

Total radial dimension of the windings:

hy=1.711+0.05+0.885+ 0.05+ 0.285+ 0.05+ 10 x 0.632 + 0.3 + 8 x 0.885+ 16 x 0.05 = 17.53 mm

# Condition: hy(17.53mm) < h, = a —s = (20 — 2) = 18 mm (condition is fulfilled)

1, — mean length per turn (MLT):

L=2xb)+((2xh)+(rxhy)+(4xs)=(2x4)+(2x55)+(3.14x1.673)+ (4 x0.2) =25cm

1, — wire length of the winding (m):

ly = AIX'L

=Ny xl,=15%x025=375m
iy, = N X lp= 1B % 025 =375 m
=Nyxl,=30%x025=75m

= Nyy x 1, = 189 x 0.25 = 47.25 m
= N x I, = 850 x 0.25 = 212.5m

DC resistance of the windings:

Re = Ro, =pxoZbun _ 00175 x 2375 __ 403260
e = Rew =P X 7gz = 3.14 x 162

Ry = ><4x£“’*3 00175 X o>~ 0261
s P Tdz, 3.14 x 0.82

Reyy = P X st = 00175 X ol 25 _ 26321

o TP xdz, - P 31ax022 T <

Res. = x4x{w55 0.0175 X men 222 _ 45

s =P X rxaz 314 X 0562

4x122
3.14%0.8%

Rp = p x 2w “"‘“’P =0.0175x =42470

Winding procedure
Coil former (4 x 5.5) cm
EI 120 Fe 4 % Si NOSS transformer laminate A = 0.5 mm

W N

4
5
6.
7.
8
9.
1

Primary, P: 8 layers of 61 turns each (total: 488 turns), wire Cul @ 0.8 mm, insulation foil between layers:
0.05mm.

Insulation foil: # 0.3 mm

Secondary, S5: 10 layers of 85 turns each (total: 850 turns), wire Cul @ 0.56 mm, (TAPS: as explained
above), insulation foil between layers: # 0.05 mm.

Insulation foil: # 0.05 mm

Secondary, S4: 1 layer of 189 turns, wire Cul @ 0.236 mm.

Insulation foil: # 0.05 mm

Secondary, S3: 1 layer, 2 windings of 30 turns each, wire Cul @ 0.8mm.

Insulation foil: # 0.05 mm

Secondary, S1, S2: 1 layer 2 windings of 15 turns each, wire Cul @ 1.6 mm

0. Insulation foil: # 0.05 mm

E laminates are stacked one by one in the opposite direction. I laminates are inserted between E laminates.
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A useful diagram for quickly determining the power transformer core cross section

22 T T T T T T T T T T T T T T
21k [cm2] i
20
19
18
17
16
15
14

TRANSFORMER CORE CROSS SECTION
%]

20 40 60 &0 100 120 140 160 180 200 220 240 260 280 300
TRANSFORMER POWER

Thermal characteristics of the power transformer
A part of the transformer energy (in coils and iron core) is converted into thermal energy and heats the transformer.
The thermal energy of the transformer is transferred to the environment through the outer surfaces of the transformer.
After a certain operation of the transformer, thermal equilibrium is established. In conditions of thermal equilibrium,
the temperature of the transformer is constant. When calculating and designing a transformer, it is very important to
predict the temperature of the transformer in operating conditions. Since the operating temperature of the transformer
depends on the ambient temperature, the calculation of the transformer temperature increase in relation to the ambient
temperature is used in the transformer calculation. The calculation is based on the power loss of the transformer
(power loss in the iron core and transformer windings).
Iron core heat loss:
The heat loss of the transformer core depends on the type and mass of material used.
1. Heat loss of the iron core per mass unit W / kg:

NOSS E/I, 0.35 mm: 1.07 ... 1.21 W / kg (1T, 50 Hz)

NOSS E/I, 0.50 mm: 1.20 ... 1.28 W / kg (1T, 50 Hz)

GOSS E/I, 0.50 mm: 0.42 W / kg (1T, 50 Hz)

2. The mass of the iron core:
G()—V(3)><D('g)—s 2) % ¢ xu(g)
rFe\gr) = Vglcm Fe\d) = eff(em?) re(cm) Fe\ons

Dge — ferromagnetic material density

(Most commonly used material: 4 % Si Ferro. Density: Dge(aoosiy = 7.65 g / cm3).

lre - Magnetic circuit (path) length MPL €ge(cm) = 5.57 x b(cm)

Ske — cross-section of the transformer core

3. Iron core heat loss
Pre(W) = Gro(kg) X 1= [W]
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Heat losses of transformer windings, Cu loss in Primary and Secondary windings:

1. DC resistance of the Primary winding:

4xly . . e . .
Rppe=p X% = d - wire diameter (mm), p = specific resistance of the wire = 0.0175 Qmm?2/m,

mxd? !

L, - length of the winding wire (m): L, = N x I; ; N = number of turns.

;= mean length per turn (& ):

L,=2xb)+(2xh)+(mxhy)+(4x5)

2. Power loss of the Primary winding:
Po—cupcW) = Rppc X I3 [W] ; Ip - primary current
3. Power losses of the Secondary windings:
Z?=1 PS(&)— cu bc = E?=1 Rs(t)nc X [5?(;'); Total power loss of all secondary windings.
Total power loss of the transformer (total heat power):
The sum of the power losses of the iron core and the primary and all the secondary windings

n
Ph:ass total — PFe + PP—Cu dc + Z PS(E]—Cu dc
=1

Heat radiation surface of the transformer - cooling surface (E / I transformer laminate):
* Equation published in Radiotron Designer’s Handbook Fourth Edition in 1953. (RDH4):

Sheat rad = b x [(771 X b) + (11 X h)]

** Mr. Patrick Turner, in his excellent articles (Turner Audio web site), published a slightly modified form of the above
equation. Mr. Patrick’s opinion is that the entire outer surface of the transformer radiates thermal energy (which
makes sense) and not just the outer surface of the iron core as published in RDH4.

Sheat rad patrick = b X [(15 X b)+ (11 x h}]

*** The author of this book has no reason not to trust Mr. Patrick’s equation, especially because of the results of mea-
surements on transformers made and published by Mr. Patrick, but, for the sake of methodological correctness,
the author reserves a degree of reservations regarding the application of Mr. Patrick’s equation to the diagram:
Temperature rise versus loss per square inch of cooling surface for ambient temperature of 25°C. (The diagram is
probably empirical and is valid for the cooling surface area calculated as in the original equation *).

Calculation:

Pioss total (w1 / Sheatrad [in(—'hz]

i

Sheat rag_must be calculated in inch2, or if it is calculated in cm2 it must be
converted to inch2._

) S=5z Eamal S8 1t 53

Using the diagram:
Temperature rise versus loss per square inch of cooling surface of power
transformer for ambient temperature of 250,

Temperature rise °C

(B s a1 | otrees Rmet Iga 14 ) B0 8 B8
T IL"T l:i.i R Iullﬂ‘ T Note:
01 0.2 03 0405007080900 Tha nagt radiation (cooling) surface of the power transformer must be

loss per square inch of cooling surface W/ inch? . .
expressed in square inches.

___._L|.. 1
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Reading the temperature rise (T,ise ) from the diagram for the calculated:

Ploss total [W] / Sheatrad[in(:hz]

Expected operating temperature of the power transformer:
The operating temperature of the power transformer is higher than the ambient temperature for the T, read from
the diagram above:

Toperutiun [Pel= ambt’enr[oc] + Trise [°c]

Example:

Power transformer (previous example, P = 260W)

Mains voltage: 230V / 50Hz

Secondary:

S; -6.3V/4A

S, -6.3V/4A

S; -2x126V/1A

S, -80V/0.06A

S; -360V/0.5A (300V+10V+10V+10V+10V+10V +10V)
EI120, Fe 4 % Si NOSS transformer laminate A = 0.5 mm.

Coil former 4 cm x 5.5 cm.

Cross-section of the transformer core: Sqs = 21.34 cm?.

DC resistance of the windings: Rp _pc = 4.247 2, Rs; _pc = 0.0326 2, Rs, _pc = 0.0326 2, Rs3_pc = 0.26 L,
Rs4 _pc =26.32 Q, Rs5 . pc = 15 Q.

Cu loss in windings:

Ploss = Rpc x 12

PSI loss = 0.032 x 42 = 0.512 W, PSZ loss = 0.032 x 42 = 0.512 W, P53 loss = 0.26 x 12 = 0.26 W,
Pos oss = 26.32 X 0.062 = 0.094 W; Pos jpss = 15 X 0.52 = 3.75 W; Pp oes = 4.247 x 12 = 4.247 W;

P cuy 10ss total = 9-375 W;

Mass of iron core:

g g
Gre(gr) = Vie(em®) X Dre (—) = Sopy(em?) X £ro(em) x Dpe (=)

Grlgr|=S lem?| x I, cm] x Dﬁ(i;)zzl.azt x[5.57 x 4] x 7.56=3.637 kg
cm

Iron core heat loss:

Pre 10ss = Gre X Heat loss of the iron core per mass unit (W/ kg) = 3.637 kg x 1.2 W/ kg (NOSS E/I,
0.50 mm) = 4.36 W

Total loss of the transformer:
Pioss totat = P cu foss total + Pre joss = 9.375 + 4.36 =13. 74W
Heat radiation surface of the transformer (E / I transformer laminate):
* Speatrad = b x [ (11xh) + (7.71xb)] = 4 x [ (11x5.5) + (7.71x4)] =365.36 cm? = 56.63 inch?;

** Sheat rad patrick = b X [ (11xh) + (15xb)] = 4 x [ (11x5.5) + (15x4)] =482 cm? = 74.7 inch?;
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* PIOSS total/sheatrad = 1374/5663 = 0.24 W/ inchz,'

= T
2 - w .
'E s 5= ** Poss total / Sheat rad patric = 13.74/74.7 = 0.18 W / inch?;
g < e EEE
g T '— 1 Tamp = 25°C
g i _'_! H
il | IS & S . .
'[*_%'1 ok L Temperature rise (T,;se ) read from the diagram:
S == B
**245VCER ; i E. : . ] * Toice = 310C;  ** T, = 24.5°C
20—t H— — 11
fI;LLJE_;H1-}{;'QQg“fFi * Toperation = Tamp + Trise = 25 + 31 = 56 °C
aausaa! i 11 it Ssama b Ll fHHE
O T = Tovemton = Tom # Tuse = 25+ 24.5 = 4050
10 _:-u! | RNl $911 BN N NS
0.1 10.2 '| 0.3 0.4 0.50.60.70.80.91.0

=018 *0.24
loss per square inch of cooling surface W/ inch?

The expected operating temperature of the transformer is 56 °C (49.5 °C).

5.8 CHOKES

A choke is a passive electronic component. Generally, it is inductance. In
practice, it is a winding made of Cu wire wound on an air-gapped iron
core of the transformer. Like any inductance, a choke opposes the flow of
alternating current in an electric circuit.

In tube audio devices, chokes are most commonly used in power supply
circuits as filter components that reduce noise and hum (ripple), and
have no significant effects on the DC current flowing through the circuit.
Also, any sudden current changes occur in the circuit are smoothed out
by the energy stored in the choke in the form of a magnetic field and, of
course, by the electrical energy stored in the filter capacitors.

It can be used as a plate (anode) load of the tube, too.

Induction in the choke iron core is mainly caused by DC current (Bpc), but induction caused by the AC current (Bac)
cannot be ignored.

A good quality choke must be designed to have low DC resistance and high inductance as well as to handle the
required DC current. The induction in the iron core must be low (in a linear part of the B-H curve).

+Uab

ANODE CHOKE

Cs

ouT
Load Reg

-
=
—
()
=
—
-
&
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All basic electromagnetic equations can be applied in the design and calculation of chokes.

Basic Equations
1.257 X N x 1 X

l[F‘e

Bpe =

_ Upys x 10°
T 444 X N X f X Sp,

BAC

Induction in a choke iron core: B = (07T —0.9T)

Bpc (Gauss) [Induction caused by the DC current]

Bac (Gauss) [Induction caused by the AC current]

I (A) [Electric Current]

lge(em); (Ip. = 5.57 x b); [Magnetic circuit (path) length MPL]
Sg.(cm?) [cross-section of the iron core]

lg(cm); Total air gap

8(cm); Air gap

f(Hz) [Frequency]

J (A / mm?2) - electric current density (J = 2.5 A / mm2 is recommended for choke design)

Choke Inductance:

_ 1257XNZXSpeXilerr

L= Ipex108
H lg Irex(u )
hop =gy 8= (= "mered)
1+#mﬂXXE Brax™te

= 3000, NOSS 4 % Si Fe laminate; pUer < 450

’umax

DC resistance of the choke:

R = 4xl, 4x Nxl
wEPXoxar T P T x @

d - wire diameter (mm)
2
p - specific resistance of the wire (Cu wire: p = 0.0175 Q=)
m
1y — length of the winding wire (m): 1, = N x [,
N — number of turns.

I, = mean length per turn (¢ ): I, = (2 X% b) + (2 x h) + (m X hy) + (4 X 5)

CHOKE DESIGN

A procedure of calculating choke using Hanna’s diagram

# Caution: The original Hanna's diagram uses Imperial units (inches).

(501.62)

This method is applied to design chokes with low AC flux density, which are used, for example, in CLC power supplly

filters.

e 299



High-End Tube Amplifier Design

1. Inputdata: Iy (A), L (H), f (Hz)

2. Calculating wire diameter:

/ I
i =113 X -5+ Choose a standard wire diameter closest to dpp.

3. The calculation starts with some standard Iron Core

Calculation: I(inch) and Sg. (square inch)

LxI? _  LxI?

Calculation: =
i!F‘e”<-';.'5‘e

NxI
4. Reading from Hanna’s diagram:
Fe

and lg/lpe

N xI

Fe

Calculating the number of turns N using the reading

2 NxI l
N =reading (=) X %
Fe

Calculating the total air gap I, and & using reading [, /lr.:

lg = reading (:—9) X lpe
Fe

i . Herr =
Calculatin : £
9 Heff 14X - q
Fe
5. Checking the possibility of fitting the winding in the iron core window
, 0.64%S5)
Simplified calculation: N calculated in 4. < TW
d

1.257XN?XSpe XHeff
"'FE %108

6. Calculating the inductance L: [ =

1.257xN=Ixp
7. Checking the DC flux density: Bpe = Tefr Bpe <(0.77T-09T)

8. Calculating the DC resistance of the choke Ry using the equation:

AXNX Ly AxXNx(2xb)+(2xh)+(mxhg)+(4xs)
RW = X = X
TXd? TXd?

9. Calculating choke power loss: Pioss = Rw X Ij¢

* If the calculated L doesnt fullfill the required value or the induction in the iron core is too high, the cal-
culation must be repeated using a standard Iron Core of a different size.
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x107¢
SO0 T T T
‘ie ..__.._—_.: | ]_f_ i__
r _/
L Py o T T e
\'/ finch® ] 0 i !
or o I TTZITT
16.387 x L/H]x \FA] _[L : '/_l—,mﬁ-_4_4__'f__
V., [cm3] L S T T R ! o 254 x X
' /<= or
200 i i /o(l)aa- ‘Jr-e [imch] fﬁ lom]
o I /T T
/—:‘nm—'u x
0 4 - 1
i | /} SN T
=0 Xiooor | 17
yARNE '
° i 1— | P [ i

© 20 40 60 B0 100 120 |40
N x 1fA] or 2.54 x Nx IfA]

Ue. Linch] (., lem]

Numerical method
1. Input data: I (A), L (H), f (Hz)

2. Calculating wire diameter:

Anin = L13 X \/}= 113 x J‘; ;  Choose a standard wire diameter closest to dpin.
3. The calculation starts with some standard Iron Core
Calculation: 1 (cm) and Sg. (cm?2)
Calculation: N [maximum number of turns that van be fitt in the coil former window], (turn / layer,

number of layer or using the simplified equation: Npax = “-S‘LESW

Sw [mm2] - cross-section of the iron core window
O4 [mm] - diameter of insulated wire

- - - L257XNXIX pegf | _ Bpexdpe
Calculating pe¢ using the equation Bpc= T“” Hery = %
Bpc = (7000 + 9000) Gauss, He has to be < 400 (450) .
Hmax—Heff - f
4. Calculating using the equation: ; = lr Xmﬁ and &=, /2

5. Calculating the inductance L using the equation: L = - 10°
Fe

AxNxly _ px AX N (2xh)+(2xh)+(mxhg) +(4xs5)

6. Calculating Ry, using the equation: Ry =pXx — —y

p = 0.0175 Qmm2/m
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7.

Calculating choke power loss: Pj,ss = Ry X I5¢

* If the calculated L doesnt fullfill the required value or the induction in the iron core is too high, the calculation must be
repeated using a standard Iron Core of a different size.

Example:
CLC Choke
5H / 250 mA

Hanna’s method

1. Input: Ipc=250mA, L =5H, f=50Hz

2. Calculating wire diameter:

= 7 fozs _
din =113 % i 1.13 X = 0.357 mm

(insulated: @ 0.462 mm = Oy )

Standard wire: Cul @ 0.4 mm

3. The calculation starts with standard Iron Core EI 96 NOSS Fe 4% Si A = 0.35 mm and coil former ( 3.2 x 3.2

)cm; [1.26 x 1.26] inch.

tre (inch) = 5.57 x 1.26 = 7 inch = 17.824 cm;
Sre (square inch) = 0.96 x (1.26 x 1.26) = 1.524 inch? = 9.83 cm?

LxI* _ Lx]* _ 5x0.25%
V. lpexSpe  7x1.524

=293 x 107%

womo“‘} :
Y
/3
)
/ /
400 / /{"°
AN
o
1$1 L/
A
300—_—.39,\ 'm’/ s
si?': & :§
5> ;g‘ ;
/
200 /I 063
s f
/7
100 { f—
/) s/
Vel N
Z( 900! | 7}
0 20 40 6‘0 BO 100 20
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4. Readings from the Hanna’s diagram for

¥3
% =293 x10°4:

25 — 0.00415
lFe

Number of turns N, using the reading %:

F N XTI i 7
N = reading (— xE=79x—=
Ire 1 0.25

=2212 Turn

Total air gap I; and 9, using the reading 1y / Ige:
1, = reading (;ie) ¥l
= 0.00415 x 7 = 0.029 inch = 0.737 mm
0=10/2=0029/2=0.0145 inch = 0.369 mm

3000
; 's = 1+3000x2222 =22
I+px—— T
W e 7

Heff i Mg =

Hopp =223 < 450
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5.

6.

7.

8.

1.

2.

3.

4.

Checking the possibility of fitting the winding in the iron core window

Simplified calculation: N calculated in 4. < ““22% = 2212 < 2272 = 2302
d B

*Inductance L (using the classical equation):

L257XNXSpeXfory 125722122 X0.96x3.2x3.2x223 _ 7.5H
lpex109 5.57%3.2x108 2

*Checking the DC flux density (using the classical equation):

L257TXNXIX 1.257Xx2212x0.25x223
Byi— fe — _ = 8697 Gauss
lpe 5.57%x3.2

Bpe < (0.7T + 0.97T)

Calculating the DC resistance of the choke Ry,

AxNxle ¢ AxNx[(2xb)+(2xh)+(nxhg)+(4xs)] 0.0175 x AxNx[2x%0.032+2%0.032+3.14%0.013+4%0.002] 54.50

Ru = =
e Txd? 3.14x0.42

Calculating choke power loss: P,;c = Ry X IE,C =545%x025°=3.4W
Numerical method
Input data: Ipc =250 mA,L=5H
Wire diameter:
dypin = 1.13 X \F =113 x JI =113 x /E = 0.357 mm
! 2.5 25
Standard wire: Cul @ 0.4 mm (Insulated: @ 0.462 mm)

The calculation starts with standard Iron Core EI 96 NOSS Fe 4% Si A = 0.35 mm and coil former
(3.2x3.2)cm

Sre = 0.96 x 3.2 x 3.2 = 9.535 cm?

5,57 x3.2=17.824 cm

lFe
Vee = SpeX lpe = 9.535 x 17.824 = 169.96 cm?3 ( Imperial: 169.96 cm?3 / 2.543 = 10.37 cubic inch)
Number of turns:

c”"=(3xa)-4mm = (3x16) -4 =44 mm

(n/ layer) = 0.97 x (c”/ Oy4) = 0.97 x (44 / 0.462) = 92.38 Integer: 92 turns/layer

Niayer = o /Oq = (16 - 4) / 0.462 = 25.97  Integer: 25 layers

N = nje x (n/layer) = 92 x 25 = 2300 turns

_ 0.64XSy _ D64x(16X48)

Simplified calculation: Nmax = OB T 2303 turns
. _ s _ lIpexBpgc _ 17.824x7000
Calculating pe for Bpc min = 7000 Gauss: P, = i T 172.6
. . _ Panax—He _ 3000=172.6 L -
Airgap: [, =l % T 17.824 x s 0.097cm = 0.97 mm

5=1,/2=0.97/2=0.485 mm
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5. DCresistance of the choke:
L=0C2xb)+(2xh)+(mxh)+(@4xs)=(2x%x32)+(2x32)+(B14%x1.2)+(4%02)=1737cm

_ axNxlp _ 4x2300X0.1737 _
Ry =px e 0.0175 x e 55.60

6. Inductance:

_ 1257XNZXSpeXpe _ 1.257%23002x9.535%172.6
- Ipex108 - 17.824%108

L =6.17H

Conclusion:

CLC Choke 5H / 0.25A

Manufacturing data:

Transformer laminate: EI 96, NOSS Fe 4% Si, A = 0.35 mm

Coil former: (3.2 cm x 3.2 cm)

Number of turns: 2250 Turns, Cul @ 0.4 mm (insulated: @ 0.462 mm), 25 layer, 90 turns per layer
Air gap: 0.35 mm (0.3 mm insulation foil + 0.05mm insulation foil)

DC Resistance: = 55 Q

Power loss: < 3.5W

, || ©
P ik car T

"I"stack |

"AIR GAP"

1/'2 A7
5 ket

2

O "E"stack O |V

A few examples of the most commonly used Chokes

CLC Choke 10H / 0.25A

Manufacturing data:

Transformer laminate: EI 96, NOSS Fe 4% Si, A = 0.35 mm

Coil former: (3.2cm x 5cm)

Number of turns: 2340 Turns, Cul @ 0.4 mm (insulated: @ 0.462mm), 26 layer, 90 turns per layer
Air gap: 0.4 mm (0.4 mm insulation foil)

DC Resistance: = 70 2

Power loss: < 4.4 W

CLC Choke 10H / 0.12A

Manufacturing data:

Transformer laminate: EI 75, NOSS Fe 4% Si, A = 0.35mm

Coil former: (2.5cm x 2.5¢cm)

Number of turns: 3255 Turns, Cul @ 0.25 mm (insulated: @ 0.301mm), 31 layer, 105 turns per layer
Air gap: 0.25 mm (0.2 mm insulation foil + 0.05 mm insulation foil)

DC Resistance: = 160 2

Power loss: < 2.3 W
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Plae Choke 100H / 36mA; f = 14 Hz

Manufacturing data:

Transformer laminate: EI 96, NOSS Fe 4% Si, A = 0.35mm

Coil former: (3.2cm x 4cm)

Number of turns: 7990 Turns, Cul @ 0.2 mm (insulated: @ 0.245 mm), 47 layer, 170 turns per layer
Air gap: 0.35 mm (0.3 mm insulation foil + 0.05 mm insulation foil)

DC Resistance: = 865 Q2

Power loss: < 1.12 W

Ugppgx108

[ Boc = 4117 Gauss, Bac(for f = 14Hz) = 444XNXfXSpe

= 16.4 X Ules]
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Chapter 6 e Power Supply Considerations
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6.0 THE POWER SUPPLY
Main parts:

e Power supply transformer (primary — matched with standard mains voltage, secondary — one or
more - according to design requirements).

e Calculation: as explained in Chapter 5.

e Rectifier components (rectifier vacuum tube diodes or double diodes, semiconductor diodes, rectifier
diode bridges).

e Filter components (capacitors, inductances, resistors).

e Auxiliary (voltage stabilizer or voltage regulator circuit, soft start circuit, protection circuit, ...)

TRANSFORMER RECTIFIER FILTER

PRIMARY

|k

o=
SECI _@
|+

Standard mains (AC line) voltages:
Most countries use 230 V and 240 V (50 or 60 Hz) mains, and a smaller number of countries use 100 - 127 V mains.

230V / 50 Hz ( Europe, United Kingdom, India )

220V / 50 Hz ( Eastern Europe, Russian Federation, China, Far East Asia, Africa, South America)
220V / 60 Hz ( South Korea)

120V / 60 Hz ( USA, Canada, Central America, Micronesia, )

110V / 60 Hz ( Colombia, Taiwan, Virgin Islands, ... )

100V / 50 / 60 Hz (Japan)

Plugs and sockets

o®e@
Commonly used in Europe, Used in Europe and Russia Used in UK, Ireland, Used in USA, Canada,
South America and Asia except UK and Ireland Singapore, Malaysia Japan
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6.1 HALF - WAVE RECTIFIER (WITH CAPACITOR)

Ip ¢ I'Load ILoad

TIETY I T T 117
C
1

[ vout * L Uout

Up Us C
RLuad J[ l T Ricad

c
=
c
w

CAPACITOR
charging discharging
Cl
-1 M}F"“‘--\ J!-' mi e - $ Ur
Up | Upc cz ]
‘\\ \ Cl1>C2

/

T DCout without capacitor

A half-wave rectifier is a very simple electronic circuit. It consists of a mains power transformer, a rectifier component
(vacuum tube diode or semiconductor diode) and a filter (smoothing) capacitor.

If a filter capacitor is not used, the output current is a pulsating direct current and the rectifier circuit cannot be used
to power the audio amplifier circuits.

If a filter capacitor is used, the output current of the rectifier circuit contains a DC component and an AC component
(the so-called ripple current or voltage). Designers strive to make this unwanted DC voltage fluctuation as small as
possible.

The output voltage of a half-wave rectifier circuit with a capacitor as a filter (connected in parallel to the load) is:

s 2XfXCXR, ¥ U
PET 142X fXCxR, Pk

Upeak = 1.41 x Us

Us = Secondary voltage RMS
f — mains frequency

C - filter capacitor

R, - Load resistance

Upc
f*CxRy

Ripple voltage (peak to peak): U pp =

Ripple voltage (RMS): U, (pys) = —moRe— = —tLoad  — ___ Upeak

PP 9 © UT(RMS) T 2xVIRFROKRL | 2%V3IRFXC  V3(142 ®fCRRpad)
The ripple voltage is directly proportional to the load current and inversely proportional to the capacitance of the filter
capacitor.

. ] _ Ur(rms) _ 1
Ripple factor: RF = Upe  2xVIXFXCXRL

. _ . _ Urrms) _ 1 __ 577
The mains frequency f = 50 Hz: RF = Y I C [KF], R[kQ]
The mains f f = 60 Hz: RF = L9 _ 1 =28 C[uF], R KQ]
e mains frequency f = z: S ot oxe C [MF1:

The ripple factor is a measure of the quality of the DC output voltage or a measure of the fluctuation of the DC voltage
over time. The RF is lower if the capacitance of the filter capacitor is higher and is highly dependent on the load current.
This type of power supply can be used as a power supply for circuits that do not require a high supply current for their
operation (for example: fixed bias of the control grid).
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Example:
Fixed bias DC voltage: - 80V, I,,a¢ = 1 mA. C = 100 uF
U 1 1
RF = L&Y _ = =72x107%
Upc 2xV3xfxCxR, 2x+v3x50x100x 105 x 80000
RF can be expressed as a percentage (%) by multiplying the RF by 100 (0.072%):
U ks 15: Uy (gusy = RF X Upe = 7.2 X 107* x 80 = 0.057V =57 mV
Ripple voltage (peak to peak):
_ _Upc _ 80 = e
Ur p-n) = FXCXRL  50x100x10-6x80000 0.2V = 200mV
Secondary voltage is:
U 2% fxXCXRy U u 14+2x fxCxRy U
= i = x
PCTTIZxfxCxR,  reak T Tpeak =T ECxR, P
U 142 x50x100x107%x 80000 A0S SOV U Dpcar 80 567V
— = - = e — i
peak = " 5'% 50 x 100 x 10-¢ x 80000 TIM T T B 141

# The calculation in the above example is valid for the case of an ideal rectifier. In the actual application, the voltage
drop across the rectifier components and the voltage drop across the secondary winding caused by its DC
resistance must be taken into account.

6.2 FULL - WAVE RECTIFIER (WITH CAPACITOR)

= y IL—W’" + Ip ’L_""i‘..
g Us ” T TT§ @ C“l‘- ['I]-:-J;T_ut
. % R CﬁéR [l vout Up o T 4
” Load l g Us Ricad
D N d i)

T

The output voltage of a full-wave rectifier circuit with capacitor as a filter (connected in parallel to the load) is:

U = 4xfXCXR, < U
DCT 1 +axfxCxR,~ reak

Upc _ _1Load
4x\3XfXCXRL  4xV3xfxC

Ripple voltage (RMS): Uy (rus) =

The ripple voltage is directly proportional to the load current and inversely proportional to the capacitance of the filter
capacitor.
Uy (RMs) _ 1

Ripple factor: By 4x\AXfXCXRy,
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. _ Urrms) _ % _ 288
The mains frequency f = 50 Hz: RF = e R, Ok, C [uF], R [kQ]
Ur (RMS) 1 24
The mains fi f=60Hz: RF = = =
e mains frequency f = 60 Hz: RF Upc T T ey C |uF], R[kQ]

6.3 FULL-WAVE RECTIFIER WITH INPUT INDUCTANCE AND CAPACITOR AS FILTER - L FILTER

L AR = s
i,’[‘ :ﬂ & T /- 4 _(tu
; Us CT Uout
Up é R -'L T

Us
|
|

The output voltage of a full-wave rectifier circuit with inductance (connected in series) and capacitor (connected in
parallel to the load), as a filter is:

2x+2

2
Upc = = X Us peake = 0.637 X Us peak = X Us (ams) = 0.9 X Us (gms)

Ripple voltage (RMS):

V2

3

VZ

X 1
XUDC XX_EZTX UDCX

1
4xRfXC \E
16X72X f2XLXC

=—X Upc X
axmxfxL 3 il

Uy (RMS) =

U _ V2 , _ 000298
rRMS) T I8 % fEXLXC | PCT fIxLxC  PC

The mains frequency f = 50Hz and C[uF], L[H]:

Uy (rus) = I%C X Upc

The mains frequency f = 60Hz and C[uF], L[H]:

0.829
Uy (rusy = IR X Upe

Ripple factor:

RF = Zr@®Ms) _ vz el VZ 1 _ 000298 1
Upc 3 Xy a8xmixf? T LxC Vi LXC

The mains frequency f = 50Hz and C[uF], L[H]:

119

T

The mains frequency f = 60Hz and C[uF], L[H]:

0.829
U. (RMS) = LxC
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The advantage of this type of rectifier (filter) is: The ripple factor does not depend on the load current (as can
be seen from the equation for calculating the ripple factor). [But this is valid only in the case when the load current
is higher than some minimum value. To ensure a minimum current flow through the inductance L, some resistance
(bleeder resistor) can be connected in parallel to the output of the rectifier circuit. It is common practice to set the
resistance of the bleeder resistor to provide a minimum current flow equal to 1 / 10 of the load current]. As the
ripple factor does not depend on the load current, the rectifier with LC filter can be used as a power supply for audio

equipment where the load current is not constant, such as class AB or class

B power amplifiers.

Correct operation of this type of rectifier is ensured by using an inductance not less than the so-called critical

(minimum) inductance:

Unpc
U peak e RLoad
i R T exaxf
0.637 s Therefore, for this type of rectifier, it is necessary to use a choke
= whose inductance is higher than the critical (minimum) inductance:
L = Lmin.
Lmin L

Several filter cells (LC) can be connected in series:

\/_ X Xc
L1 L2 Ripple factor: RF = —Llx =2
Ip [ [ I toad XL'I XLZ
- S —
é__@_ &1 & U_T'_l For n - cells:
'J'l 'rl q’ T
Up 2 X X X
éuﬁ Rioad RF:£X£X£X .Xﬁ
4@7 3 Xia X2 Xin
If the cells are identical:
L1 L2 _Le o1,
_I I T H Ty T YT L g RF \[_ 1
7 V‘\T WT_ T - 1
E Us Cl— CZT FI‘I-[— Uout (SXTTXfXLXC)n
Up = £
| 1 E Us Load Cl _CZ_ —Cn=C,
H— Li=lb=.=L,=
6.4 HALF-WAVE RECTIFIER WITH C-L-C OR TT FILTER
L1 1
L1 - Load
Ipa» T - 'd —‘I 1‘" iy #*
as T
Up Up j C1 c2 Uu: ut
L]
RLoad RLuad
The output voltage of the half-wave rectifier circuit with 7 filter is:
; Us peak RLoad V2XUs (rMS) Bisad
= 1 T 1
IXFXC1xRLgqq RiocadtRchoke-DC 1+m RioadtRchoke-DC
Rchoke - pc — DC resistance of the inductance L (choke)
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Ripple voltage (RMS):

V2X%I10ad _ VZ % Us peak e Rioad
2XTX F)3XLXCiXCy  (2XTXF)3XLXCyXC N — R :
(2xmxf) 1XC2  (2x;xf) iXG D — LoadtRehoke—DC

Ur (rms) =

V2

(2Xmx f)3XLXCyXCaXRLoad

Ripple factor RF =

6.5 FULL - WAVE RECTIFIER WITH C L C OR 7T FILTER

L Ip ; ILoad
Ip —_— LT oad L g N —
— T -+ +T
TADTa o Dk kv
Lis T T oL T %
Up : —L
é' R, 1 Rioad
Us oad

The output voltage of the full-wave rectifier circuit with = filter is:

Un. = Us peak 56 Rioad = Y2Uskms) | Rioad
Dc — 1 - 1
——— u TR -
1+4xfxclxRLoad RioadtRchoke-DC 1 axfxC1xRigaq RioadtRehoke-DC

Rchoke - pc — DC resistance of the inductivity L (choke)
Ripple voltage (RMS):

\/EX Us peak

2 —
(AxTX f)3XLXCqy X Cyx 1+4><f><C1><RLoaa X(Rroad+Rchoke-DC)

U, (RMS) =

V2

8x(2xmx f)2XLXCy XCa XR0ad

Ripple factor RF =
A full-wave rectifier with a 7 filter has 8 times less ripple factor than a half-wave rectifier with an identical filter.

In some application where the load current is low, a resistor can be used instead of an inductance (chokes). The above
equations are valid if the inductance L is substituted with R:

V2

RF=4><(2><nxf)2xRxClszmead

It is necessary to take into account the power dissipated by the filter resistor (P4 = R x 12 ,.4), because it determines
the rated power of the resistor (also: the location of the resistor relative to the other electronic components of the
amplifier, its cooling..). Also, the voltage drop across the filter resistor is much higher than the voltage drop across
the DC resistance of the choke (it must be taken into account when calculating the voltage of the secondary winding
of the power transformer).

6.6 BRIDGE RECTIFIER

DIODE The most popular full-wave rectifier circuit.
BRIDGE Using modern silicon diodes, this type of rectifier
is widely used in almost all types of electronic
D ;(&D 1 l Load eqUIpment.
Us &ﬁ( FILTER —+ 7 Only one secondary winding of the power transformer
D3| D2 is required for operation of the bridge rectifier.
RLoad[] Uout The voltage drop across the rectifier components
(diodes) is: 2 x Vp.
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All the equations used to calculate a full-wave rectifier explained above can be applied to the calculation of a bridge
rectifier.

The filter (smoothing) capacitors
Aluminum electrolytic capacitors with their characteristics such as high operating voltage and high capacitance are
commonly used as smoothing capacitors.

The operating voltage (not the rated voltage) of the filter capacitor is: ngera[my = Us pear
Us peak IS the peak voltage at the output of the rectifier components.

It is recommended to use a capacitors with a rated voltage (VgR) (Rated voltage is DC voltage value for which the
capacitor is designed and specified by the manufacturer and marked on the capacitor case) 30% to 50% higher than
the operating voltage of the capacitors (due to variations and peaks of the mains voltage, ambient temperature, ..).

If the rated voltage (which is standardized) is lower than the required operating voltage, two capacitors of the equal
characteristics can be connected in series. Due to the tolerance of the capacitor characteristics and the possible
voltage asymmetry across the capacitors, it is necessary to balance the voltages across the capacitors connected in
series. A resistive voltage divider can be used to balance the voltage across the capacitors. The capacitance of an
equivalent capacitor is half the capacitance of each capacitor connected in series, but the rated voltage is therefore
twice the rated voltage of each capacitor connected in series.

C;=C=C; Cq=C/2
R1 = Rz = Rgy
VREq = 2 XV,
Cl R1
The resistance of the balancing resistors is such determined to ensure that the current flowing
through the resistors is approximately 20 times higher than the leakage current of the capacitors.
C2 R2 The leakage current depends on the characteristics of the capacitor dielectric (aluminum oxide)
and flows through the capacitor when a DC voltage is applied to it and also depends on the
applied voltage, operating temperature ...

The leakage current of a general purpose (GP) grade aluminum electrolytic capacitor can be calculated as follows:
Liear[nA]l = 5 x 107* x C[puF] x Ug[V] + 3pAd , Uy - rated voltage of the capacitor
Long life (LL) grade aluminum electrolytic capacitor:

lear[nA] = 2.5 X 107* x C[uF] x Ug[V] + 1pA

Example:
C: 470uF / 350V, Iieax [HA] = 5 x 104 x 470 [uF] x 350[V] + 3uA = 85.25uA

Balancing resistors for two 470uF / 350V capacitors connected in series and applied voltage of 450V :
As the current flowing through the resistors must be approximately 20 x Ijezy :
Igo = 20 X Ieay = 20 x 85.25 =1705uA = 1.705mA.
2 x Ry = (applied voltage) / Igy = 450V / 1.7mA = 264k — Rgy = 132 kQ2
Long life (LL) grade capacitor:
Tear [UA] = 2.5 x 10% x 470 [uF] x 350[V] + 1uA = 42.125uA
Iga = 20 X Iiea = 20 x 42.125 =842.50A = 0.8425mA
2 x Rgy = (applied voltage) / Igy = 450V / 0.8425mA = 534k — Rpy = 267 k2

In practice, the resistance of a balancing resistor can be calculated using the empiric equation:
Ry = ——
Bal = ¢fur]

The above example: Rgy = 100/ 470 [UF] = 0.212 MQ = 212 kQ
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When higher capacitance is required, several pairs of capacitors connected in series can be
connected in parallel.

Rpu = —20 (0
ST CluF x

n - number of parallel-connected pairs of series-connected capacitors

ESR (Equivalent series resistance)

B L
——
A

Cs ESR ESL

There is no ideal capacitor (pure capacitance). The equivalent circuit of an actual electrolytic capacitor consists of sev-
eral components connected in series:

e C, (capacitance) - reactance of capacitance: 1/ (2 x t x f x Cy)

e ESR (equivalent series resistance) — dielectric losses and resistance of the electrolyte, foils and the
terminals.

e ESL (equivalent series inductance) - reactance of inductance: 2 x 7t x f x ESL (electrolyte, foils winding
and the terminals).

It is important that the equivalent impedance of the capacitor is as low as possible due to its role in a situation where
the load resistance of the power supply changes very quickly and abruptly to a lower value (surge current - “a current
that increases or decreases from the normal rated value for a short time”). The resistance of the secondary winding
of the power transformer and rectifier components can be relatively high and abruptly surge currents can cause a
voltage drop across them and a voltage drop across the load. This situation can happen in a power amplifier because
the signal in a power amplifier represents music that can contain a lot of transients (sudden high-level sound produced
by drums, trumpet, piano, opera vocals...). (more noticeable in class B and AB amplifiers than in class A amplifier).
Variations in the output voltage of the rectifier stage can cause unwanted distortion of the power amplifier signal. In
such a situation, the lack of energy is compensated by the energy stored by the filter capacitors (especially by the
electrical energy stored by the last capacitor of the power supply chain).

The energy stored by the capacitor is:
J= % X C x U?%; J - energy [Joules], C - capacitance [Farads], U - voltage [Volts]

Therefore, it is useful to use capacitors with the highest possible capacitance (especially the last capacitor of the power
supply chain) taking into account the rated values of the other components used in a rectifier circuit (transformer,
rectifier components...).

The impedance of the filter electrolytic capacitor (C; - ESR - ESL) affects the total output impedance of the power
supply circuit and its frequency response (especially at high frequencies). To reduce this effect, non-polarized capacitors
(like polypropylene, Teflon...) can be connected in parallel with filter electrolytic capacitors.

The use of high capacitance capacitors (especially the first filter capacitor on the back side of the rectifier components)
can cause problems and damage other components of the power supply (rectifier components and transformer)
especially at the moment of turning on the power supply. The capacitor charging current can be very high and the
power and current limits of the rectifier components can be exceeded.

The charging current can be limited by using a resistor in the capacitor charging circuit. The resistance of the capac-
itor charging current limiting resistor must be chosen so that the charging current is lower than the rated current of
the rectifier diodes (it is not necessary to oversize the rated power of the resistor because the charging time of the
capacitor is not so long).
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Capacitor charging:

N Uc - instantaneous voltage across the capacitor:
AN
- T _ b
- U=Us(l-e7)
Us(Q) = C Uec
(=) _L Us - source voltage
T - Time constant
Ue/Us 1 /’.—_ T= R[Q] X C[F]
Ic / Ico 0.9 \ | I
c| L~
0.8k i I. - instantaneous capacitor charging current:
o.7 [N I _ %
0.63 — TR 7 fc = [pg X et

0_5f1)< EEEEEEEEN
037 OA[IAN L HH | Ip=Us/R

i iEssasgasa e

0.1 1

I - capacitor

1 2 3 4 5 (t)

Y i T t - elapsed time from the moment of applying voltage to the

The above equations can be applied and used in practice. For example, the capacitor C can be charged by a DC voltage

source Us via the series resistor R to a voltage V. in the time periodt =1t =R x C:

t
U, = U, (1 - e_f) =U,(1-2718"1) = 0.629 x U,

The voltage across the capacitor after the time t = R x C elapsed from the moment of applying the voltage to the

capacitor is 0.629 x Us.

After the time period t = 5 x T the capacitor will be almost fully charged - the voltage across capacitor will be almost

equal to the source voltage (Uc = 0.98 x Us ).

The maximum charging current is at the moment when the source voltage is applied to the capacitor: Io = Us / R.

After time t = 1 the charging current is:

i
T

Io=lepXeT="Sx——=0368 x =

2718 R

Example:
High voltage power supply:

POWER SUPPLY
— ., D201-204 Rlim
SWITCH ; (1k/17WII 1k/17W)
<
& X2 HT
z i
§ J . (-+430V)
® B : Q= 2
Ryl | YI1[ ] Y2n a
C201-C204 Z )
é =]
Ry2 | ¢ &
a == 5
p (a}
(o)
le e ek e
2
Calculation:

Here, A bridge rectifier is used.
Rated diode current: 3 A.
Secondary voltage: 320 Vgys
Filter capacitor: two 2200 uF ca-
pacitors connected in series.

Project requirement:

The capacitor charging current
must be lower than 1 A.
Calculation of R and the time re-
quired for the voltage across the
capacitor to reach 63% of the volt-
age at the output of the rectifier
bridge.

The peak voltage of the bridge rectifier is: Ug = VZ x Us (rus) = V2 X 320 = 451.2V
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s Lp=2=202_4y5120

Maximum charging current (power - on moment): I.q = ?' ¢ S
fas]

To make the calculation easier, let’s take (for example) R = 5002 — I, = 451.2 /500 = 0.9A < 1A

The time constant ijs: T=R x C = 500 x 1100 x106 = 0.55 s.

(C = two 2200uF capacitors connected in series = 1100uF).

Using the diagram above (Uc/Us = f (t)):

After the time period t = 1 x t = 0.55s, the voltage across the capacitor is 0.63 x Us = 0.63 x 451.2 = 285V.

451.2 = 03324
500

The charging current at that time is: l. = 0.368 X % = 0.368 x

0.55s after the power supply is turn on, the voltage across the capacitor is 285V, the resistor R can be short-circuited,
and the process of charging the capacitor can continue up to voltage Us.

In actual application, the voltage drop on the rectifier diodes and the voltage drop on the primary and secondary wind-
ings of the power transformer must be taken into account.

The DC voltage at the output of the power supply circuit is:

Ui = V2% Usrms) — Loaa % (RS[DL‘] + n? x RP[DC]) - 2xUp

Rspc; — DC resistance of the secondary winding
Rppcy — DC resistance of the primary winding

. _Ns
n - Turns ratio, = 7—;

Np
Ns — number of turns of the secondary winding, Np — number of turns of the primary winding
n? x Rprpey Is the resistance of the primary winding reflected to the secondary.

Practical delay circuit

The above list of high voltage power supply design requirements is extended by one more requirement:

The DC high voltage (HT) output of the power supply must be activated after 120 seconds (approximately) from the
moment the amplifier is turned on. This time (120s) is sufficient for the cathodes of the power amplifier tubes to heat
up to an acceptable level when the anode voltage can be applied.

1. The first relay Ryl must be activated 120 seconds after the power supply is turned on and remains ON as
long as the amplifier is running (until the power amplifier is turned off).
(T; = 120 seconds - time delay).

2. The second relay Ry2 must be activated 0.55 second after the moment of activation of the first relay and
remains ON as long as the amplifier is running (until the power amplifier is turned off).
(T, = 0.55 seconds - time delay).
During a time period of 0.55 second the capacitors are charged via a high power current limiting resistors
Ryim- After this time period, the second relay is activated and its contacts short-circuit the limiting resistor
and the process of charging the capacitors continues via the closed relay contacts until the capacitors are
fully charged.

The well-known IC NE555 timer can be used to make a time delay circuit.

GNDI| 1 A 8] Vee

TRIG[] 2 7|] DISCH

ouT[] 3 6[] THRES
RESET[] 4 5[] CONT

Basic Long Time Delay Circuit Configuration:
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+VCC p— Logarithmic Scales

8
>

4 3 i
R ; R 8 Q | ouT 5
s c 10}
2 TRIG DIS 7 %
o) ©
3 | cvolt {Zj THR—© § | e A A e P A

0.01

c= 0.001 - - ' ? i
10 10 10 10 100 10 10 100
us us ms ms ms sec sec sec

Time Delay in Seconds

The time delay constant is:

T=11xRxC

T,=120s

R; = 1MQ
C;=T/(1.1xR;)=120/(1.1x1MQ) =109 uF
C, = 100 uF

T,=0.55s

R; = 1MQ
C,=T/(1.1xR,)=0.55/(1.1x1MQ) =0.5uF
C, = 0.47 uF

Time diagram

Vcce s -
Ryl
0> ]
Ryl CLOSED
Vcecce i
Ry2
0cC B Time
120s 0.5s Ry2 CLOSED

Power switch ON

——‘
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PCB
g‘ —_—
x o #) (3
AT 12 L 5 el 2 (4) gy T g
) 1301 | (D) R304 ) 1302 | (D) D
a3l i BO &y *° s
1) L)
O ol
§.£ ::§ ﬁ:: 3 § § = ::§ 5 32:
$) 0 al 128 © 0 A
@® q GDp Gijl "iEn ® m @k
Rl_xll e == Ry2
”
+ b = [] b 4
12V —] d :
— LED GREEN LED RED —
@ () ) @
X2 X1 v2 Y1

PCB - 3xx
R301 - 1M
R302 - 10k
R303 - 1k
R304 - 1M
R305 - 10k
R306 - 1k

C301 - 100 pF/16V
C302 - 100 nF/63V
C303 - 0.47pF/16V
C304 - 100 nF/63V

Ryl - 12V (250V/15A)
Ry2 - 12V (250V/15A)
LED - RED - GREEN

D301 - 1N4148
D302 - 1N4148
D303 - 1N4148

Q301 - BC 557B
Q302 - BC 557B

IC301 - NE555
IC302 - NE555

0'8-

& .

/)

3xx k

KS302 KS303
I%i |'I Iiill |l|||I
™
O
-
030
304,
C302
€303 1 n p

c3ot PCB 3xx

fa]

Notes on the electronic components of the high-voltage power supply

Filter capacitors

Maximum permissible operating temperature — the maximum permissible ambient temperature at which the

capacitor can operate continuously (usually 85 °C and 105 °C).

Therefore, it is necessary to place the capacitors in places inside the device where the capacitors are not exposed to
the high temperature of components that emit heat such as tubes, power resistors, heat sinks.
The next note refers to the age of the capacitor. Branded capacitor manufacturers print the production date on the
capacitors (four-digit date code: MM.YY, month and year of manufacture). If the capacitor is stored for a long period
of time (several years), it needs to be reformed before it is installed in the device. A simple procedure for reforming
the capacitor is: connect the capacitor to a DC power supply of the rated voltage of the capacitor via a series resistor of

100 Q for Vi <
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About Rectifier Diodes (Semiconductor)

P

—El—

A typical U - I characteristic of a silicon rectifier diode:

Forward

Forward conduction

biased region

Reverse quward
I biased biased
Iy v
Reverse
biased
Reverse
blocking
region
Vg (Forward voltage):
I [A] This is the voltage dropped across a conducting, forward-biased
F 10 % diode.
4 Silicon diode (typical): Vg = (0.6V ... 1.4V)
-E Silicon Schottky diode : Vg = (0.2V ... 0.3V).
1

g 04
o 01 . N rectifier diode (1N4007).
E D D4 Puilse Whdth = M0u5 E
g 88;1? ri ninvaa Tm | - Ir(av) (Average rectified forward current):
[

Forward Voltage Characteristics

Illustration: Forward voltage characteristics (Ir = f (Vg )) of a silicon

Y96 0z 1 12 VF V] The highest current in c9nt|nuous operation, averaged over one com-
plete cycle of the operating frequency.

Never use diode operation at Iry) in practice, especially if the diodes are mounted on a PCB - the safe operating cur-

rent of the diode is about half Irjy) .

Vg (Maximum DC Reverse Voltage) and Vggy (Maximum Repetitive Reverse Voltage):

Vg - Maximum continuous voltage the diode can withstand in reverse biased mode on a continual basis..
Vrrm - Maximum voltage the diode can withstand in reverse biased mode, in repeated puses.

Half-wave and full-wave (two diodes and a center-tapped transformer) rectifier configuration:

Vers >VEX 2% Us =283 % U,

Us = Secondary voltage (RMS).

Bridge rectifier configuration:

Varu > V2 X Us = 141 % U
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It is essential to fulfill the above condition.

Irsm (Non - repetitive Peak Forward Current:
— 3.3ms Single Half Sine Wave The maximum non-repetitive on-state surge current is generally quoted
— MﬂC}rcl; for one 10 (or 8.6) milliseconds sinusoidal period (Single Half - Sine -
L Wave). Such an overload situation can be tolerated only a limited nhum-
--:""--.. ber of times before failure results.
= = 10 ms corresponds to one half cycle of (50Hz) mains
I 8.6 ms corresponds to one half cycle of (60Hz) mains
Irsy characteristics of a typical silicon rectifier diode (1N5408):

1000

Instantaneous Forward
Surge Current (A)
=]
=]

10 t.. ( Reverse Recovery Time):

1 10 100 A measure of the time taken for a rectifier diode to revert to a blocking
Number of Cyclos at 60Hz state after the voltage across it has been reversed.
PRIMARY ~ SECONDARY One more note:

To protect the power supply diodes from externally generated
spikes reflected from the mains to the transformer secondary is
to connect a capacitance (capacitor) in parallel to each of the four

— diodes in the bridge rectifier.

c T (C =[0.01 ... 0.1] pF)
Summary:

The characteristics of a quality power supply are:
e Low output impedance — frequency independent (good linearity)
e Large capacity of stored electrical energy
e Minimum variation of the output voltage
e Minimum ripple factor and minimum hum and noise

Tube heater power supply

AC power supply

In practice, a power transformer with a secondary voltage equal to the rated AC voltage Ur of the tube heater specified
by the manufacturer (mostly standardized, 6.3V, 4V, 5V, 12.6V...) is most often used. Two or more tubes (tube heaters
or heaters of each section of multi-section tubes) can be connected in parallel or in series and can be powered from
the common secondary winding of the power transformer. The power of the transformer secondary must be calculated
according to the power of the heaters it supplies.

Ip T _If Lp_ T If =121 1E3% o FlEn
o i er]| 1e2 1£n)
w =
Up Uf ) 83 Up Uf D zD )n
= 48]
e
Power of the Secondary Pgisy = Iy X Up Pgpy = Iy X Up + Iy X Up + -+ Iy, X Up
T 11 T If'=I1f1+1f2+...+Ifn
Lp’_ IF'a 1f1] |f2| lfn]
Up3 | ¢2xU Up3 || ¢2xUf
Power of the Secondary Pspy = I X 2 X Uy Psm=2X!jfx(ff14;!f2x+---+!fn)
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KT88: 6.3V, 1.6A (power of the secondary: Psis = 6.3V x 1.6A = 10.08W)
Two KT88 (heaters connected in parallel): 6.3V, 3.2A (Ps¢) = 20.16W)
Two KT88 (heaters connected in series): 12.6V, 1.6A (Psy) = 20.16W)

The secondary winding of the power transformer for supplying the tube heater can be made with a central tap (CT).
The central tap can be earthed (grounded). If the secondary does not have a central tap, it can be simulated and made

using two resistors (R = 1002 +220 ) in a series connection connected in parallel with the secondary winding. The
common junction of two resistors simulates the central tap of the secondary winding which can be grounded.

Ip ¢ Ifs H1+0f0+, . +1fn Ip_ v If=1f1+If2+...+Ifn

' |12 it il ezl i)
Up g—‘Uf jl l2 )n ET Uf 1) 2) )n

| b
J:‘ GND

— |

R R

= GND

T Instead of two fixed resistor R, a variable wire wound resistor can be used to
Uf balance the heater circuit in order to minimize hum and noise (this method is
\l very efficient for powering directly heated tubes).

Double low-power ECC type triodes (ECC81, ECC82, ...). Each triode section has its own heater (pin 4 — pin 9 and pin
5 - pin 9). These two heaters share one common connection point (pin 9), so, they can be supplied by one 6.3V, 0.3A
secondary winding (two heaters in parallel connection) or by 12.6V, 0.15A secondary winding (two heaters in series
connection).

12.6V

BOTTOM VIEW

—OOC 63V

The heater power supply wiring must be made using wires of the appropriate diameter.
(Wire cross-section [mm?2] = I [A] / (3 ... 4 )). (Wire diameter [mm] = (0.56 ... 0.65) x square root (I
[A]))-
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Due to the relatively high AC current (mains frequency) flowing through the wires connecting the sec-
ondary of the power transformer to the tube heaters (heater socket pins), the generated electromagnetic
field can have a harmful effect on the amplifier signal (hum and noise). In order to minimize this problem,
it is necessary to use a pair of twisted wires.

DC heater power supply

Design:

Diode: Iray) > 1.5A, Vry > 6.3V

The 1N5402 Si diode fulfills the above requirements
IN5402: Irpy) = 3A, Ve = 200V

Forward voltage: Vg = 0.8V at Iy =1.5A

s (A) e Bridge rectifier with filter capacitor
— Secondary winding of the transformer: 6.3V AC, 1.5A;

10 g,/" Mains frequency: f = 50 Hz

E = T;=25°C

-E . Vi Pulse Width = 300 1 Project requirements:

8 1.5A 1% Oty Cycte Us=6.3VDC/I; = 1.5A DC,

" 3 Riosd =Ur /I =6.3 /1.5=4.2Q

% 7 Ripple factor: RF < 10%

g ot L

g

L=

0.01
04 06 () 8V10 12 14 16 (W)
Instantaneous Forward Voltage

_Ip_ T D-BRIDGE

ILoad
i} | _{ C ﬁ’-[]_:;’[t
R P

U 2.88 2880 2880 2880
TR = = <01 > C[uF] > =
Upe  C[UF] X R,[kQ] _ C[nF] x R,[Q] 01X R,[Q] 01x42]

RF <

Standard, C = 10 000uF / 16V

UrrMs) _ 2880 2880
Upe  C[uF|xRi[0] ~ 10000x4.2

RF = = 0.068 or 6.8% or, ripple voltage: 0.068 x 6.3V = 0.428V = 428mV

« XU I xVpme T NOOXUWTXAL o 632X 08 =63V
R T T T T Tt e A T 7 ST o & A
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(A) Notes:
£ Ty =125 ’c — The power dissipation of the 1N5402 diode is
S GO - Py = Iray) X Vgm = 1.5 x 0.8V =1.2W, and therefore they
10 Pulse Widﬂ]=3mp5§ can get very hot during operation, especially if mounted
A7 F1 % Duty Cycle = on a PCB.

Schottky diodes such as the 1N582x type diodes are a
better choice than the universal Si rectifier diodes.

1T =250¢

01

IN582x : Iy = 3A, Vi 0.475V + 0.525V
Vigw = 20V - 1N5820,
0011 Vrew = 30V - 1N5821,
0 02 04 06 0B 10 12 14 (V) Vrrm = 40V - 1N5822
Instantaneous Forward Voltage

Instantaneous Forward Current
-

malll

|
'-l-‘"

Improved version: bridge rectifier with CRC filter: 6.3V, 1.5A

T 4x1N5822
D1| D3

Ripple factor
R=1Q/10W V2

D4l' — L +—;|L— RF=4><(ZXTrxf)ZXRXCIXCzXRLoad
- ClT Cz_l_ ¢ 3v  RF=085%or

2x10000pF/25V

o
-
Us=7V

Ripple voltage: U, = 0.0085 x 6.3 Upc = 53.55 mV

U 4 X fXCXRy .
BT LR FRC TR,
_RX"Laad

Upear —2 X Vg

4%x50x107%x4.2

Ubc =Tiaxs0x102xa2

XV2x7-2%05-1x%x15=6.32V

Secondary winding of the transformer: Us = 7Vrys
D1, D2, D3, D4 - 1N5822 (3A, 40V, Schottky)

C1, C2 - 10 000uF / 16V

R-1Q/ 10W

Upc = 12.6V heater power supply. The secondary voltage of the power transformer is:

1+4x50x1072x84 1

x—=11.35V = 12.6V

Us=Wpc+2xVy + RX liad) X — e o582 ¥ 5

* To adjust the output voltage of 12.6V, use the power resistor R (1.5Q2 ... 1.892).

Regulated DC heater power supply

To keep the heater supply voltage stable and to minimize ripple voltage (hum and noise in the amplifier caused by
insufficiently filtering of the power supply), a regulated DC heater power supply circuit can be used.

Two types of adjustable linear IC regulators are commonly used to make a heater power supply circuit:

LM317 adjustable 3 - terminal positive voltage regulator capable of supplying 1.5A in the range of 1.2V to 37V output
voltage and LM338 capable of supplying 5A in the range of 1.2V to 32V output voltage.
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LM317/LM338
Vin T — Basic configuration of the regulated power supply circuit:
il { R1 A few notes about the LM 317 and LM 338 IC regulators:
L c1 E c2 e Minimum difference between input and output voltage of the IC:
0.1pF ¥R2 1uF Uin (min) = Uout > 3V.
—4= e Power dissipation of the IC:

= (Uin = Ugue) X Iroaq < 15W.
Output voltage calculation:

R,
Uy, =125 %| 14—+ 1 % R,

1

+ Vout ! IAdj = (40 = 100) [.IA
R;-240 2 (LM317)

- u R;-120 2 (LM338)
(U -Uout ) >3V = Uj (min) > Uoue + 3V
(Uin = Uout ) X Iioaq < 15W

Example
Regulated DC heater power supply

1. Uy = 6.3V DC, (Iipag < 1.5A, LM 317), (I;0aq < 2.5A, LM 338)
2. Uy = 12.6VDC, (I;0nq < 1.5A, LM 317), (I;0aq < 2.5A, LM 338)

Calculation of R resistor:
LM 317 (Ry = 220€) and U,y = 6.3V

Rz Uout 6.3
U =125 % (1 +R_1) g X Ry = Ry ~ (72 - 1) x Ry = (1o — 1) x 220 ~ 8890

LM 338 (R, = 120Q) and U,y = 6.3V:
R; Uopue 6.3
Upur = 1.25 X (1 +R_) +laqj X Ry = Ry = (m— 1) XRy= (__ 1) % 120 ~ 4850
1 .
LM 317 (R =220Q) and Uy = 12.6V:

U =125><(1+&)+;r ‘X R —»R,~(U"‘“—1)><R =
out . R']_ Adj 2 2 1‘25 i

e 1) X 220 = 1997Q
LM 338 (R; =120 and U,y = 12.6V:

R, Uyt 12.6
Uoug=1.25x(l +R—1)+’Aa1><"?z - Rzm(m—l)qu:(m—l)xlmzlo%ﬂ
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To allow fine adjusting of the output voltage, R, can be replaced by a series connection of a fixed resistor (R,’) and a
variable trimmer potentiometer (P, ):

R2'
b3
R2: (=
g P2
LM317 LM338
(Ry=220Q) (Ry=120Q)
Uout = 6.3V R, = 680 Q R, =270 Q
Uout = 12.6 V R, = 1k8 R, =820 Q
P, =470 Q

Minimum voltage Us (min) of the secondary winding:

e The minimum input voltage of the voltage regulator is: Uiy (min) > Uoyt + 3V
® Uyt = 6.3 V: Upp(min) > 6.3V+3V =93V
o Uyt = 12.6 V: Uy (miny > 12.6V + 3V = 15.6 V

If a bridge rectifier with a CRC filter is used, as in the example above, the voltage of the secondary winding is:

1+4XfXCxXR, 1

US=(Uin(min)+2XVf'+Rx1Load)x 4XfXCXRL xﬁ

ILoad = 1.5A (LM317), cC=10 OOO[JF, R=1Q2 ’ RL = UOUT/ ILoad (429 for 6.3V and 8.4X2 for 126V) and
Schottky diode 1N5822 (Ve = 0.5V):

= ey 14+4x50x1072x42 1 _ o : TTe— .
6.3V/1354:Ug>(93+2%x05+1x15)x o 9.36V  (The choice: Us = 10Vgys )

5, i . ; 1+4X50X107%%84 1 s hrie Tle—=
12.6V/154:Us > (15.6 + 2 X 0.5+ 1 x 1.5) e = 13.6V (The choice: Us= 15Vrus )

I10ag =2.5A (LM338), C = 10 000uf, R = 0.5Q2, R, = Uour/ I10aq (2.52Q for 6.3V and 5.04%2 for 12.6V) and
Schottky diode 1N5822 (Ve = 0.5V):

; 1+4%50%107?%2.52 1 s ; .
6.3V /2.54:; US > (93 +2x054+05x 25) X mx \’_'i = 9.8V (?hfj choice: Us = 10Vgys )

3 £/ . 1+4x50x107 % x5 e S Tl oryios Fle = 1
126V /234: Us > (156 +2 x 0.5+ 0.5 x 2.5) ST = 13.9V (The choice: Us=15Vgus )
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D60 1-D604
HS601
R600 3 ot
ACT-IN 7 Vin Vout O—0
3 1C601 2
ALY
O—l 1 R602 4 D605 =
- <
o =% 8 = R',SP3 g . g =5 %
O Lo el e ol O = :g — s
v v R601 v v X
Q601 }F—— a
l—' P601 C603 #
: o0—0

The slow rise of the output voltage (turning on) is realized by the circuit around transistor Q601 (the time constant is
determined by the resistor R603 and the capacitor C603).

The power dissipation of the IC voltage regulator is: Py = (Ui, = Uout) X I10ad -

Uin = Upye > 3V and Ijpag = 1.5A: Py > 3V X 1.5A = 4.5W; I ,00 = 2.5A: Py > 3V x 2.5A = 7.5W.
Thermal characteristics of LM 317 and LM338 (TO220 package):

Rg ja - Junction to ambient thermal resistance without heat sink: 50 °C / W

Rg jc - Junction to case thermal resistance: 5 9C / W

Tmax - Maximum junction temperature

Without any heat sink, the power dissipation of the LM317 is:
(safe operation - junction temperature T; = 85 °C and ambient temperature T, = 25 9C)

(T,~T,) _(85-25)C°

Pa = Roa  SOCO/W

=12W

Since the power dissipation of the LM317 in the example above is higher than 4.5W (7.5W), it is necessary to mount
it on the heat sink.

The thermal circuit of an IC mounted on the heat sink is
JUNCTION
T TEMPERATURE - thermal circuit equation:
J?_
Rgrc|| T _p 4k R
SEMICONDUCTOR. 2 CASE =5, et HoentHons
DIE _ Te ¢ CASE a
MICA ’ ()%r Rg jc - Junction to case thermal resistance
mATDFTH }E%%Pm Rg cy - Case to heat sink thermal resistance
[1 ’ (if mica insulator and thermal grease are used:
TA& RSCH=1'2 OC/ W)

AMBIENT TEMP. Rgups — Heat sink to ambient thermal resistance

The thermal resistance of the heat sink to the ambient equals:

(T, —Ta)
Ry 14 5_‘#‘__}?9}6_ Rg cn

In the above example (T; = 90 °C - safe operation; T, = 25 9C):

(Ty=Ta) 90-25

J’f.r.?ad = [.54: Rﬂ HA = _ RQ}C _RQ cH = — __

5—-12=8.2%/w
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For safety, choose 5 °C/W heat sink:

90-25 240

(7-Ta) s 5—-12= 5 A 2.5°C /W heatsink is chosen.

fgmd = 2.04: Rg HA =

= R&‘j[.‘ —Roen =

In practice, a simplified equation can be used:

(60° —T,)

R <

Temperature check:

I oaq = 1.5A

T, =250C
Ty=Ta+RouaXPy=250C+50C/Wx4.5W=47.50C

T_] = TH+ (RGHC+R6]C)XPd=47'5OC+ (12 OC/W+ 50C/W)X45W= 75.4 0C
ILoad = 2.5A
TA =250C

Ty =Ta+Rgua X Py =250C +2.50C/ W x 7.5W = 43.75 0C
7}'= TH+(R9HC +R9JC)XPd=43'750C+(1‘2 OC/W+50C/ W)X75W= 90250C

Mounting the IC (TO220 package) on the heatsink

Adequate heat dissipation of the voltage regulator (TO220 package) can be realized by mounting it on the heatsink
using parts that make good mechanical and thermal contact between the voltage regulator (TO220 package) and the
heat sink.

Examples of heat sinks that can be found on the market

32
- a2
3 *Ll[‘- ¥ ¥ . | ) .1
5 @ : a _I a 5 @
i ' o= o ® =1
r ¥ i - o3 Y ¥
) g
Fleo | 1 L Hj[
254

155 o (K) (K)
100 I 75
- =7E I
60 5 - =3
o Y ZaR
29 20 20 2
2 5 8 10 12(W) 2 5 B 10 12(W)
KW s
5 5
4 \\ 4I<
3 3
2 — 2
3 1

5 100 150mm 50 100 150mm
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KW
e 93 > 5 KW
36 4 Le 128 o 5
; L‘ 36 4 | 4
w v 3
5 11| NEES
1 = :
115
I= LI 98.4 > 1
50 100 150mm 50 100 150mm
Kw KW
gl 15
36 4 k- b
3 6
| v % i,
1 “_"-—\_
— 2
50 100 150
- 50 100 150mm
KW
5
15 ® 4
100 T57 =
3 80 FZ 3
< 60| LAt i
- A/ 100 2 P
r 40 = —]
- — 204 1
2 5 8 10 12(W)
50 100 150mm
KW
5 KIw
34 5
30 ; - 2
[ ] ﬁ : =
2 - © [
=
: :
134 0.5
50 100 150mm e »

50 100 150mm

Example of mounting the IC (TO220 package) on the heat sink:

<——5 SCREW M3mmx 12mm
<— 3a FLAT WASHER

SHOULDER WASHER
INSULATING BUSH To 220

THIN LAYER
OF

=SS ————————————
THERMAL GREASE 4'—/

ezzzzzr] HEAT SINK
-« 3b FLAT WASHER
*=<4—— 6 LOCK (SPRING) WASHER
MD<— 4 NUT M3mm

<+—1 MICA INSULATOR
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List of electronic components:

ww
6.3V 12.6V 6.3V 12.6V 5v
1.5A 1.5A 2.5A 2.5A 1.3A
D601, D602;
1N5822 1N5822 1N5822 1N5822 1N5822
D603; D604
D605 1N4002 1N4002 1N4002 1N4002 1N4002
C601; D602, 10.000 uF 10.000 uF 10.000 uF 10.000 uF 10.000 uF
16V 25V 16V 25V 16V
C603 100 pF 100 uF 100 uF 100 uF 100 uF
16V 16V 16V 16V 16V
C604 4.700 uF 4.700 uF 4.700 uF 4.700 uF 4.700 uF
16V 16V 16V 16V 16V
C605 4.700 uF 4.700 uF 4.700 uF 4.700 uF 4.700 uF
16V 16V 16V 16V 16V
R600 1Q/ 10W 12/ 10w 0.5Q / 10W 0.5Q / 10W 12/ 10W
R601 680Q 1k8 2708 82012 27082
PEO1 4709 47082 4709 47082 20082
Trim. Pot. Trim. Pot. Trim. Pot. Trim. Pot. Trim. Pot.
R602 2208 22012 12092 12092 12092
R603 51k 51k 51k 51k 51k
0601 BC557B BC557B BC557B BC557B BC557B
2N2907 2N2907 2N2907 2N2907 2N2907
IC601 LM317 LM317 LM338 LM338 LM338
(2.5...3.5)Cc/W | (2.5...3.5)0C/ W 50/ W
HS601 50Cc/w 50Cc/w (59C / W for (59C / W for
1.6A) 1.6A)
PCB600
*Us 10Vrus 15Vrus 10Vrus 15Vrus Vrms

Characteristics of the regulated DC power supply described in the example above: adjustable output voltage, low
output hum and noise and low output impedance. It can be used as a DC heater power supply, both for tubes with
indirectly heated cathode and for directly heated tubes:

6.3V (12.6 V)/ 1.5A: Four (Eight) ECC8x, Two (Four) 6SN7, ... one (two) EL84...

6.3V (12.6 V)/ 2.5 A: EL34, KT88, 6L6... (Two: EL34, KT88, 6L6...)

5Vv/1.3A: 300B
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Examples of a high-voltage power supply

Input Driver Output

Stage Stage Stage
ﬂ- I D-BRIDGE EUJ._. "
Io L, Iy Liy
Up Us EL R:"L ﬁi
CUT N CaT Lt CbT o "LEFT CHANNEL

GND

RIGHT CHANNEL

'()R ldR liR >_¢
' IN(R) >_D

S S |

Input Driver Output
Stage Stage Stage

High-voltage power supply concept:
A common high voltage power supply is used to supply the output stage, driver stage and input stage.

Iy = (lor +dop) + 1) + 1 = (log Hor ) + (Lo +HLap ) + (Ly + L)
Uy =Uy—Ry X (I; + ;) = Uy — Ry X [y, + Iag) + Uy, + Iip)]

The high voltage power supply of the output stage of the push-pull amplifier does not require a high level of filtering.
A simple full wave or bridge rectifier with a filter capacitor can be used.

Example:

Push Pull amplifier

Output stage (one channel), high voltage supply: U, = 420V, I = 2 x 90mA
Driver stage (one channel), high voltage supply: U; = 360V, I, = 10mA
Input stage (one channel), high voltage supply: U, = 260V, I; = 3.5mA

Calculation:

Io—(lor tlog) v Iy v b= (Log + Tor) + (Lap + Lig )V (L, + Lig )
Iy =2x[(2x90) + 10+ 3.5 ) =2x1935mAd = 387mA = 400m4

Up—U;  Uy—U 420 — 360

R=R: = —
17T L+ h 2%l +2xl 2x10+2x35

= 2.2k0Q

Purm“ = Rf ,\?(.",{ 1 x"g o =2200,\; 0.0272 = ;’6W (R;—QZ;’{Q/?W)

2R L T 2XL 2%x358 ¢

Checking the ripple factor (RF):

Filter capacitors:

C, (two capacitors connected in series): C; = C;" = 2200uF / 350V — C;oq=C;/2 =2200/2 = 1100 uF
Ca : C, = 470uF /400vV

Cb : C3 = 220uF /400V
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Ripple factor ( Uy = 420V and I, = 400mA ):

- : _ Uramsy _ 1 _ 288 _ 288 _ 288 .
f=350Hz RF =0 = = 20 = o5 = TiopdB = 0.00249 C [pF], R [kQ]
0

Ripple voltage (RMS) is:

Uy (rusy = RF X Upe = 0.00249 X 420 = 1V

Ripple voltage ( U; = 360V and I = 27mA ):

To simplify the calculation of the ripple voltage of U;, an equivalent circuit consisting of an AC voltage source of 1Vgys
(ripple voltage of U, ) and a voltage divider R; and Xc, can be used:

The impedance of capacitor Cy is: Xc; = 1/ ( 21tfC, ) = 1 / (2x3.14x100x470x10°6 ) = 3.388Q (f = 100Hz)

Fise 3.388

Xo+ R YV *3388 42200 O™

Up (rusy = 1V X

Ripple voltage ( U, = 260V and I = 7mA ):
Repeating the previous procedure: 1.5mVgzys AC voltage source (ripple voltage of U; ) and a voltage divider R, and
XC3 .

The impedance of capacitor Cy is: Xc; = 1/ ( 21fC5 ) = 1/ (2x3.14x100x220x106 ) = 7.24Q (f = 100Hz)

Xes 7.24

- R S s R ouv
X+ Ry~ Y X728+ 12000 - OOM

Ur (RMS) = 1.5mV x

Calculation of the secondary winding voltage of the power transformer:

If a long life (LL) grade aluminum electrolytic capacitor is used:

z
U tuaes =”“"’”‘°"'°"‘(H’*“V],;“ “Rewe)?2Up b 5O, n=1.45, Ry=15Q, Up= 0.8V

420+ 0.4 x (15+ 1452 x5) +2x 0.8 _

U = 306V = 310V
S [RMS] ’\/?

The Secondary Winding must withstand a current of: Is [RMS] ~ 1.5 x IDC [Load] s (IS [RMS] =~ 1.5 x 400mA =
600mA)

Diodes
Vrrm (Repetitive Reverse Voltage), bridge rectifier:

V> V2 x Ug=1.41 x Us=+2x310=452.5 (choice: Si diode, Vggm = 1000V)
Irav) (Average rectified forward current):
IF(AV) > I,0a0 = 400mA, (choice: Si diode, IF(AV) = 3A),
[reminder: if the diode is mounted on the PCB - the safe operating current of the diode is about half the Iry)
i.e. 1.5A].
Fast Si rectifier diodes that fulfill the above requirements: BYT 56M, UF5408, (1N5408).
Balancing resistors (connected in parallel with input capacitors):

I HA|=25%10"*x C|pF|x U, [V|+1pA=2.5%10""*x 2200 x 350+1=193.5 A

Iga = 20 X Ijga = 20 x 193.5 = 3870uA = 3.87mA
2 x Rgy = (applied voltage) / Ig, = 420V / 3.87mA = 108k2 — Rpy = 54kQ (choice: 100kQ2 / 2W)

Delay circuit: the same circuit is used as the circuit detailed in the text above (Practical delay circuit).
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Capacitors connected in parallel with the rectifier bridge diodes: 100nF / 630V
Secondary winding of power transformer:

Us =310V, Is=600mA, Ps=UsxIs=310Vx0.6A=186W

POWER SUPPLY
—_—

; A+ +26
SWITCH D201-204 Rlim ( 42'?V) ("'3:?0\0 ( 2.?0V)
% (1K 17WII 1K/ 17W)
fal X2 ,—W—l R1 R2
Z t L o
T d L T3
w > Q
: [~ 2= $32 2 2
C201-C204 Ryl Y[ J¥2 T g 2 o
= ~ Uo T L ow S s Uz
g g ? % — E ==
Ry2 2 o o =] o
[ = -~ M~ o
o — { o + 2]
* = r=1
o = =]
le e 8k [ ]
i =2k

Single ended amplifiers require very high quality filtering of high voltage. In practice (usually) a simple CLC input filter
can be applied.

Example:

Single Ended amplifier

Output stage (one channel), high voltage supply: U, = 430V, I, = 81mA

Driver stage and input stage (one channel), high voltage supply: U; = 380V, I; = 10mA

Calculation:

Io=(Io.+Ior) +1I1=(Ior +Ior) + (I + Iar )
Ip=2x[81+10]=2x91mA = 182mA = 200mA
Rioay = 430V / 200mA = 2150Q

I =ik Ug—U; 430 —380

L¥L 2xl +2xL 2zxi0 -~ 2ok

R1 =Ra=

Pd(R1)= RIXI12=2500X0.022=1W, (R1—24k9/5W)

Checking the ripple factor (RF)

CLC filter:

C; =2 x 470 yF / 350 V connected in series — Cioq=C;/2=470/2 =235 uF

C, =2 x 470 uF /400 V connected in series and connected in parallel with 2 x 470 WF /400 V connected in series,
Creq =470 pF

C; = 2 x 330 yF /400 V connected in series — Csz¢q = 165 F

L =5H/250mA / Rehoke - pc = 55 R

Ripple factor ( Uy = 430 V and I, = 200 mA ):

V2 V2

Ri-= = . . =48x10°¢
8x(2xmxf)PxLxC %0 xRea B8x(2xmx50)3x5x235x107%x470x10-°x 2150 &
Ripple voltage (RMS):
ﬁ x USpeak
Uy rmsy = 1 =2mV,or:

AXmTXfPXLxC xCx|1+ TX[XC, X Rong X (Rioaa + Renoke-nc)

U, (amsy = RF X Up; = 4.8 X 1076 x 430 = 2mV
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Ripple voltage (U = 380 Vand I =20 mA ):
AC voltage source of 2mVygys and a voltage divider R, and Xcs .
Impedance of Cs capacitor is: Xc3 =1/ ( 2nfC3 ) = 1/ (2x3.14x100x165x10¢ ) = 9.65 Q (f = 100Hz)

Xca 20.617

Tt iy 2V Xoggiy+ 2400 ovdm¥

U—,-- (RMS) = sz X

Calculation of the secondary winding voltage of the power transformer:

If a long-life (LL) grade aluminum electrolytic capacitor is used:

2
Us (gms) = U"”H”““x(ﬁswf};n XRADC)YDUD 50 p 145, Ry — 150, Up= 0.8V

430+ 0.2 X (15+ 1452 % 5)+ 2 % 0.8
Us (rus) = = =309.7V = 310V

The secondary Winding must withstand a current of: Is [RMS] ~ 1.5 x IDC [Load] s (Is [RMS] =~ 1.5 x 200 mA =
300 mA)

Diodes

Vrrm (Repetitive Reverse Voltage), bridge rectifier:

Vi > V2 % Ug = 1.41 x Ug = v/2 x 310 = 452.5V (choice: Si diode, Vggy = 1000V)

Irav) (Average rectified forward current):

Irav) > Ioag = 200mA, choice: Si diode, Iray) = 3A,

[reminder: if the diode is mounted on the PCB - the safe operating current of the diode is about half the Iry,)
i.e. 1.5A].

Fast Si rectifier diodes that fulfill the above requirements: BYT 56M, UF5408, (1N5408).

Balancing resistors (connected in parallel with input capacitors):
I HA|=25%10"* % C|pF|x U, [V|+1 pA=2.5%10"*x 470 x350+1=42 pA
470 JF connected in series with 470 pF

IBa/ =20 x I/eak =20x42 = 842 |JA = 0.842 mA
2 X Rpz = (applied voltage) / Igy = 430 V / 0.842 mA = 510 kQ — Rpgy = 255 k2 , (choice: 270 k2 / 2W)

Second group of capacitors (470 uF connected in series with 47 OuF and connected parallel with 470 uF connected in
series with 47 OuF).

100 100 i i
Rgar = PTATST= (MO = T 1509 kQ, (choice is: 180 kQ / 2W)

Delay circuit: the same circuit is used as the circuit detailed in the text above (Practical delay circuit).
Capacitors connected in parallel with the rectifier bridge diodes: 100 nF / 630 V
Secondary winding of power transformer:

Us =310V, Is = 300 mA, Ps =Us xIs =310V Xx0.3A =93 W
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POWER SUPPLY Pl
AxBYT56M
2 +430 +380
SWITCH D201-204 Rlim L ( o V) ( ® V)
- :
x (1k/1TT7TWIT 1k/17W)
) X2 SH/250mA R2
g ] ¥ I F T PPN
2 z z 2k4/5W | 2
& > 8 5 o > > S
Sy $8 Feds =22 e = 2
C201-C204 Ryl Yl Y2 3 2 b 5 b 0 =
4x100nF/ 630V u:: o ‘:,- - £ Ul = -l
S| sl 2 = = o z
Ry2 Gy o 3 § L % s Mmoo S
aTére ATz T4 &T s
:{I ~ % —
X ] ® lk l
i

6.7 REGULATED HIGH-VOLTAGE POWER SUPPLIES

A regulated high voltage power supply is used to power the preamplifiers, the input and drive stage of the amplifiers or
the screen grid (g2) of the tetrode or pentode of the amplifier output stage, usually (can be used to power the output
stage of the amplifier, but the design requirements such as high voltage and high current complicate its design).

The series voltage regulator is a simple and very effective regulated high voltage power supply.

Basic configuration:

Emitter follower regulator Source follower regulator
A A /P Lyl
=

1
Ube R: Ugs
lz 1z |——
Uin } Uout Uin 1/ Uout

Uz & Uz &

S
S
>

<

The principle of operation is very simple. A high-voltage, high-power active electronic component such as a transistor
(BJT) or MOSFET is connected in series to the load. The base or drain is kept at a constant voltage by a Zener diode
(constant voltage: Uy ). If the output voltage decreases, the base to emitter voltage increases and the current flowing
through the transistor and the load also increases, and the output voltage increases i.e. the decrease of the output
voltage is compensated. A similar, but opposite, process occurs when the output voltage is increased.

The basic equations:

Ujp—Us
Ugye =U; —Upe or, Ugye=U, — Ugs 1, = _mR — iy
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32

24

e |

e

i

04

0o /

o 1 2 3 4 &5 4 T B W 10
— Ve

MOSFET, drain current vs gate to Source voltage.  Zener diode characteristics

U, - rated voltage of Zener diode

Upe - base to emitter voltage
(Si transistor: Upe is about 0.7V)

Ugs - gate to source voltage
(it is necessary to consult the MOSFET data sheet, usually about 3.5V)

I, - transistor base current

- I
Ib i (1+hfe)

* hee of a transistor is the current gain or amplification factor of a transistor

Example
+380V IRF840 350 VStab Simple series voltage regulator using high-voltage,

e 141 d high-power MOSFET: Uy, = 350V, I, = 200mA
18V High voltage N channel MOSFET: IRF 840 500V, 8A

¢ w
10k 0.82k Ugs = 3.5V (Ip = 200mA)

10k Uout = Uz = Ugs = Uz = Ugye + Ugs = 350 + 3.5 = 353.5V

Combination of Zener diodes connected in series:
3 x 100V + 1 x 56V = 356V
j» 10uF 100uF  Expected output voltage: U, = 356V - 3.5V = 352.5V
450V 350V .
1W Zener diode:
56V: IZ Test = 45mA, i00v: Iz Test = 2.5mA
U;, = 380V. The choice of I, is around 3mA.

\|

W
o
<
S~
3x100 V/1W g
M
|
5

i % = 330;355 = 8k ; (choice: R — 10k )

“\F

Variations of the input unregulated voltage and variations of the base current of the transistor, even if small, cause a
change of the current flowing through the Zener diode and changes of the Zener voltage (as can be seen in the Zener

diode characteristics diagram).
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\ A I In practice, this problem of a simple series voltage regulator is solved by using
a constant current source to supply Zener diode (Iccs = I, + I,). High voltage
l 1b E/b € power transistors usually have a low gain (h¢ around 30) and the base current
. I ccs is not negligible (it can be several mA) so the power dissipation of the constant
Uin b'f Uout current source is not negligible. As the gate current of the high voltage MOSFET
& l 1z is in the order of nA, its application in practice simplifies the design of a CCS

Uz and is used more often.

The Uce voltage of the high voltage power transistor must be higher than the unregulated voltage

Uunreguiated = Uce > Uunreguiates @nd the collector current must be higher than the load current - I¢ > I gaq
(MOSFET: Ups > Uynreguiated @nd Ip > Ijoaq). Examples of high voltage power transistor and MOSFET that can be used
in a high voltage series voltage regulator circuit:

Transistor TIP 50: Uce = 400V DC, I = 1A, he = 30
MOSFET (SIPMOS) BUZ 92: Ups = 600V, Ip = 3.3A

Zener diode: If the designed voltage and power of the Zener diode cannot be realized using one standard Zener
diode, several standard Zener diodes can be connected in series with a total voltage equal to the designed and a total
power higher than the designed.

A high voltage transistor must be used in the constant current source circuit:
Uce > Uupreguiated @nd Ic > Iy + I, (MOSFET series regulator: collector current of current source transistor Ic >1).

Example:
Series voltage regulator: Uy, = 280V, I,,; = 100 mA.
Transistor: TIP 50, Ucg = 400V, I- = 1A, Pc = 40W

—

VU[I) lout
A V=10V
ccs g CE
o]
IZ1‘56V ‘Elm
56V 5
Ui T Uout I ﬁ\
1in ou
Uz &K 56V Bm
i
xoey ;1 0.1 1
56V 001 Collector current  Ic [A]
f DC Current Gain

From the diagram:

Io = 0.1A, he = 30

Basic equations of the transistor:
Ic =hexIyand Ig = (he + 1) x I,

Transistor base current is:

I L.

T hpe+1

. _looma .
T e

Zener diode: 5 x Zener diodes of V; = 56V connected in series, total V; = 5 x 56V = 280V.
1.3W Zener diode BZX85C56, I, =51 = 4mA, for I, = 4mA the dissipation of the diode is 56V x 0.004A = 0.224W
Some other combination of Zener diodes connected in series can be used.
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Constant current source (CCS):

The current of the constant current source is: Iccs = I + Iy =4 + 3.2 = 7.2mA
Transistor: PNP 25A1156, Ucg = 400V, I = 500mA, Pc = 10W

Simple CCS circuit:

Rady

s Vz (Dcr:s)“Ube

CCS current: lges = = Rgq; = T6és

; f;((’ij 5.6V / 500mW Zener diode: BZX79V5V6
5Vé6 56-07 _
500mwW, Raay = =75~ = 068k
Uin 2SA1156

Iz=5mA 1 For U, = 300V and I, = (3 ... 5)mA of the Zener diode BZX79V5V6:
Rz Iccs=7.2mA
Uin—V 300-5.6
68x Ry = —1—E28 = === =50k0), (choice: Ry = 68kQ/ 7W).
TW :

The synthesized schematic of the regulated voltage 280V / 100mA power supply is:

+300V TIP50 +280VStab Power dissipation of the transistor TIP 50:
o 5V6k 1680 M i Py = (Upn = Uput ) X Ijpag = (300 - 280 ) x 0.1 = 2W
500mW Radj Taking into account the tolerance of the heat sink characteris-
tic, the heat sink is calculated for Py = 5W:
T, -T, 90— 25
2SA1156K Rsmiﬁ“JTﬂ—Re;c—Rem: T s L)
56V/1W =B‘7UC,‘IW
x T The TIP 50 must be mounted on the heat sink:
56V/1IW 100uF )
350V Reus < 8°C/w, 30mm long. Example of a heat sink:
X
68k 56V/1IW KA
TW & 15
56V/1W . :
4
o fsew 1W o 2 —

50 100 150mm

The MOSFET version of the above regulated voltage power supply:
N channel high voltage power MOSFET: BUZ 92, IRF 840, BUK 456 800A, STW12NK95Z ...

The only difference compared to the BJT regulator is that the CCS is designed to supply only Zener diodes because
the MOSFET gate current (around 100nA) is much lower than the base current of the transistor (3.2mA). So, the CCS
current is around 4mA. Also, from the MOSFET data sheet and characteristics:

Characteristics Ip - f (Ugs): for Ip = 100mA — Ugs is around 3.4V.

Characteristics Ip = f (Ups ), Ip | UGs = cte: for Ip = 100mA — minimum Ups = 10V.
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BUZ 92: Ups = 600V, Ip = 3.3A, Py = 80w

| Vs
a 41

b 45

24

c 50

d 55
‘e 80

20

f 85

g7

h 75

i 8a

i 82
k 100

| 200

08

04

00

CCS: Radj = (Uz— UbE)/I = (56 - 07)V /4mA = 1k2

+276.6 VStab An important characteristic of a series voltage regulator is:

+300V BUZ92
T
1k2 ¥
5V6 . 18V
Rad \d
500mW —d¢ kIW
| 0.82
2SA1156 L0k
% ==
; 1+, 10uF 100uF
© 350V 350V
68k o
TW e

The suppression of AC signals present at the input of the regulator

(ripple voltage and its harmonics, hum and noise) is very effective
and high (examples above: it is about 46 dB).

6.7.1 HIGH-VOLTAGE ADJUSTABLE POWER SUPPLY - MAIDA TYPE
Published in 1980 by Texas Instruments (LB-47 High Voltage Adjustable Power Supplies)
Author Michael Maida.

Vi, 2170V o Q1, Q2 :NSD134
100k [got, Q2*
i Vout
o1 ! 12V to
sovd _ Lwoon v 160V
IN4T33 ~ @25mA
Apy9UT R?i
210
! Q2
1o 15005  L1wF
i 1
1N4001 i)
11}0%: leg “VOLTAGE
ADJUST
1o =
TiF

The basis of the Maida high voltage regulator is an unusual ap-
plication of the low voltage IC voltage regulator LM317H:

“The regulator has no ground pin; instead, all quiescent current
(about 5 mA) flows to the output terminal. Since the regulator
sees only the input - output differential, its voltage rating - 40V
... will not be exceeded for outputs of hundred volts... Zener diode
D1 ensures that the LM317 sees only a 5V input-output differ-
ential over the entire range of output voltage from 1.2 V to 160
V. Since high voltage - transistors by necessity have a low B, a
Darlington is used to stand off the high voltage ... R3 limits short
circuit current to 50 mA. The RC network on the output improves
transient response as does bypassing the ADJUST pin, while R4
and D2 protect the ADJUST pin during shorts...

These techniques can be extended for higher output voltages and/or currents by either using better high voltage tran-
sistors or cascading or paralleling (with appropriate emitter ballasting resistors) several transistors.”
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Design procedure

1. Design input data: output voltage, current and limit current of high voltage power supply

Uout/ Ioutl Iout Limit+
The input data determines the choice of the high voltage transistor Q2 (Ucg > Ui, B, Upg,, Pq)

2. Calculation of the voltage of the Zener diode D1:

Introductory remarks
According to the above schematic, the following equations of D1 circuit can be derived:

Uz d1 = Upe + R3 X Tout + Uin-out LM317
Uin-out mM317 X Iout = Pd LM317 (pOWer diSSipatiOn Of LM317)
Uin-out LM317 (min) = 3V, necessary for normal operation of LM317

If the power dissipation of LM317 is < 1W, the use of a heat sink is not necessary, for power dissipation >
1W, the LM 317 must be mounted on an adequate heat sink.

So, for example, if the load current is less than or equal to 100mA,

Pd LM317 18 1w

U ;=
in-out LH317 Tigh 014

If I, = 200mA and U, _ o+ < 10V and the LM317 must be mounted on a heat sink.
Pd IM317 = Uin-o iM317 X IOU[' =10V x0.2A = ZVV, and the LM 317 must be mounted on a heat sink.

Calculation:
The calculation starts with the equation Uzp; = Usg + Ry % Ipyr - Un—ourumzi» DUt without the factor of equation
R3 x Iyt and with the chosen U;,out LM317 determined as explained above

(Pg4 = required power dissipation of LM317, U;y-outiM317 = Pdimaiy )

lﬂlll

Uzpy = Upg + Uin—o Lma17 (if @ MOSFET is used, substitute Upe with Ugs in the equation).

Choose a standard Zener diode - Uz pi-r

R, = Uzpi-r—Uzpi

Calculation of Rj: F
out

3. Calculation of Rs and Rg :
Note: The minimum output current of the LM317 required for its regular operation is 5mA.
Under the condition that the high voltage regulator is loaded with I,,,4 > 5mA, the current flowing

through Rg can be less than 5mA (1mA + 2mA).

Calculation of Rg (taking into account the power dissipation of Rg whose resistance can be very high)
(Note: power dissipation of Rg less than 1W):

2
Re > Mout . gnd Rs > YoutlVl . choose standard R6
PRe diss (1-2)mA

Calculation of Rs: U,,, = 1.25 % (1 + fi) = Ry=qg—
Rs 1?21;, i
Note: 120Q < Rs; =< 10009

4. Calculation of unregulated input voltage:

It is necessary to consult the manufacturer’s data sheet of the high voltage power transistor or MOSFET.
First, the collector and base currents of the high voltage transistor are calculated:
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Collector current is: Ic = hg X I
Emitter current is: Iz = (he +1) x I

e By analyzing the schematic, the equation can be derived: Iz = [,y + Ips — Iz p1

I
o Ip= h;ﬂ (he, using the transistor data sheet)
L; = h:fe x ‘lb

e Considering that I, and I have been previously calculated, the collector to emitter voltage Uce can be
determined using the characteristic I = f (Ucg) for I, = Ctc.
e Unregulated input voltage:

Up 2 Ucp + Upye + Uz py — Upg

5. Calculation of Ry :

U!n - (Uout + UZ DL)

Ry = Izp1 +1y

6. Calculation of the power dissipation of the high voltage transistor and LM317 and calculation of their heat
sinks, if necessary.

Example

High voltage regulator - Maida type: U,, = 300V, I,, = 200mA
High voltage transistor MJE 13005; 75W, 400V, 4A Si NPN.
Pgim317 = 2W ( LM317 mounted on the heat sink )

Paimziz _ 2W

=10V
Lz 024

Uin—our LM317 =
Uz D1 = Uf?l" + Ur'.n—out LM217 — 0.7V + 10V = 10.7V

Zener diode 15V/ 1w (UZDI -R— 15V)
Note: I, >5mA

R, = Lzpir=Uzps 5107 _ 59 50 R, standard = 22 O/ SW

Tout 0.2
Ry > Lo 2O _ G0N (149 +298.75)k0; Ry standard — 220 kQ
= e 2
Prs aiss = =28 - CBTSU” _ 0 406W;  Re— 220 k) /2W
&
Rs = ﬁ = %[1};% =9200; Rs— 470 Q+ 1kQ trim pot
1.25 . 1.25

e (Ugue —1.25) [V] _ (300 — 1.25)V
e Rs T 220k

= 1.358mA

Ig = lpue + Ing — Iz py = 200 + 1.358 — 6 = 195.358mA
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100 I I
0 T‘II: 15‘03(3 1 195.358
~ 50 T~ I, =—f—=—""=3.488mA4
g 25°C "\.,_ hfe'l'l 55+1
£ 30 —— r S
w
% i e \}\\\\ . Using the diagram hg = f (I ): for Ic = 200mA, hg =~ 55
g8 —«..--..\“‘\-\ I¢ = hgp X I, = 55 X 3.488 = 191.84mA
£ | RN
10 Veg =2V ~. ‘o Considering that I- and I, are known, Uce can be determined us-
Tl T VeessY ~ ing the diagram: I = f (Uge ) for I, = Ctc
s LLI{T [ |
0.04 0.06 0.1 02 04 06 1 2 4
I, COLLECTOR CURRENT (AMP)
Figure 1, DC Current Gain
Ic (mA ]
¢ (mA) | b=10mAT— | | ——
440 9 g —
’_FJ__/_,__—‘——"—'—(‘_(_(_(_A'_,__ | e
I —
— | 71
330 —— 6+
[ — T
T L5 —— ]
220 {_,M(\ 4
T ] ] 13
110 ] 2
17
8.33 16.7 25 333 40 Uce (V) 50
MJE 13005 Ice=f(Uc) |Ip = Ctc

Using the diagram I = f (Uge )| I, = Ctc:
for I, = 3.5mA and I = 192 mA: Ucg = 40V
M (Uce = 40V, Ic = 192mA) |I, = 3.5mA
U2 U + Uy + Uy py — Upg =40+ 300415 —0.7 = 354.3V; U= 355V

m =

. Uin=(Ugut+Uz p1) ., 355—-(300+15)
lzpitlp 5+3.5

R =4.7kQ0; R 4.7kQ/2W

Power dissipation of the electronic components used
Power dissipation of LM317: 2W, heat sink:
(1, -

A
P—d_RﬂjL’_RECH =

90 — 25

T 5—1.2 =26.3°C/w

Roua =

The LM317 can be mounted on a very small heat sink:

..lh Thermal resistance: 16.7°C/W
Length: 12.7 mm
Height: 29.9 mm

v Width: 25.5 mm

.. -
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Power dissipation of MJE 13005:

KW
5
.

Pd M 13005 = UCE x I{_’ = 4’0V X 191.84?1144 = 7.67W : —

Rous <222 _ 16712 = 5.6°C/W 1

T T / 50 100 150mm
Heat sink length: ( 30mm + 50mm )
Schematic:
Q1 DI
MIE13005 15V/1IW
" 7]_‘ LM317
+Uin e 4k7 1}3 [\h—ﬂ 4700hm .+U0ut
(+355V)min 22:&"1 [ - E (+300V)
RS o} 200mA
1K £
L C3 E R4 7 2k
r 0.1luFL %] i
400V &% 1N4pO01
(=] D2T C2
~ R6 =
1uF L 220k 1uF
° 4 400 1 400V ®
Example:

High voltage regulator - Maida type: U,, = 380V, I,, = 200mA
High voltage MOSFET IRF 840; 125W, 500V, 8A N - Channel MOSFET.

The design procedure is similar to the design procedure of the BJT Maida type regulator.
UZDI 2 UGS + Ui‘n—out LM317 — 3.5V -+ 10V = 13.5V HRFS‘;O. (l’r(hs = 3.5}’)

Zener diode: 15V/ iw (UZDI—R = 15V)

Ry = ZERR20y - 220 — 750; Rystandard =10 Q

Tout 0.

Rg standard = 220 k2 / 4W

53 ki) :
Rs =U“—:=%‘%_—1= 726 Q; Rs: 620 Q+ 250 Q trim pot

1,25 1.25

Using the diagram Ip = f(Ups ) | Ugs = Ctc for Ugs

In [A] IRF 840
0.8 = 3.5V and Ip = 200 mA:
o | Ussfav— Ups = 39V

— 39
h/*f::/—fﬂ//:/_f/mf M (Ups = 39V, Ip = 200mA) |Ugs = 3.5V

04p T 1 37
02 1 M —36 7 Uy = Ups + Upue + Uzps — Ugs

’ jf——;‘_’;;lg 3.47

1 ] =39+380+ 15+ 35
8.33 16.7 25 333 39V417  UpglV]
= 430.5V
Un > 431V
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Pd IRFR40 = UDS X ‘JD =39V x 200mA = 7.8W (heat sink: RG HA & 50C/W)

Considering that the gate current of the MOSFET is very low (<100nA) and that the current of the Zener diode can be
very low (<1mA), the resistor R; can be very high resistance (100 kS2).

The power supply rejection ratio (ripple and noise) of the Maida high voltage regulator is very high (PSRR: over
110dB). Combined with the input CLC filter and the output capacitor, the PSRR is very high and the Maida regulator
can be used as a power supply for low signal preamplifiers such as MM tube preamplifiers.

Even the better PSRR can be achieved by using the LT 3080 (adjustable 1.1A single resistor low dropout regulator)
instead the LM317, as published by Mr. Tom Christiansen (Neurochrome).

Practical circuit of a high voltage adjustable power supply - MAIDA type
P1 - adjustment of the output voltage ( Uyt )-

Ql D1
IRF840 15V/1W Note:
For I,,+ < 200mA
%5 1N4007 Uy = Un 4 5OV
100k | 100 ﬁ)z Un = (400V ... 450V)
+Uin R3 LM317 R () P Uyt = (350 ... 400V)
. ™ Mae | |R471 e
: 10 aD
+H(435V) AW 1k2 R4 (+38UN)
i 200mA
e R7
cl1 soc;] 5 27
0.1uF-L Re e
1N4DO1 2w
400V 334 Dsf st M il
=l =l=
c2 o 0.47uF
J;gg 1 e 630V
1 .
. AL |
~ G[}S Sh 2 GDNID
CON3 54 j é
K O ldaonn .
EI [] gxgj O
U
e (N - J
2o o 2 ‘N E
o
oom (O L
e = S
O miey T I MASHAst O ]

L=30mm
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O ﬂ O
J MASHA-st
O=mmO

r

P P

Cu side
Example
High-End amplifier high-voltage power supply
Output stage: 435V / (162 ... 200) mA
Driver stage: 365V / 38mA
Input stage: 212V / 22mA
Uo e
Chl Ch2 +435vV. |
T e 4 Con2a —
—f9]
Tr101.0 —
D101 - D104 . .
[ i R101 Conl102 Lonl(;S PCB100 s S
\ S1 §.§ = — [ oo m 5 5 &5 1 1l 1k
Cum3l | 2 - OO NS
& w0 . I Hedkis oLig 24 S -l el +uab RB RA
T oo cros 1 STiz =Ti2 ST(2:lizo](2 o)
: - Ry 102] + Y e e e ] Con la =—
( o (=} 0 ° < EC\ o (= 4 o ]
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C105, C106, C107, C108, C109, C110, C111, C112, C113, C114, CA, CB. CA/1, CB/1 -

CA/2, CB/2 - 330 pF/ 350V
C115,C116 - 470 pF/ 25V
R101, R102 - 1KQ/17W

R103, R104, R105, R106, R107, R108, R109, R110, R111, R112,

RA, RB, RA/1, RB/1, RA/2, RB/2 -
RO - 470Q/ 11W

RO/1 - wirejumper

RO/2 - 6k8/17W

Ry 101, Ry 102 - 12V (250V, 15A)
Ch1,Ch2 - 5H/250mA

PCB D 3xx - Delay circuit

PCB MASHA - St - 365V Maida voltage regulator
PCB Uab/0,PCBUab/1,PCBUab/2 -

220kQ/2W

O

3

O

470 pF / 350V

PCB Uab ( Filter capacitors PCBs )

Ral

() PCB Uab

PCB Uab o
O Cal O
¥ =
=
S
o H
=
T | &
41 Ral I 4 Ra2 O |+
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Chapter 7 ¢ In Practice

7.0 PRACTICAL POWER AMPLIFIER DESIGN
“At the heart of all ingenious things is their own simplicity”.

Audiophile requirements:
High-End Class-A Vacuum Tube Power Amplifier for home music listening.

Procedure:

Decision: Single End or Push Pull amplifier.
Output power (taking into account the size of the room for listening to music, the efficiency of the
loudspeaker, or just the wishes of the designer).

Block diagram (input, driver and output stage).

Choice of output tube.

Calculation of output stage (power, load - output transformer, voltage amplification, power supply - voltage and
current).

Choice of input and driver tubes.

Calculation of input and driver stage (voltage amplification, power supply voltage and current).
Negative feedback.

Complete electric diagram of power amplifier / schematic.

Power supply.

Choice of electronic components.

Lay out of electronic and electromechanical components and chasses.

Mounting components on the chasses.

Wiring.

Testing and measurements.

Advice

The “mission” of the audio amplifier (and its designer) is to transform the input signal into an amplified output signal
suitable for driving the loudspeaker and at a same time keep the output signal shape as similar as possible to the input
signal shape (high fidelity).

# The “Golden Rules” of designing

1. The signal path from the input to the output of the amplifier has to be as short as possible, i.e., use only
the necessary active and passive components to meet the project requirements. Each active and passive
component also has some negative effects to the signal processing (technological limitation in the production
of ideal passive or active components - spreading and non linearity of electrical characteristics, changes in
characteristics caused by temperature fluctuation, noise...).

2. “Worst case” designing methodology
In the calculation, use the worst parameters and values of components within the tolerance field published in
their data sheets — minimizing the risk that the performance of the actual construction will be worse than the
performance obtained by the calculation.

3. Standard values of electronic components
After calculating the value of the electronic components for further calculation, use the nearest standard
values of the electronic components in accordance with the above “worst case” rule.

4. Components from the current production
To ensure that the design does not remain just a design on paper, use components from current and stable
production.

5. The operating condition of the components must be within the min. to max. datasheet values.
Max. designed values of operating conditions must be at least (10 — 20) % lower than max. values published
in data sheets.

Example:

Low power amplifier suitable for listening to music in the home ambience or small apartments with an average size of
16 + 20 m? and using loudspeaker boxes with an efficiency of 90 + 93 dB.
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Design requirements:
Single-Ended amplifier, output power ( 5... 8 )W, R, = 4%,
U,'n < 250mVRM5 (Or, U,'n < 780mVRM5 with app/led NFB)

Amplifier block diagram:

Amplifier block diagram:
Total voltage amplification of the

R amplifier:

Poutr

A _Uout_ PouthL
Uin vl Uz Uout T T U,

ATot = Ain X Ad'rv X Aout

If the input voltage is U;, = 250mV and P, = 7W at a load of 452, the total voltage amplification must be:

Uut _ +/Pout X R, _ VTW X 40

= >
U, UL, 0725y > 21.6x0r 26.69dB

ATof =

Amplifier design starts with the design and calculation of the output stage.
The first choice for the output tube is the unsurpassed WE 3008 directly heated triode (audiophile reference standard
for good sound).

Output stage is already explained elsewhere in this book (optimum quiescent point, load line...):
WE 3008, Quiescent point:

M (Ug = 350V, I, = 80mA), Ug = - 70V, Ra = 3500 Q.

Heater power supply (DC): 5Vpc, 1.3A.

Calculation of output stage voltage amplification:

Aout = Wsops X Mgy = 32 % _[7Lesd = 3.0 x |8 _ 0108, or —19.317 dB

. Ns Rinad
nor - turns ratio of the output transformer n = i %
0 o

. sen 2 ToV i
Expected output p Wino rMshout)®  (—EExagu)  (Zzxo.108)
xpected output power: ¢ = = =
p putp & Rpeoad Rioad 40

= 7.18W

Necessary driving voltage: U, = 70Vpea = 49.6Vrys = 49Vrus

The next step is: calculating the total voltage amplification of the input and driver stage:

A 21.6
Ie > 200x or,

X - SRR L P il
B Wl = A 0108

AinldB] + AgrpldB] = Aroe[dB] — Ay ldB] = 26.69 — (—19.317) > 46dB

As the total voltage amplification of the input and driver stage is known (200 x), the design of the amplifier can be
continued by selecting the driver and input stage tubes. The voltage amplification of the input and driver stage can
be obtained by using small signal triodes with lower u (estimation: if the amplification is evenly distributed on both
stages, it is sufficient that the gain per stage is /200 =~ 14 x . The well-known 6SN7double triode (u = 20) is one of
the first choices for driver and input stage.
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Driver stage: classic grounded cathode amplifier (1 /2 6SN7):

lafmAICTT 1] /BLL 'l q L The condition that the output signal of the driver tube is 140 Vpp as
-+ fgzjﬁ"ﬂ Jians S well as the additional condition that the power supply of the driver and
s / 717 / P ST input stage does not exceed 420 Vpc (common power supply circuit is
/ yay ey // N;{W used for output, driver and input stage with all filters or voltage regu-
0 ' o 1 /% L lator circuits - driver stage power supply of 380V is chosen) is satisfied
L Ra - sok ¥ 7/:;[ - with the correct choice of operating conditions of the tube 6sn7, i.e. the
S AAL A choice of the quiescent point and the load line.
43mA” O § f 7 )f: £ I;-/ Flﬂw;:
a=4rd /rmv"rZ ] Quiescent point:
% 00 oy w e T sUavi M (160V, 4.3mA) |Uy = - 5.2V and power supply of 380 Vpc .
R, = 50 k2

Voltage amplification of the driver stage:

- Rg _ 50k0
Ajry = P X ST 20 ey 16.6 x or, 24.4dB

Internal resistance of 6SN7, R; = 10kQ atU, =160V, I,=4.3mA and U, =-52V

U 5.2V
istor: Riarp =— =—— =12k
Cathode resistor: by drv Ty 4ema
R!-!-R
Bypass capacitor of the cathode resistor: Cx = ——————— , Ryeq = Ri|IRx = it <R L
- Lp ZanRqufo_Mm ] k eqg kg Ri+Rg B k p+1

u+1

R, = "':—f“ === 2.857kQ, Rieq = RilIR, = 2.857| | 1.2 = 8450,

1 1
2XMXRgeqXfL(~3dB)  2X3.14XB45x2

For fi(-sas) = 2Hz: Cp = > 94.22uF, Cy = 220uF / 25V

AT FATH e - er 8
30 o - : 3000 £
F P % i b=
g’ Q)o/ '/r o x
a —
= - oo <
~ 20 % /ﬁ,{l t 2000
z _(K,/ | ; E 1/2 6SN7
g - S Ine—
- | F =
1] - b =250 1000 S
@ i = 2
o I £
5 § IS SRS ARSaEs Rg
— | k n
= 04 5 10 E 20 470k
PLATE CURRENT (1) IN MILLIAMPERES

Calculation of input stage voltage amplification:

Arge 216
Ay 2 i
Aoyt X Agry  0.108 X 16.6

=12 x or,
Ap[dB] = Apy,[dB] — Agyy[dB] — Ay [dB] = 26.69 — 24.4 — (—19.317) > 21.6 dB

Input stage: classic grounded cathode amplifier (1 /2 6SN7):

Such a circuit is already designed elsewhere in this book.
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+360V

Voltage amplification of the input stage:

Quiescent point M (90V, 4mA) | Uy = - 1.9 V

0.47uF Cathode resistor: Ry =L =22% = 4750, Ry =4700
Ay = —p X Ra _ 20x—68k =-174
o= TR T U e8k+ 10k
A 17.4
A = R“ = —577 =15.5 or, 23.8dB
k I
1+}EXA0 1+'—6'—8'—'X1?4
Rg
470k
A complete block diagram:
+360V +380V

l4.3mA

Uin 1/2 6SN7 1/2 6SN7

Total voltage amplification of the designed amplifier:

Uo ut

T = Ain X Agrp X Aoue
in

Arge =

Apge =155 x16.6 x0.108 =27.78 x
Argi[dB] = Ay + Agry + Ague

Ar,e|dB] = 238 + 244 —19.3 = 28.9dB

Input voltage required for full power of the amplifier (7 W) — amplifier input sensitivity:

=190 ml/

u. = Yout _ VPow X Ry _VTW X 40
™" Aoy Aey 2778

Coupling capacitors, input stage - driver stage, driver stage — output stage: Cs = 0.47 uF / 400 V.

Before synthesizing the final electric schematic, it is necessary to determine the additional characteristics of the elec-
tronic components (dissipation of resistors and their rated power, rated voltage of capacitors ...).

Resistors:
Cathode resistor of the input stage tube R, (denoted as R1on the final electric schematic):
R1: Dissipation Pyr; = R1 X I,2 = 0.47 kQ % 4.02mA = 7.5mW,; R1 =470 / 1 W Metal film

Anode resistor of the input stage tube R, (denoted as R2 on the final electric schematic):
R2: Dissipation Pyg> = R2 X I;2 = 68 kQ x (4.0 mA )2 = 1.096 W

The rated power of the resistor must be 4 to 5 times higher than the calculated dissipation of the resistor.
PR rateda = (4 + 5 ) X PyR calculated
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It is hard to find a metal film resistor with a power of more than 2 W. Therefore, a combination of several 2 W metal
film resistors can be used (in parallel):

R2: 220kQ /2W || 220kQ /2W || 180kQ /2W = 68.27kQ /6 W

Three 220 k2 / 2 W metal film resistors connected in parallel.

Grid resistor of the driver stage tube
R3: 470 k2 / 1 W metal film

Cathode resistor of the driver stage tube R, (denoted as R4 on the final electric schematic):
R4: Dissipation Pypry = R4 x I,2 = 1k2 x (4.3 mA) 2 = 22 mW,; R4 = 1k2 / 1 W Metal film

Anode resistor of the driver stage tube R, (denoted as R5 on the final electric schematic):
R5: Dissipation Pyps = R5 x I,2 = 50 k2 x (4.3 mA)?2 = 0.925 W
R5: Three 150k 2 / 2W metal film resistors connected in parallel - 50 k2 / 6 W

Grid resistor of the output stage tube
R6: 390 k2 / 1 W Metal film

Cathode resistor of the 300B tube (denoted as R7 on the final electric schematic):

R7: Pyj=R, x I;2 =880 x 0.08 A2 =5.632 W,

Standard: R7 = 9005 / 30 W, (3 x 2k7 / 10 W - in parallel connection , wire wound resistors)

R8, R6: 33 2 / 2W Metal film

P1: 100 k2 / log

Capacitors:

Bypass capacitor of the cathode resistor of the driver stage tube (denoted as C2 on the final electric schematic):

C2: Voltage across the R3 is around 5.2V, C2 = ( 100 + 470 ) uF/ 16V ; C2 = 220 uF / 16 V

Coupling capacitors (denoted as C1 and C3 on the final electric schematic):
C1, C3: High quality audio coupling capacitor. Foil MKP or other 0.47 uF / 400 V

Bypass capacitor of the cathode resistor of the output stage tube (denoted as C4 on the final electric schematic):
C4: 470 uF / 200 V (rated voltage: more than twice the voltage across the R6)

OT: Output transformer 3500 Q2 /42 / 85 W, Rprimary - pc = 188.5 Q2
* DC resistance of the Primary plays a role in the calculation of the high voltage power supply of the output stage:
Uab out = Ucathode 3008 + Ua-c 3008 + Rprimary - pc X 1a 3008 -
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Complete electric schematic of the amplifier:

+360V +380V +435V
[ ] r
R2(68k) R5(50k) OT8.5W
z|2 |2 z|2|2 3[8
20 Rl R o Bl s 35{105;:1 §4Q
= - 2 = =8 -4 )
§ 2 § S1e1e ML . o
' il Rl s V2 |[300B
c1 6SN7
11
I
0.47ulF
: Vi1/1 400V
n

®

G

RY
33

470uF
200V

Amplifier characteristics related to some main characteristics such as total harmonic distortion and amplitude charac-
teristic can be improved by adding negative feedback to the amplifier (for a Single-End amplifier, the use of NFB up
to -10dB is allowed):

R3 L
4700 ] 470k 390k 5

T/1O0W
-
2k7/10W7%
ZRT/10W

Uin 1/2 6SN7 1/2 6SN7

NFB

The voltage amplification of the amplifier with applied NFB is lower (by the amount of NFB) than the amplification
without applied NFB:

With an applied NFB of — 10 dB (3.16 x), the amplification is: Aot NFB = Atot = Anes = 28.9 - 10 = 18.9 dB or 8.8x
The input voltage required for the full power of the amplifier (input sensitivity of the amplifier) is higher by the amount
of applied NFB:

UinT = Uin X 3.16 = 0.19 x 3.16 ~ 600 mV

(Total harmonic distortion is 3.16 times less than the THD of the amplifier without applied NFB)
The NFB circuit can be applied between the output of the amplifier and the cathode circuit of the input tube, for ex-
ample.

NFB circuit resistance R, calculation: Ar = 27.78% [ Arrnes = 8.8%X;, R1 = 470 2

ATOE ATOI?

148 XA R1
By Tot 1+R1—+RTXAT”‘

Aroe X Aror NFB
e e 1
ATot _ATorNFB

Aror neg = 8.8

R,.=R1x(

Agor X Apop N 27.78 x 8.8
Tot TFMH—I):470X(

—————1)=5583Q; R, =5k6
27.78 — 8.8 ) o R

AT{}I - AT‘nt NFB
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Complete electric schematic of the amplifier with applied NFB:

+360V FIROWV +435V

L ] L
R2(68k) R5(50k) oTrs.s W
- - s -, _.
> | B - -
RN sy 35000 40
"‘; i [
a oro
~ Wy Wy -
o~ — -
‘ v2 |300B
Cl1 6SN7 C3
i : —_
/ ; 0.47uF
V1/2 i6ov

220k/2W
180k/2W
150k/2W

R7
220uF| ¢ 2 ;3
16V ol
Ly 4
R4 C2lre rir c
1k2 390k | & 470uF
200V
Rr 5ké6
Cr

Power supply

Heater power supply,; DC type

6SN7: Ur=6.3V, 0.6 A

300B: Us=5V, 1.2 A

The voltage regulator circuit using the LM338 can be applied.

For two channels it is necessary to use:
Two 5 /1.2 A voltage regulator to supply the output tube heaters and one 6.3 V/1.2 A voltage regulator to supply the
input and driver tube heaters.

A s C601, C602: 10000 WF / 25 V
i nl 11S601 + 4+ (604, C605: 4700 yF / 16 V
ACF-IN 3 “'icaovi" > o—0 C603 - 100 yF / 16 V

AN L R603 - 51 k2 /0.25 W
*—1 ! P RS Wheos e D605 - 1N4002
é s % A RG03 % s §ﬁ 2 Q601 - BC557B

o} U £ R o) O ) R602 - 1202/ 0.25 W

Q601 H— o R601 - 270 2

l‘— P60l C603 # IC 601 - LM338

o—0 D601 + D604 - 1N5822

5V/1.2A: R600 -1R/10W, P601 - 200 R trimpot., Secondary: 9 Vpys / 1.8 A

6.3V / 1.2A: R600 - 0.59Q /10 W, P601 - 470 Q trim pot., Secondary: 10 Vs / 1.8 A
The LM338 must be mounted on a 5 K/W heat sink

PCB MM / 600 can be used, design details can be found in the text above.

High voltage power supply
A well filtered high voltage power supply is one of the most important requirements that must be met when designing

a single ended amplifier.

Output stage: 435V / 80 mA (one channel)
Driver stage: 380 V / 4.3 mA (one channel)
Input stage: 360 V / 4 mA (one channel)
Bridge rectifier with CLC filter
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(+435V) (+380V) (+360V)
[ ] [ ]

- . ®
4xBYTS6M é ,<: 7
D201-204 Rlim S & -E
= I (TK/17WIT 1K/ 17W) H/L % 3 %
< i . SH/250mA ;
5 - I2 [ I3 )
| X1 Xy (1) S A
2 b R2 R3
H | sl 1z 2 T - 5 B s
Ryl | Yi[]y2a™ sd o= 23 f= & @a=m 33
C201-C204 y = ) 2 3 e 3 0 g
4x100nF/630V = S 3 S = > = S
Ry2 [ o =) i = i ®
S=ocx S 3% R S = 3
E o E ™ < L. | o o
(o] (] r): (5
le e ok o
il 4

Calculating R2 and R3

R3: Voltage across R3is 380V - 360V = 20V

Current I3 is 2 x 4 mA + current flows through the resistors connected across the filter capacitors:
360V /(2 x 180 k) = 1 mA

I3=2x4mA+1mA=9mAandR3is20V /9 mA =2k2. R3 power dissipation is R3 x I32 = 0.18 W
R3 =2k2/2 W

R2: Voltage across R2 is 435V -380V =55V

Current 12 is 2 x 4.3 mA + I3 + current flows through the resistors connected across the filter capacitors:
380V /(2 x 180 k) = 1.06 mA

I2=86mMA+9mA+ 1.06 mA = 18.66 mA and R2 is: 55V / 18.66 mA = 2k95. R2 standard = 2k7

R2 power dissipation is R2 x 132 = 0.94 W

R2 =2k7/5W

Total high voltage power supply current ( I1 ):

I1 = (2 x 80 mA) +I2 + 2 x current flows through the resistors connected across the filter capacitors:
435V /(2 x 180k ) =~ 1.21mA

I1 =160 mA + 18.66 mA + 2.42 = 181.1 mA

Power supply load is Rj,aq =435V / 181.1 mA = 2400 L2
Filter capacitor and filter choke can be calculated based on the required ripple voltage as explained in the power supply
chapter of this book.

For filter capacitor (235 WF) and choke 5 H/ 250 mA / Repoke - pc = 55 2 (commonly), the expected ripple factor is:

V2 V2

RF = =
B (2xmX [P RLXC XCy XRygaa B8X(2xmx50)*x5x235%x10 ¢x235x10 °x2700

~86x10°

Ripple voltage (RMS) is:

Ripple voltage (U; =380V andI2 = 18.66 mA ):
AC voltage source of 3.74 mVus (ripple voltage at Uy ) and a voltage divider consisting of R2 and C, = 235uF .
Impedance of C, capacitoris: Xc =1/ (2nfC, ) = 1/ (2x3.14x100x235x10°6 ) = 6.77 Q (f = 100Hz)

Uy (rms) = 3.74mV x f‘”— =3784mV X —°7 . 0.000 m¥

ST 6.77+2700

Ripple voltage (U, =360V andI3 =9 mA):
AC voltage source of 0.009 mVxys (ripple voltage at U; ) and a voltage divider consisting of R3 and C3 = 165 pF .
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Impedance of C; capacitor is: Xcz = 1/ (27fC; ) = 1/ (2x3.14x100x165x10°6 ) ~ 9.65 Q (f = 100 Hz)

X.s 9.65
U.,- (RMS) = 0.009mV % m = 0.009mV x m = (0.039 }lV

Voltage drop across the choke:
Uchoke = Rchoke - pc X total power supply current = 55Q x 0.181 A = 9.96 V

The rectified DC voltage (DC voltage at the output of the rectifier) is: Uy + 9.96 V= 435V + 9.96 V = 445V
Secondary voltage calculation:

If long-life (LL) grade aluminum electrolytic capacitors are used:

Uout + oad*(Rspc)+n* *Rp[pey ) +2xUp
V2

Usrus) =

Power transformer, resistance of the Primary: Rp =5 2,
Power transformer, resistance of the Secondary: Rs = 15 §,
Ratio of Primary to high voltage Secondary: n =1.5,
Forward voltage of the rectifier diode: Up = 0.8 V,

445 +0.181 X (15 + 1.5? x5) + 2 x 0.8
US[RMSJ = ﬁ

Secondary current must be: Is pys; = 1.5 X Ipcr10ady

=320.1V = 320V

IS[RMS] ~ 1.5 x 0.181A = 272 mA
Secondary sections of power supply transformer:

Secondary 1: S1 - 9V /1.8A (3008 heater)
Secondary 2: S2 - 9V /1.8A (3008 heater)
Secondary 3: S3 10Vv/1.8A (6SN7 heater)
Secondary 4: S4 320V /0.3 A (high voltage)
Secondary 5: S5 12V/1A (auxiliary voltage)

Secondary power:
Ps=(UXDs; +(UXDsz + (U XIDsz+ (UxIsy+ (UxIss
Ps=9x%x1.8+9x%x1.8+10x%x 1.8+4320%x 0.3+ 12x1=1584W

Taking into account the power losses of the transformer and the secondary inrush current, the power of the Primary
must be about 1.5 times higher than the secondary power (Pp = 1.5 x Ps = 1.5 x 158.4 =~ 238 W).

# Advice from practice
Additional high voltage secondary sections: calculated secondary voltage (320 V) + 10 V section + 10 V section
Primary: two primary coils Upains / 2, (2 X (110 V + 10 V additional coil)) — to meet specific AC line voltage
standards (110 V, 120 V, 220 V, 230 V, 240 V).
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10V /1.1A . 10V 7 1,14 )
S1 mu_B P;Zaddj
OV/ 1.BA
10V/1.1A 110V/1. 1A 110V/i1.1A
P/2add g B/
/2
S2 Bt 120V
OV/ 1.8BA
110V/1.1A
110V/1.1A
P/2 110V/1.1A
g3 P/2 p/a 3
10V/1.BA
P/2add D
S4add2
10V/0.3A
10V /1.1A
S4daddl % P/2add
E 10V/0.3A
L1I0V/1 LA 110V/1.1A
11IOV/1.1A S4 P/2 P2
P/2 230V
RN e 240V 220V
10V/1.1A 110V/1. 1A
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12V/ 1A
% 10V /1.1A
P/2add

Rectifier diodes:

Vrrm (Maximum continuous reverse voltage).
Bridge rectifier configuration:

Ve >V2 X Us=1.41 % U =1.41 x320=451V

The choice is a Vgry = 1000 V diode.

Irav) (Average rectified forward current) = 181.1 mA.

The safe operating current of the diode is about half the Iy, .

The choice is a Iry) = 3A diode.

Fast Si rectifier diodes that meet the above requirements: BYT 56M, UF5408, (1N5408).

Several more components need to be defined:

Primary power transformer fuse. A fuse is an electrical safety component — it protects electrical equipment from ex-
cessive or over current. Two types of fuses can be used:

slow - blow (time delay - T) and fast — blow (fast acting - F). Dimensions of the fuses are standardized. ( 20 x
5 ) mm fuse is very commonly used in practice, for example.

Precise calculation of the transformer primary circuit fuse is quite complicated (it is necessary to take into account
complete transient process when turning on the equipment).

e 362



Chapter 7 ¢ In Practice

In practice, the rated current of the primary fuse must be 1.35 to 2 times higher than the current of the primary coil
(a slow — blow fuse is used in tube amplifiers due to the high current surge at the moment of the first switching on).
Example above: Igse = (1.35...2) xIp=(1.35...2) x 1.1 A = 1.5A = 2.2 A;

Standard value: T 2A / ...V

The rated voltage of the fuse depends on the mains voltage.
The fuse is placed in the fuse holder (fuse holder for metal chassis, fuse holder for PCB, fuse holder for wiring...).

Mains switch: 250 V / 15 A (At the moment of switching on, the primary current can be very high. Therefore, it is
important to use a very robust mains switch).

Mains filter:

One of the diseases of the modern age is a polluted mains supply. Day by day this disease is getting worse. EMI
(Electromagnetic interference) filter is the first line of battle in the war against the unwanted noise and spikes generated
in the mains supply line to reach and damage the audio circuit or affect the audio signal.

Types of conducting EMI (the noise travels along electrical conductors - mains wires):

Splke_s Common-mode noise (CMN) - exists on both live and neutral mains wire (they are
I s Transients in-phase with each other, relative to ground - the CMN current flows in the same
v . direction on both mains wires and returns via the ground wire).
! Noise Differential-modenoise(DMN)-existsbetweentheliveandneutralmainswire(theyare
@ ﬁ,"'*" W - EMI oppositephases - DMNcurrentflowsalonglivewireandreturnsalongtheneutralwire).
gl i Time
= " Y
= i [*
W 'J.
Pl

Transients: Surges and spikes — increase in voltage above the standard mains voltage (surge - voltage increase lasts
more than 3ns and spike - voltage increase lasts up to 2ns).

In practice, a so-called EMI (Electro Magnetic Interference) filter is usually used in front of the Primary winding of
the power supply transformer. The EMI filter reduces the magnitude of voltage spikes and high-frequency unwanted
signals generated in the mains.

It is efficient in the frequency range from 150 kHz to 30 MHz. The mains socket and EMI filter can be integrated. In

some designs, the fuse, mains switch and EMI filter are integrated into one common unit.
Standard rated current: 1 A, 3A, 6 A, 10A, ...

e 363



High-End Tube Amplifier Design

Typical EMI Filter

| L ot
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Cx - (0.1 - 1) yFclass X2, Cy-(1-100)nFclassY, L-(0.1-20)mH

Further measures to eliminate or reduce interference from the mains.
One passive component can help in the process of attenuating excessive transient voltage (spikes) from the
mains:

Forward _ . 4.
Current o)
!
g Varistor
5 I-V Curve
4
3 /
3 ' Forward Vanstor
Region Voltage
TR |l s e e s -
V- o+ {voits)
Rovares #| 50 100150 200 280300 Forward
Voltage Révetss i-! Voltage
Region Breakdown
Voltage
|
| |
\J Reverse
I Current

Varistor or Voltage Dependent Resistor (VDR) - resistance varies depending on the applied voltage, but in a specific
way.

Current - voltage characteristic is similar to I — U characteristic of the zener diode with the difference that the varistor
has symmetrical bidirectional characteristic.

As can be seen from the characteristic, the VDR resistance is high and the current flowing through the VDR is low in the
region of the applied voltage lower than the breakdown voltage or the so-called clamping voltage. When the voltage
(either polarity) exceeds the VDR clamping voltage its resistance decrease very fast. So, if the voltage suddenly
exceeds the VDR clamping voltage (as in a case of spikes), the VDR resistance becomes extremly low and conducts
the current (shunts the current created by excessive voltage). When the voltage falls below the clamping voltage, the
VDR stops conducting current.

Metal oxide type of VDR or MOV (metal oxide varistor) is commonly used in practice.
In order to apply MOV in a specific circuit, it is necesseary to know the tecnical characteristics of MOV:

Clamping voltage (the most important) - The voltage accros the MOV when the MOV resistance becomes extremly
low and the MOV starts to show significant conductivity.

(In practice MOV clamping voltage must be slightly above the mains voltage: for a mains voltage of 120V a MOV of 130
Vrus to 150Vrus is a good choice, for 230 V AC line power a MOV of 260 Vgyus to 275 Vrus is @ good choice).
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<

Energy absorption (dissipation) - energy (Joules) that MOV

Spike Reduced dissipates in its conductive state. 200 to 600 Joules are common
spike values. Parallel conection of several MOVs increases the energy

v |V
Response time - this is the time for the MOV to start conducting after
applying an overvoltage pulse. Typical value: 1 to 100 nS.

i1 absorption (dissipation).
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MOV can be connected between live and neutral mains wire or between three pairs of mains wires (live, neutral and
ground) in front of EMI filter or behind the EMI fiter if it is compact with a mains socket, but always behind the
mains fuse.

Components pick

Tubes:
Use tubes from current production and carefully study the manufacturer’s data sheets for each tube.

Socket:

Each tube needs a tube socket.

6SN7 is an octal base tube - octal ceramic socket for mounting on a metal chassis with mounting flange (ring - the
sockets can be mounted on the top or bottom of the chasses), (or octal ceramic socket for PCB mounting).

300B: U4A ceramic socket for mounting on a metal chassis.
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Resistors:
The use of a low noise metal film resistors is useful wherever possible, especially in the signal path.

Power resistors:
N\

%
%

,

\ e

Limiting resistor R;;,, applied in a delayed circuit of high voltage power supply and resistor R600 applied in a heater

power supply — power wire wound resistors in ceramics.

MICA

CHASSIS

L

am

3008 cathode power resistor — power ceramic resistor or non inductive power metal film resistor such as MP925 - 25
W, 400 2 + 500 2, (must be used with heat sink. Thermal resistance of this resistor is 5 K/W and max. voltage 500 V).

The metal chassis can be used as a heat sink, and the metal film resistors can be mounted on the chassis.

Capacitors:

Capacitors applied in a signal path - coupling capacitors ( Cs ) — Audio grade, high quality capacitors such as metal
foil capacitors MKP or Teflon film PTFE or FEP and rated voltage of 400 V min. Axial leads for point - to — point wiring
(radial leads for PCB).

Capacitors connected in parallel with the diodes of high voltage bridge rectifier — metal foil capacitors MKS, rated
voltage 630V,

High voltage filter capacitors (470 pF / 350 V): Aluminum electrolytic capacitors — high grade Al capacitors rated volt-
age of 350V min, rated operating temperature of 105 9C, ESR < 0.5 Q and ripple current (at 100 Hz) > 2 A.

Date of production — no more than 1 year. Snap - in type for PCB mounting.

Filter capacitors used in a heater low voltage supply circuit (C601, C602) - 25 V, 85 9C, snap - in type for PCB mount-

ing.
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Diodes:

& /"?/ e ¥

Bridge rectifier diodes used in the heater supply circuit - low voltage, high current, low forward voltage drop, fast
switching such as Schottky type 1N5822 40 V' / 3 A or 1N5402 commonly used general purpose diode.

"y

/

Bridge rectifier diodes used in the high voltage power supply circuit — Fast Si rectifier diodes:
3 A/ 1000 V such as BYT56M, UF5408 or 1N5408 commonly used general-purpose diodes.

Transformers:

The electrical characteristics of power transformer are already defined above, but it is good to mention some technical
aspects of the actual construction of the transformer that can affect the characteristics of audio equipment — especially
hum and noise. The power transformer is the second line of battle in the war against unwanted noise and spikes that
are generated in the mains so as not to penetrate the audio circuit and damage it or affect the useful signal. But its
magnetic nature causes the radiation of electromagnetic energy that can reach the signal path of the amplifier and
produce unwanted electromagnetic interference.

The power transformer can radiate unwanted electromagnetic energy or conduct interference signals in two ways:

e The so-called Common Mode (CM) or line-to-ground electrical noise generated in the mains and
transferred via the capacitance between the primary and secondary windings of the transformer. This
noise occurs between both lines of a mains and ground. Common Mode noise is very harmful because it
bypasses the power supply filters of audio equipment. The electromagnetic coupling between primary and
secondary windings of the transformer is responsible for the so-called Transverse Mode (TM) noise (less
harmful).

e Propagation of electromagnetic fields.

Both of these phenomena are undesirable and must be attenuated as much as possible.

An electrostatic Faraday shield inserted between the primary and secondary windings of the transformer can lower the
inter windings capacitance and attenuates CM noise. It can be made by inserting one unclosed and grounded turn of
Cu foil wrapped around the primary windings (or by inserting one layer of Cu wire winding — one end grounded, the
other end unconnected).

| shiq_ld
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Power transformer electromagnetic radiation can be minimized by using the metal housing of the transformer as a
magnetic shield.

Two types of electromagnetic and magnetic field shield are used:
Two metal half covers mounted on both sides of the transformer or a metal box in which the transformer is placed.
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The efficiency of the metal shield depends on the electrical and magnetic characteristics of the shield material such as
electrical conductivity and magnetic properties (higher permeability of the iron sheet — higher efficiency, such as an
iron - nickel alloy) and the thickness of the shield material (thicker iron sheet - higher efficiency), mainly.

It is useful that the power supply transformer is shielded. If it is completely mounted on the chassis, one of the types
of shields shown above can be used. If the transformer core is mounted and bolted to the chassis and one part of the
transformer passes through the hole on the chassis, one shield cover can be used:

# Note
The electromagnetic radiation of a power transformer can be reduced by using an iron core of larger cross-section and
by increasing the number of turns of the transformer windings (lower operating flux density).

As the strength of the electromagnetic field decreases in proportion to the square of the distance, the
power transformer must be located as far as possible from the path of the signal and its components.
Output transformer of a 3008 single ended amplifier: 3500 2 / 4 2 / 8.5 W, ready-made or made as explained
in the chapter on transformers. It must be shielded.

Choke
5H / 250mA ready-made or made as explained in the chapter on transformers. It has to be shielded too.

(10H / 250mA choke can be used for better filtration).

Mains inlet
Integrated mains inlet with EMI 6 A filter, chassis mounting.

Fuse holder
Chassis fuse holder for (20 x 5) mm glass fuse (T2A).

Mains switch
Any type of high quality 250 V / 15 A mains switch, chassis mounting.
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Input signal connectors
The standard audio signal connector commonly used in a power amplifier and preamplifier is a Cinch (RCA or a phono
connector). It is designed for chassis and PCB mounting.

INSULATING

WASHER  conTACT
WASHER

9.5mm

The cinch connector for mounting on a metal chassis must be insulated from the chassis and it is designed with insu-
lating washers (carefully measure the diameter of the insulating washer before drilling holes in the chassis).

Standard cinch color:
WHITE - Left channel
RED - Right channel

// ‘ /_// One of the main characteristics of quality cinch connectors is its high galvanic
y ; v conductivity (Cu body plated by gold, silver or rhodium), as well as a tight and
b reliable mechanical contact.

Loudspeaker connectors

Pin Tip
Plug

e 369



High-End Tube Amplifier Design

The current that flows through the speaker outlet of the audio amplifier can be quite high, so the speaker connectors
must be designed to handle a current of a few amperes (tight and reliable mechanical contact and good galvanic
conductivity). For practical reasons the most modern loudspeaker connectors are designed to provide several types of
connection modes:

banana plug, lug terminal, bare wire inserted through the connector body hole, pin connector... (so- called five — way
binding post)
|
% r.
L %
‘-
i
I

The speaker connectors are isolated from the metal chassis using the insulating washers. Before drilling holes in the
chassis, it is necessary to carefully measure the diameter and the shape of the insulating washers.

Features of a typical Hi End speaker connectors - five way binding post:

e Current handling up to 8A

e Accepts bare wire up to AWG8 (8mm?2)
e Accepts 4mm banana plug

e Lug terminal, 6.35mm inner diameter
e Mounting hole size: 6.8mm diameter
e Standard color: red and black

In order to obtain the best possible electrical conductivity, five way binding
post is made of copper or brass plated by nickel, silver, gold, rhodium,...

Volume potentiometer
Hi End quality rotary single-turn or dual gang Log type (commercial: “audio taper”) potentiometer. There is a confu-
sion in marking the type of potentiometers by the manufacturers:

Type String | Asia | Europe USA

Lin LIN B A B

Log LOG A C A

It is necessary to consult the manufacturer’s datasheet to make the right decision.
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Volume control circuit wiring:
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OUtp ut Common GND Dual gang potentiometer volume control circuit

Wires
A tube amplifier chassis may carry lethal AC and DC high voltages.

For safety reason, the basic rule is: use electrical conductors — wires with ap-
propriate insulation.

Wires of different cross sections, insulation and electromechanical design are
_ used for wiring inside the amplifier.

Solid or Stranded Cu — It is common to use Cu wires and their variations such as tinned, silver-plated
or nickel-plated Cu wires.

Wires can be designed as Solid and Stranded.

Insulation

Solid wire: one solid strand

Stranded wire: a number of solid wires of smaller cross-section twisted together to form a single, larger conductor.
The main advantage of stranded wire over solid wire is its mechanical flexibility.
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Insulation

Stranded Cu wirc/

There are many types of stranded wires on the market in terms of design related to the number and diameters of
strands, ways of twisting...

Wire load carrying capacities
Wire current carrying capability guideline (Basic standard characteristic of wire: Americen Wire Gauge. (AWG) and
Metric Gauge - size):

Maximum
AWG C9nductor C<.)nductor Conductor cross Ohms per Ohms per | Maximum amps for amps for
Diameter Diameter . . .
gauge Inches mm section in mm?2 1000 ft. km chassis wiring power o
transmission
0000 0.46 11.684 107 0.049 0.16072 380 302
000 0.4096 10.40384 84.9 0.0618 0.202704 | 328 239
00 0.3648 9.26592 67.4 0.0779 0.255512 | 283 190
0 0.3249 8.25246 53.5 0.0983 0.322424 | 245 150
1 0.2893 7.34822 42.4 0.1239 0.406392 | 211 119
2 0.2576 6.54304 33.6 0.1563 0.512664 | 181 94
3 0.2294 5.82676 26.7 0.197 0.64616 158 75
4 0.2043 5.18922 21.1 0.2485 0.81508 135 60
5 0.1819 4.62026 16.8 0.3133 1.027624 | 118 47
6 0.162 4.1148 13.3 0.3951 1.295928 | 101 37
7 0.1443 3.66522 10.6 0.4982 1.634096 |89 30
8 0.1285 3.2639 8.37 0.6282 2.060496 | 73 24
9 0.1144 2.90576 6.63 0.7921 2.598088 | 64 19
10 0.1019 2.58826 5.26 0.9989 3.276392 | 55 15
11 0.0907 2.30378 4.17 1.26 4.1328 47 12
12 0.0808 2.05232 3.31 1.588 5.20864 41 9.3
13 0.072 1.8288 2.63 2.003 6.56984 35 7.4
14 0.0641 1.62814 2.08 2.525 8.282 32 5.9
15 0.0571 1.45034 1.65 3.184 10.44352 | 28 4.7
16 0.0508 1.29032 1.31 4.016 13.17248 | 22 3.7
17 0.0453 1.15062 1.04 5.064 16.60992 | 19 2.9
18 0.0403 1.02362 0.823 6.385 20.9428 16 2.3
19 0.0359 0.91186 0.653 8.051 26.40728 | 14 1.8
20 0.032 0.8128 0.519 10.15 33.292 11 1.5
21 0.0285 0.7239 0.412 12.8 41.984 9 1.2
22 0.0253 0.64516 0.327 16.14 52.9392 7 0.92
23 0.0226 0.57404 0.259 20.36 66.7808 4.7 0.729
24 0.0201 0.51054 0.205 25.67 84.1976 3.5 0.577
25 0.0179 0.45466 0.162 32.37 106.1736 | 2.7 0.457
26 0.0159 0.40386 0.128 40.81 133.8568 | 2.2 0.361
27 0.0142 0.36068 0.102 51.47 168.8216 | 1.7 0.288
28 0.0126 0.32004 0.080 64.9 212.872 1.4 0.226
29 0.0113 0.28702 0.0647 81.83 268.4024 | 1.2 0.182
30 0.01 0.254 0.0507 103.2 338.496 0.86 0.142
31 0.0089 0.22606 0.0401 130.1 426.728 0.7 0.113
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32 0.008 0.2032 0.0324 164.1 538.248 0.53 0.091

Metric

2.0 0.00787 0.200 0.0314 169.39 555.61 0.51 0.088

33 0.0071 0.18034 0.0255 206.9 678.632 0.43 0.072

Metric

1.8 0.00709 0.180 0.0254 207.5 680.55 0.43 0.072

34 0.0063 0.16002 0.0201 260.9 855.752 0.33 0.056

Metric

1.6 0.0063 0.16002 0.0201 260.9 855.752 0.33 0.056

35 0.0056 0.14224 0.0159 329 1079.12 0.27 0.044

Metric

1.4 .00551 .140 0.0154 339 1114 0.26 0.043

36 0.005 0.127 0.0127 414.8 1360 0.21 0.035

Metric

1.5 .00492 0.125 0.0123 428.2 1404 0.20 0.034

37 0.0045 0.1143 0.0103 523.1 1715 0.17 0.0289

Metric

1.12 .00441 0.112 0.00985 533.8 1750 0.163 0.0277

38 0.004 0.1016 0.00811 659.6 2163 0.13 0.0228

Metric 1 | .00394 0.1000 0.00785 670.2 2198 0.126 0.0225

39 0.0035 0.0889 0.00621 831.8 2728 0.11 0.0175

40 0.0031 0.07874 0.00487 1049 3440 0.09 0.0137
# Note:

The rated current carrying capability depends on many factors: type (solid or stranded) and cross-section of the wire,
electrical characteristics of wire material (electrical conductivity, thermal characteristics), thermal and mechanical
characteristics of insulation, thermal conductivity of the insulation material, air convection, required or tolerated volt-
age drop, ... Therefore, practical and approximate methods are used to choose the size of the wire.

For wiring inside the amplifier chassis, one quick and easy way to calculate the maximum current capacity of Cu wire:

Cu Wire Capacity [A] = (4 + 6) x Size of wire (cross section) [mm?2]

Example:

For 1-mm? cross-section wire, the wire capacityis (4 +6) x1mm? = (4+6)A
Minimum wire size (minimum cross-section):

Size of wire (cross-section) [mm2] = Required wire current handling [A] /(4 +6)

Example:
Required minimum wire size ( cross section) for wiring a circuit with a load current of 2 A:
2A /(4+6) = (033 + 0.5)mm?

# For wiring the tube heater power supply it is better to use: Size of wire (cross-section) [mm?2] = I; [A] / (3 + 4)

Wire insulation

Inside the tube amplifier chassis, the temperature can be very high (it is good to keep temperature below 60°C by
appropriate chassis design), the wires can be located near components with high thermal dissipation and high surface
temperature, used insulated wires must operate in such ambience. Rated temperature of insulation — the maximum
temperature at which the insulated wire can operate without damaging the insulation.

The insulating materials commonly used to cover Cu wire:
Insulating material based on plastic materials.

e Thermoplastic (PVC - Polyvinylichloride, PE - Polyethylene, ECTFE - Ethylene Chlorotrifluorethylene,
PVDF - Polyvinylidene Fluoride, Nylon,...).
Thermoplastic insulation softens and can even melt when exposed to a sufficiently high temperature.
Rating temperature is usually in the range of -550C to ( 60°C + 105°C ).
The low price of this type of insulated wire is the main reason for its mass use.
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o Thermoset
Thermoset insulation does not soften when exposed to high temperature.( based on EPR - Ethylene Pro-
pylene and PTFE - Polytetrafluoroethylene). The most widely used thermoset insulation material is the
well- known Teflon.
Rated temperature is usually up to 200°C .

e -Rubber insulation
The most widely used is the well-known silicone rubber.
Rated temperature is usually up to 180°C .

Wire coding
The type of plastic insulation can be identified by a code:
e T - Thermoplastic
e H - Heat-resistance (HH - higher heat resistance)
e N - Nylon jacket
e W - Wet location

Example:
THHN - thermoplastic, higher heat resistance and nylon jacket.

Rated voltage of insulated wire
Wires inside the chassis can be located near the components or other wires at the high voltage. Also, the wires at high
voltage can be located near the grounded walls of the chassis.

The rated voltage depends on the type of the insulation material used (electrical characteristics) and its thickness.

Usually, the rated voltage (maximum voltage to which it can be connected) is expressed by two values of alternating
current Uy / U [V]:

U, - voltage between conductor and earth (ground).
U - voltage between conductors.

Example:
600 / 1000V: insulated wire capable of withstanding a voltage of 600 Vgys between conductor and earth (ground) and
1000 Vzys between adjacent conductors.

In the technical data of the manufacturer, it is not unusual to find only the rated voltage of the wire insulation, such
as 300 V, 600 V, 1000V, and it refers to the maximum operating voltage.

Technical specification of insulated wire that needs to be know in order to make the right choice of wire for a specific
purpose:

e Size (Gauge), cross section or diameter

e Current load capacity

e Rated voltage of insulated wire

e Rated temperature of insulated wire

e Type of insulation (thermoplastic - such as PVC, thermoset - such as PTFE (Teflon), rubber - such as

Silicone).

The technical specification of the wire can usually be found on the reel or drum of the wire.

Gauge (size) Insulation Material
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The choice of wire (example)

Heater wiring

Solid or stranded insulated Cu wire.

6SN7: 6.3V /0.6 A (one channel)

Minimum wire cross-section [mmZ2]:

Current handling [A]/ (3 +4) = 0.6 [A]/ (4 + 6) = (0.2 + 0.15) mm?

Standard wire gauge table, nearest wire size: AWG 24 (0.205 mm?Z2) and AWG 25 (0.162 mm?2)

The size of the solid insulated wire (diameter - d [mm]) corresponds to the cross section AWG 25 (0.162 mm?2):

085 ] n .
Cross section = (d/2) % x — dlmm] =2 x |Fessection i - 5 /%: 0.454 mm

nearest metric standard wire: d = 0.5 mm.

Rated voltage of insulated wires: The wires used for wiring tube heaters can be located near components or uninsu-
lated wires at a high voltage that is over 440 Vpc in the example above. Therefore, the rated voltage of insulated wire
must be: 600V, 600/1000V.

Rated temperature of insulation: > 90°C. Thus, the insulating material of the wire can be quality PVC or PTFE (Teflon)
or silicone rubber.

Wire for wiring 6SN7 heater:
e Solid or stranded Cu wire.
e Size: Stranded AWG 25 (0.162 mm?2) to AWG 22 (0.327 mm?2), metric 0.25 mm2 can be used or
solid wire: d = 0.5 mm to 0.7 mm.
¢ Insulation: PVC, PTFE (Teflon), Silicone rubber.
e Rated voltage: 600/1000 V, 600 V.
e Rated temperature: 105 °C.

# Note

Each tube heater is wired with a twisted pair of wires.

If the heaters of two tube are wired in parallel from the same heater power supply source, the wire size must be re-
calculated to handle twice the current required to power heater of one tube.

Parallel connected heaters two 6SN7tubes: 2 x 0.6 A = 1.2 A.

Wiring between the secondary of the power transformer and the common DC rectifier and the stabilization circuit for
heater power supply two 6SN7. Wire current handling is: 2 x 0.6 A = 1.2 A.
Insulated stranded wire: AWG 18 or metric (0.75 ... 1) mm?2.

Wire for wiring 300B heater (1.3 A):
e Stranded Cu wire
e Size: Stranded AWG 20 (0.519 mm?2) to AWG 18 (0.823 mm?2), metric: 0.75 mm?2
e Insulation: PVC, PTFE (Teflon), Silicone rubber
e Rated voltage: 600/1000 V, 600 V
e Rated temperature: 105 °C

# Note:
The wire of the above size is used for wiring the heater of one 300B tube.

High-voltage circuit wiring

One common high voltage power supply circuit is used to power both amplifier channels. The currents of the anode
circuits of the tubes are not so high and the high voltage circuits can be wired with wires of not so large cross sec-
tion. In the example above the high voltage power supply current is less than 200 mA. In practice, wires with larger
cross-section than calculated one are used: insulated stranded Cu wire AWG 22 (23) or AWG 20, metric 0.25 mm? ,
0.5 mm?, 0.75 mm?2. Insulation: PVC, PTFE (Teflon), Silicone rubber.

Rated voltage: 600/1000 V, 600 V. Rated temperature: 105 °C.
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Ground buss
The ground buss (ground bar) is used in the construction of the power amplifiers for two reasons: to conduct electrical
current and as a mechanical carrier for electronic components.
Therefore, it must fulfill two main technical requirements:
e Low electrical resistance and current carrying capability.
e Good soldering ability
e Good mechanical strength

In practice, the uninsulated solid Cu wire is most commonly used. Because it must handle a current equal to the sum
of the supply currents of all amplifier stages (input, driver, output, and even the secondary load current of the output
transformer), its cross section must be large to provide low resistance and therefore minimal voltage drop along the
bus.

Cu (it is good to be oxygen free Cu - OFC) uninsulated wire AWG 14 (2.08 mm?2) or AWG 12 (3.31 mm?2),
metricd = 1.6 mm to 2 mm is used as ground buss usually in medium power amplifiers.

Wires used for wiring electronic components of mains supply circuit (AC circuits) .

The wiring of the mains socket (or EMI filter with built-in mains socket, mains fuse and power switch) and the winding
of the primary power transformer must be made using high quality insulated (PVC, PTFE - Teflon, Silicone; rated volt-
age of 600/100V; Temperature of 105°C) stranded Cu wires of appropriate cross section (AWG 18 to AWG 14, metric
1mm?2 to 2mm?2).

Color Code:
EARTH NEUTRAL FASE/LINE GROUND (EARTH): Green
G Green with yellow strip
£ 2= 1 N Yellow with green strip
r = r 1 T =1 NEUTRAL: White
| | | Light blue
FASE / LINE: Black
Red
Blue

Audio cable
Electric signals of the audio frequency range that we encounter in practice can be very low levels (MC and MM turntable

cartridges - 5 uV to few mV, preamplifier output of several hundred mV). It is very difficult to transfer such signals by
wire and keep original sound image.

The basic function of an audio cable is to transfer an electrical signal of the audio frequency band with the least loss
and distortion and to protect the signal from the effects of unwanted noise such as RFI and EMI.

} k
Insulation Cotton filler ~ Signal ! g
‘ conductor k
14
N
1 g
- , *
Shield | Insulation

Such technical requirements can be met by using specially designed cables for use in audio equipment: an insulated
signal conductor (solid or stranded) covered with braided Cu strands that act as an electrostatic shield (usually
grounded).

The effectiveness of protection against EMI and RFI depends on the design and the quality of the shield — in general,
the large the coverage, the better the protection.
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The percentage of coverage depends on the number of braid strands, the angle of braiding, the folding number
(coverage density ranges from 50% to 97%). Some cables have an additional shield made of aluminum (or Cu) foil
inserted between the signal conductor and the braided Cu shield (improved shield density up to98%).

Good electrical conductivity of the shield is very important too (it depends on the electrical characteristics of the shield
material).

Good conductivity and appropriate cross section of signal conductor (solid or stranded) is necessary. On the market
there are a large number of audio shielded cables in various technical designs (shielded cable with one, two, three, four
or even more signal conductor with different number of strands and its diameter, shield density, insulation material
and fillers...).

Typical characteristics of an audio cable:
e Shielded cable with one signal conductor,
e Shielding: 32 strands with a diameter of 0.12 mm each (Specification: N x n / @; N is the number of
signal conductor, n is the number of strands and @ is the strand diameter [mm] - 1 x 32 /0.12),
e Signal conductor: 10 strands with a diameter of 0.12 mm each, with a total cross-section of 0.11 mm?,
e Insulation: PVC,
e Outside diameter: 3.7 mm.

Shielded cable with two signal conductors
e Signal conductor: 2 x 16 / 0.1 mm (cross section of 0.12 mm?Z, each),
DC resistance: 158 mS2 / m, PVC insulation, outside diameter: 5 mm,

e Signal conductor: 2 x 25 / 0.1 mm (cross-section of 0.20 mm? , each), DC resistance: 92.3 m2 / m, PVC
insulation, outside diameter: 5.5 mm.

Input stage

& 55'*_‘:__/ TR é
Example:

Wiring the RCA input connector and volume potentiometer

: E%-,_ — :;:::_X/h:::‘; ==
# Note:

If the distance between the two connection points of the audio signal path is not long (less than a few cm), the wiring
can be made by a pair of twisted insulated wires of appropriate cross-section.

However, the longer the cable, the higher the probability of causing unwanted effects on audio signals in
the form of noise and hum (buzzing) caused by RFI and EMI.

Keep the signal path as short as possible.
Minimizing the length of wiring can be achieved by carefully designing the layout of the electronic components on the
chassis.
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Tube heaters power supply

DC regulated power supply - two 5 V/1.2 A (output tubes) and two voltage regulators of 6.3 V/1.2 A (driver and

input tubes).

They can be made using PCB technology as compact modules.

-

35pum

# A few notes about PCB design (or some PCB design

rules)

Common printed circuit board (PCB) material:

FR4, board thickness 1.6mm, one or two layers of Cu.
Cu layer thickness: 35um

The Cu pattern can be tinned to improve the current car-
rying capability of the Cu traces.

The width of the Cu trace depends on the current
flowing through the trace and the allowed increase in the
temperature of the Cu trace.

The minimum trace width is published in the IPC - 2221 recommendation.
An easy way to define minimum trace width (W) is to use a diagram (or table):

Trace continuous
current capacity 1°€C tem- 30C tempera- 10°C tem-
>10sec !Jerature ture increase Perature
[A] increase increase
mm mil | mm mil mm mil
0.1 0.11 4.25 1 0.05 2.2 0.03 1.18
0.2 0.27 |10 0.14 5.5 0.07 2.60
0.3 0.46 18 0.24 9.3 0.12 4.50
0.4 0.67 |26 0.35 13.5 |0.17 6.50
0.5 0.90 |35 0.46 18 0.23 8.80
0.6 1.15 |45 0.59 23 0.28 11
0.7 1.40 55 0.72 28 0.35 14
0.8 1.67 68 0.87 34 0.42 16
0.9 1.95 |76 1.00 39 0.49 19
1.0 2.24 88 1.15 45 0.56 22
1.1 2.53 |[100 |1.30 51 0.63 25
1.2 2.84 113 | 1.46 58 0.71 28
1.3 3.15 124 | 1.65 64 0.78 31
1.4 3.48 | 137 |1.80 70 0.87 34
1.5 3.81 150 | 1.96 77 0.95 37
1.6 4.15 163 | 2.15 84 1.03 41
1.7 4.50 177 | 2.30 91 1.12 44
1.8 4.84 | 190 | 2.50 98 1.20 47
1.9 5.20 | 205 |2.70 105 1.30 51
2.0 5.56 |219 | 2.86 113 1.38 54
2.5 7.50 |294 |3.85 152 1.85 73
3.0 9.50 | 373 |4.90 192 2.35 93
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[A] °C
5% 100
75
30 =4 60
Zsbr
L1 b
= =1 20 '
16 /_.u- 5]
g1 10 £
£ :
5 25 — i S
3
1
0.5 =
o
B
1 \\ S N
1.5 L B G2
25 2 Y = e =
7.3 L =
= 1 > i, i R
= T R ~_[J105um
Z 5 i 7 = .
2 7 3 N, 70 nm
< 8 L \\
B3 = ~
[mm] 17.5um 35um_
track Cu thickness

The Cu pattern can be tinned to improve the current handling capability of the Cu traces.

Example:
Current - 1A
Using the table: The trace width must be 2.24 mm for a temperature rise of 1°C or 88 mils (1 mil = 0.0254 mm).

Current - 300 mA
Using the table: The trace width must be 0.46mm for a temperature rise of 1 °C or 18 mils (1 mil = 0.0254 mm).

Spacing - minimum distance between the two nearest traces. It depends on the voltage difference of the two nearest

traces.
Spacing between traces can be calculated as:

Spacing [mm] = 0.6 + 0.005 X Up..x [V]

Some recommendations:

—— UpPecak
3 _ [—iPcesezB
E -
S e2l
Cu Cu % 2 /D —IPC2221A, uncoated
g - PCB
1] -~ __,....---"""'-‘
o —Based on UL Table 5B
- = ‘T 24 and 40V/mil electric
Spacing j’, strength
0

0 100 200 300 400 500
v,DC

Example:
The two traces of the PCB used in the high voltage regulator circuit with a voltage difference of 400 V are next to each

other.
Spacing = 0.6 + 0.005 x 400 = 2.6 mm
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Pad diameter and hole size

Pad
component component Min. Hole Size = Max. Lead Dia.+ 0.25mm

Lead Min. Pad Dia. = Min. Hole Size + 0.7mm

PCB
-_‘ The diameter of the pad must be larger (or the same

Pad . . .
4 T —— size) than the width of the joined trace.
= Min Hole dia
Pad diameter ! 1 The shapes of the pads can be different.
Example:

Example:
1W resistor, resistor leads diameter = 0.8 mm
Minimum hole size = 0.8 mm + 0.25 mm = 1.05 mm

The holes can be drilled using a 81 mm drill bit.
Minimum pad diameter = Minimum hole size
+0.7mm =1mm+ 0.7 mm = 1.7 mm (67 mils).

2 - layer (double layers) PCB - Cu on a top and the bottom side of the PCB. Advantage: easy connection of pads
and the traces on one side to pads and the traces on the other side of the PCB. The density of the components can be
higher (number of components per square cm of PCB). The advantage is greater freedom for PCB designers to create
component and trace layouts - especially if PCB holes are metalized.

Universal readymade raster PCBs and wire jumpers or wires that simulate Cu traces can simulate PCBs or can be used
at an early phase of device development when numerous and quick changes in the layout and connections of electronic
components are required.

The components should be placed at a certain distance from the PCB to | P

allow better airflow around the components and better cooling. The transfer ! distancej

of PCB vibrations to components is lower. Component leads should not be |
bended at right angle - they should be bended in a radius.

The trace carrying a high current signal (or a high amplitude voltage signal) should not be placed close to or parallel
to a trace carrying a low current signal (or a low amplitude voltage signal).

If possible (for example using a double-layer PCB), the sockets of the vacuum tubes (and tubes) should be placed on
the opposite side of the PCB from the side on which the other components are placed to avoid heating the components
caused by the vacuum tubes.

All components on one side Tubes sockets on one side All components (except tube) on
of the PCB (Top side) of the PCB (Cu side) one side of the PCB (Cu side)
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Example above:

Almost all parts (electronic and electromechanical components, wires,...) necessary for building amplifier, their me-
chanical properties, shapes and dimensions (electrical characteristics, too), are specified and defined and they must
be placed and mounted on a carrier or mechanical structure where they should be wired and connected to make one
functional unit - an audio amplifier.

Chassis

There are many different types of electronic components used to build audio amplifiers and each has its own specific
mechanical and electrical characteristics. Some of them can be very heavy and large in size, some of them dissipate
a lot of energy in normal operation and their temperature can be higher than the ambient temperature, some of them
can be very sensitive to the effects of the electromagnetic interference, ...

Therefore, the chassis of an audio amplifier must be designed to meet all the mechanical and electrical requirements
necessary for the installation, carrying, mechanical and thermal stability and integration of all electronic and electro-
mechanical components into one common unit, as well as to ensure their safe operation within their rated characteris-
tics (external beauty is also important). This means that the chassis must be a mechanically stable structure capable
of carrying heavy electrical and electromechanical parts, to be thermally stable structure as well as to provide good
heat dissipation and air circulation / ventilation.

Materials used to build the chassis:

Different types of metal sheets:
e Cold and hot rolled steel (most common), stainless steel
e Non-magnetic materials: sheets of cooper, brass, aluminum (aluminum alloy) or aluminum profiles

Unconventional specific (esoteric) materials:
e Wood, granite, marble, onyx, alumina ceramics,...

Advantages of non-magnetic materials used to build the chassis such as cooper and aluminum sheets:

e Not susceptible to the action of magnetic fields produced by some electronic parts such as power supply
transformers for example. The transfer of the magnetic field via the chassis and its effects to the other
electronic parts is minimal.

o Excellent electric characteristics — low electric resistance

e Very good thermal conductivity

e Corrosion resistant

e Aesthetics: Cu chassis can be painted with transparent lacquer, Al chassis can be painted or anodized

e Fasy mechanical processing due to low hardness of the material (drilling, cutting, bending...).

e Large assortment of standard profiles on the market

e Acoustic properties: In general, all metals have good sound conductivity, so that side effects can occur
due to poor absorption of mechanical vibrations of the chassis made of metal sheet, i.e. the chassis can be
“microphonic”.

Disadvantages:

e Low mechanical strength. The ability to carry heavy electronics parts such as transformers and chokes is
low, so it is necessary to use Al sheets of greater thickness (thickness of 3mm and thicker, even 10mm
thick).

e High price.

Cold and rolled steel

e Most used in practice

e Low cost

e Relatively easy for mechanical processing such as drilling, cutting, bending, welding, ...

e Susceptible to rusting so final protection against corrosion is necessary, such as painting with thermostable
paint, nickel plating, chrome plating, zinc plating , ...

e Significantly worse electrical conductivity than Cu or Al sheet.

e High magnetic permeability. Unwanted feature. Prevention of this side effect is usually achieved by
inserting an air gap in the magnetic field path (mounting the transformer at a distance from the chassis or
inserting some non-magnetic material between the transformer and the chassis, for example), or by using
a transformer shield. In practice, metal shielding boxes inside the chassis are also used.
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Stainless steel (chrome and nickel alloy steel)
e Non-magnetic material.
e Non-corrosive material (no need for additional final protection against atmospheric aggressive effects)
Material of high strength and hardness.
e Medium costs.
e Can be welded without a visually noticeable welding area (after polishing)
e The surfaces of some types of stainless steel sheets that can be found on the market are extremely
polished like mirrors.

Disadvantages:
e Hard to mechanical processing due to high mechanical strength and hardness of stainless steel.
e Medium to high prices of materials and medium to high cost of machining.

# Note:
Stainless steel is the best choice for building chassis, but in practice, cold and hot rolled steel sheet is
most often used.

Chassis design starts with designing the layout of electronic parts. Some basic rules that must be followed when de-
signing the layout of electronic and electromechanical parts:

e Minimum distance between two tubes recommended by the tube manufacturer (rated temperature
of the tube glass balloon must not be exceeded even under conditions of free air circulation and some
precautions must be observed). Some tube manufacturer recommendations for the distance between two
tubes:

- Small signal tubes: (1.5 ... 1.75) inch; (3.8 ... 4.5) cm
- Medium power tubes: 2 inch; 5cm
- Power tubes: (2.5 ... 4) inch; (6.5 ... 10) cm;

* Consult the manufacturer’s data sheet and recommendations for specific type of tube.

Example:
Two-channel amplifier ( 2 x 6SN7 and 2 x 3008 ) - distance between two 300B: 4 inch or 10 cm; distance between
two 6SN7: more than 1.75 inch or 4.5 cm; distance between 6SN7 and 300B: more than 2 inch or 5 cm).

e Transformer orientation
The effect of a magnetic field originating from a source (transformer, in a case of audio amplifier: power
supply transformer) on electronic parts in its environment can be analyzed by applying the well-known law
of physics: magnetic interference and magnetic flux (®) as a measure of total magnetic field (B) passing

through area (A) depends on the angle (8) between the lines of the magnetic field and the surface (A):

®=BxAxcos(6).

The maximum magnetic flux is for 8 = 09, cos (0°) = 1, and the minimum for 8 = 909, cos (90°) = O i.e.
® —3

- N
=1 s
OPTIMAL

As the strength of the electromagnetic field decreases in proportion to the square of the distance, the
power transformer must be located away from the signal path of the audio amplifier and its parts.
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¢ All wires and electronic parts conducting the audio signal must be located away from sources of unwanted
electromagnetic radiation such as the power supply circuit (power supply transformers, rectifiers and
filters components) and away from the mains wires inside the chassis.

e Layout of amplifier stages. One of the possible scenarios (in line):

INPUT

CHASSIS
FRONT END

DRIVER

OUTPUT

RECTIFIERS
PR - POWER
. ; . I IL_l'—L'R.‘s SUPPLY
IRANSFORMER CAPACITORS TRANSFORMER
BAMIK

Input stage — driver stage — outputstage — output transformer

filters — power supply transformer

e Grounding

Two main grounding methodologies:
- Grounding follows the signal
- Star-shaped grounding

—  power supply rectifiers and

# Note: Mixed methodology is also used in practice.

GROUND FOLLOWS SIGNAL

INPUT

—
L=

[] .

DRIVER

ouTPUT

i1

0 0=

i—{:}—

D|ﬁ]+

STAR GROUND

INPUT DRIVER OUTPUT
=  —
T & 8
& 1.
o=l 0 07 0 &
~

DRIVER

GROUND BUSS

OUTPUT

POWER
SUPPLY

POWER
SUPPLY

No matter which grounding methodology is used, it is important
to ensure low electrical resistance and minimal voltage drop
along the grounding conductors by using a wire of well-defined
cross-section - high wire load carrying capacities.

After the completion of the project phases of synthesizing the
electrical scheme and defining all electronic and electromechan-
ical components and selecting them, i.e. when their electrical
and mechanical characteristics are known, including their phys-
ical dimensions, the first layout of parts (chassis layout) can be
sketched, following the rules and recommendations for layout of
amplifier stages, parts orientation, grounding,...
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Example: Monoblock; Chassis TOP VIEW:

Loud speaker

Loud speaker

Input cinch Connector Connector
Ideal position Ideal position PRACTICE position
| Tube glass Shield

diameter (max) e ] ] Power Transformer
: 7 - \
D2 £l OT Choke PT

- D1 2 ' =

| & s | = ] 28
=1 £ S ‘ © =2 .g
o Ei g = 2 EI120 1=
- 2 : 3 : B agd

=

> Socket 2 & ~

2 5
=] 120 = \ -
C) O ks 3
P50 75 120 i 105 | 1¥5 | 85
::'I?K-i;;c?_wilch 550 Mains socket
CT1CE and
position Power switch
Tdeal position
Example: Stereo Block TOP VIEW
Tube glass Shield :
diameter (max) e - f o 3
N o . ¢ =
5 D2 g| OT /Choke ——————=-—-
Dl E Fd > ), | |
< W i L b (-
.......... - w = s ol
0 | 0
4 : SL 0 bel Ul e 0
i | o |
b RSPy : 51U 8] & -
{ f o - = — | =
Socket 8| - | : 4
; = =t
o —— 3| 120 2 (S N
f?'i BA | Volume pot Ok y §
o é__________________F______ _______ ~  Power Transformer = L
T or (PT, .
2 B |
o (=]
o
* @ C) =t EI120
41
| ]
|  \— H— \ J Mains socket
‘ —_— and
;. 4 EMI FILTER
50 | 75 120 140 11 ]
Power |switch 500
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355
50 ) 120 110
#Note: VERTICAL| position S )
e ——— \ = N
OT = i
D1 : . = -
=]
* o 5 |
=] r;: vy W\
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- E o = o |
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)
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|
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The inside partial chassis layout and wiring (BOTTOM VIEW)

Some details:

Input tube grid

Ground BAR

Input cinch

Power Ground  Transformer
Switch BAR  Primary

e 386

1. The cinch connector of the input signal is wired to the volume po-

tentiometer using an audio shielded cable. The shield is connected
to the ground bar on the side of the audio cable that is closer to
the potentiometer. The potentiometer ground pin is also connect-
ed to the ground bar. The middle pin of the potentiometer is con-
nected to the control grid pin of the input tube socket.

. Mains circuit: Primary coil of the transformer is connected to the

mains connector or EMI filter. One end of the primary coil is direct-
ly wired to one EMI output pin. The other end of the primary coil
is wired to the other EMI output pin via a power switch and mains
fuse connected in series (EMI output pin is connected to one fuse
holder pin. The other fuse holder pin is connected to the power
switch pin. The other power switch pin is connected to the other
end of the primary coil).
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3. For safety reasons, it is very important to implement the chassis grounding very carefully.
In order to make good mechanical and electrical contact between the metal chassis and the ground wire via the con-
tact screw, it is necessary to use a special toothed washer. The area of the chassis where the tooth washer is placed
must be cleaned of any paint or metal surface protection (or any material of low electrical conductivity) in order to
make very good electrical contact between the tooth washer and the metal chassis.

Chassis

4. The chassis ground point is connected to the ground bar via the RC circuit:
parallel connected resistor 10 2 /5W and 0.22uF / 630V MKS capacitor.

Ground BAR -/ Chassis Ground

23
TINOT. a8

8. PCB mounting to the chassis (suggestion)

M3 x5 my
Nul@i PCB

/3
4
.

ol
©
S
10

| e

P ' CHASSIS R HQ
(9 M3 x 5 mm M3xSmm ~ .
3.2mm
2 l’:ﬂ_ _______ [ o Chassis and PCB
= Hole
2.0
5.0

9. Suggestion for making a sub-bar (auxiliary bar) using a piece of PCB and uninsulated solid Cu wire in order to carry
and make electrical contact of electronic components connected between the socket pins of the tube and other
parts or circuits of the amplifier such as high voltage power supply for example (electronic components of the input
and driver stage anode circuit such as resistors can be connected to the anode pin of the tube socket and sub-bar).

e —

Cu Foil\/ K/ PCB FR4

) - ) Driver
Hi I\I/lgﬂ:lge M Solid Cu Wire s Hi Voltage
Source | Hi Voltage Source

Sub BAR
L "~ Chassis

e 387



High-End Tube Amplifier Design

A few more suggestions

e Mounting the transformer to the chassis
One way to minimize the transfer of transformer vibrations to the chassis is to mount the transformer to
the chassis via some type of vibration absorber such as rubber washers, rings and cable grommets.

@ Dmax Fixing Hole [0} Height H | Height H2
[mm] O FH D

9.5 6.4 4 5.6 1.6

14.5 8 5 6.5 1.5

14 10 6 6.4 1.5

14 9.5 8 8 1.5

17.5 12 10 6.8 2

Transformer

SCrew

gromm’éf \washer / T
nut Chassis o
FH hole in a chassis
fixing hole

Placing cables and wires through chassis holes
/ To protect electrical cables and wires that pass through the holes in a
f chassis from a possible mechanical damage of the wire insulation and
short circuit to the chassis, a rubber grommets can be inserted into the
% holes. Cables or wires pass through the grommets.

Chassis

Grommet # It is especially recommended for use in wiring hi voltage pow-
Wires / er supply and wiring of anode circuits of the amplifier stages, as

well as for placing wires for wiring the primary output transformer
circuit.
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Example: Technical drawing for chassis sheet metal machining.

680
90 500 90
L 40 40 |25 112.5 112.5 112.5 112.5 25|20/ 30 301
o
o)
100
O | =3 60
' %3 OTr 3 Power Trans former 13 BB 3
% s N\ ~
° g &) i PT— | @& <
© ' Y\ ; i Ji
° 27x2 32 @ @ | °
0 6.2x2 S i i 21 ”
o =X wl /] o (] g% o) %% ; EI120 i
- o < g = i 1
L S/ e | B & |
.2x i i
" 4.2x4 i © © i 0
7 17 : i
N4 NZ . J
ol o . 8x6
- on 8 o IR} a
Nl 72 n
I @ tl
- © © a2 & d
~ & ¢
= a
A M | & 2 HIP
O WU TR 9T ES
= A éé N o 9.5x2 2
S N L & & &
o
@ 1) 2
8x34 % ¥ Choke Tan
— T — C J o
v
N o
F
M3x20
1 80 I}
90 ' 50 75 120 145 110 15 25/25]15

Material:

# 1.2 mm cold or hot rolled steel (most common) or stainless steel (low magnetic, chrome alloy steel).

Cut and drill holes — Bend sheet metal and weld edges at all corners — Polish all welded corners.

(If the cold or hot rolled steel is used, the chasses must be protected from atmospheric affects by an electrochemical
process or painted it with some thermostable paint).

The above example of amplifier design should be understood only as a set of basic technical and practical procedures

and operations in the process of designing SE amplifiers that can help the designer in the process of designing
amplifiers.

e 389



High-End Tube Amplifier Design

Every designer, depending on theoretical and technical knowledge, skills, ideas and imagination, can, through

theoretical elaboration, calculation and experimentation, find a constructive solution that satisfy his standards and
perception of a good audio amplifier and the sound it produces.

There are no limits to the designer’s imagination and desire for new constructions and the fidelity of the reproduced
sound.

Some suggestions and examples from practice and ideas for upgrading the above design example:

Input stage circuit:

Examplel. Example 2:
+300V +300V
1k g g ¢ 3300
5V6 & 5000 5V6 & T e 5000
500mwW multi turn 500mwW | 2 é multi turn
Q
BC556B = "¢ BCsseB
RED v RED
RED RED w
| MJE350 MIE350 0.47uF
e e 1oov12AU7 4?}0\, So
1/2 0.47uF age (ECC82) tage
In 16k 400V In 16k
®— ®— -
A=25.7dB J A=24.9dB
100k o =19.5x 100k 2.7V =17.5x
log o log
2k = 82k
84W h W 2700
————————————————————————————————————————— NFB NFB
e DNEB |
470k 10002 470k
J
* Noval version: 6CG7 is equivalent to 6SN7 * Amplification is the same as with one tube
Also, 12AU7, slightly less amplification: Output impedance is half that of one tube
A=24.9dB (17.5 x) Octal version: 6SN7, A = 25.7 dB (19.5 x)

ICC5=Ia=3.7mA, Ua =83\/, Uk =1.8V
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Example 3: Example 4:
+350V +230V
®
la=4.2mA ITa=1.2mA
12ATY7 a7k 0.47uF
(ECC81) 50v 400V o-47uk |
: I Next e Out
1/2 12AT
n Stage In 7
5 ®—
A =39.8dB
100k =30x log
lo
g Re
10002 470k
Example 5:
Low noise small signal pentode EF86
Capacitances Ce;i = 3.8 DF Heating : indirect by A.C. or D.T.
Capacites _ 5 . series or parallel supply )
Kapazititen Ca = 3P Chauffage: indirect par C.A, ou C.C. Ve o= 6,3V
: Casq < 0,05 pF gé%a{gl{éation serie ou pa- I¢ = 200 mA
Czir ¢ 0,0025 pF Heizung : indirekt durch Wechseli-
oder Gleichstrom; Serien-
Typical characteristics gder Farallelspelsung
Caractéristigues types
Kenndaten
Ta = 250 v o
Dimensions in mm
Va3 = ov Dimensions en mm maxi2
VSE - 140 7 Abmessungen in mo i — _
Vg - -2 v ¢ (_A“' .
5 1N|
I, = 3,0 mA s S
g2 = 0,6 ma 7 +-92 GLg
s = 2 mA/Y g7 B[R
Hg2gl = 38 s _l_
Ry = 2,5 R k f f 1
Regq ¢ 0,1 M@ Base, culot., Sockel: NOVAL

Manufacturer’s (Philips) recommendation:

Operating characteristics as A.F. amplifier
Caractéristigues d'utilisaticn en amplificatrice B.F.
Betrievsdaten als NF-Verstirker

0.01pF

L 3 \ o~
vI 'L Ik Rﬂ%__gk' Ryt v
= 5uF E
e T
I 3
e

Ra = 100 k@; Rg' = 330 k; dtot = 5%

v Ix | Reg2 Rk | Yo/Vi Vo
(v) | (ma){ (K@) | (k@) Yy | (Verr)
400 ) 3,3 | 0,39 1,0 124 87
35012,9 ] 0,39 |1,0 120 75
300§2,5 { 0,39]1,0 116 b4
250} 2,% | 0,39|1,0 112 50
2001 1,7 | 0,39 | 1,0 106 40
100} 1,0 | 0,47 | 1,5 95 22
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Input stage circuit:
High amplification input stage circuit - small signal pentode.

+330V
T T = OV T T e
A)- TN =TT r RARERARANE
w e j bR EF 86y 130k
HH A N TR 8V i = 0V T 1.4 mA 0.48mA
- H EEERERRSRNANE a=0v T E :
6 RN T i T TH T | Next
N e R 150V ]
ot HH ' b EF86 390k | Stase
{7 S BRuyRERRP/: o— 140V
ME635zeacsxsans TN | |
T T 4.7uF| A —42.2dB
- = jm A m|
=TT — | I i ER T T =
2.5mAQd qu—_llﬁokf__\_; EESSRRasaREAun~ Som ,_,:;,;lr'"lt_:' e 250k$ =+ 470uF 130x
A T T I log .
1 4mA Of= L — ey NFB |
‘ S . P TR ER R R IR S
iNNREASASEaSEE SR Tﬁ--;ﬁ; iEEsERzszzaEesy heaaan 470k
OLE= — ‘\J“ -J||_L ni o - — 45V T
0 00 300 400 500 (v} 600
150V 330V a5t E
Example 6:
Low distortion input stage. EF86 triode mode.
O TS N N SRS ST B
Il "":'tﬁi"fft‘j\jt%t?ﬁn, ;:Lﬁt:'? 4] -
A KNy L 1 Nl amal
A (R = 18K Tu = 38 | e
6 ! ; f {"_ yas] ;?Z réﬂ_l VEE Nexi
d JARRYARE7 GEEY Ema'iNuy SRS REN inal v,] LF’ MR Stage
I}Ra:66k f :f"’ f f = ||\:ﬁ77 & 28 9dB
S/ iR i { Al - - :
4,3 G/f;{l ! ] ianr / / g _r:odel H 27 9
H T = 9x
3.3mAosH Rokif EE 867
/ =
aasr : [/ Y SRy RRY vt T 470k
i / ‘ 5/ 4 4 NFB
A A A / R 0 |00 mESEssesseEsaseaes
A A AL A AL FiEmeas
0 o - 200 200 400 500 \4(v] 600
160V 375V -+

# Same circuit suitable for DC coupling with the next stage (low anode voltage):
Usp = 130 V, R, = 100k, Ry = 1k8 IT 100 pF + 100 2, Ugy = - 1.4 V, I, = 0.7 mA,
U,=60V, A= 25,
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Example 7:

Example 8:
SRPP configuration

Inductive (choke) anode load

+350V

12AX7
(ECC83)

+190V

0.47uF
1795V | A —35.44B In
In
®— =59x
3V 100k

100k 470uF log

log 1k2 ]-

0.1k 470kf

# Low amplification: 6SN7, R, = 1k5, I, =3.8 mA, Uy« = -6 V. A = 23dB ( 15%).

Example 9:
Author’s input stage circuit used in SSE 2 x WE 300B

+212V

~
G
é = 100Q
5V6 & &c‘:‘i 5000
500mW 9 é multi turn
L N

1 BC556B
RED ¥

RED ¥

Next
WE437A N 47TF Stage
In 2 2k 400V
®—
A=32dB
2V6 -
100k ”05 39.8x
log 100Q =)
68k N
4w a
rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr NFB
620 470kT

Driver stage
Driver stage design tips:

The driver stage should provide a signal to drive the amplifier output stage. In practical applications, the amplitude
of the driver signal can be very high — up to several tens or even hundreds of volts peak to peak. Therefore, it is nec-
essary to pay attention to the choice of the load line and the quiescent point of the driver’s stage tube. Their choice
should be such as to provide sufficient space to the left and right of the quiescent point on the load line for the driver
stage output signal. Therefore, when selecting the operating conditions of the driver tube, the quiescent point of the
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driver tube is shifted to higher anode voltages to ensure handling of the driver output signal of high amplitude. As the
gain of the driver tube is limited and not infinite, the input signal of the driver tube can also be high — from a few volts
to a few tens of volts peak to peak. Therefore, the Uy _ . of the tube must be high enough to handle the input signal
of the driver stage. As the driver stage works as a voltage amplifier and not as a power amplifier, it is not necessary

for the driver tube to be high power.

+380V Examplel:
1k Theoretically, the maximum amplification and the maximum amplitude
5000 of the output signal of the grounded cathode amplifier can be achieved
multi turn if the anode load is infinite — load line is horizontal (I, = constant).
Therefore, in practice, CCS is sometimes used as an anode load.

5V6 &
500mwW

1 BC556B
RED v

RED < Output voltage handling: over the 230 Vp _p
MIJE350
Next NOVa/.' ECC82, ICCS =3.7 mA, RK = 1k6,
1/2 0.47uF Stage
Input 400V A =24dB (15.8x)
I
0.47uF A=25.7dB
2 =19.5x
s}
2 ;
& 8 g 470k
4
Example2:
4380V Twice lower output impedance than in Example 1.
< A
EG ¢ 4700 Octal: 6SN7, Ics = 8mA, Rq = 750 Q
s5ve & % 8d s000
500mwW i gz multi turn A =26dB (19.9 x)
o N
= BC556B
RED
RED
MIJE350 0.47uF
164V 4%0\/ IS‘I‘”“
tage
ECCS82
Input
| —
0.47‘uF A=24dB
> 6V =15.8x
-M )
o ~
=)
< (o]
— 82002 = 470uF
% 470k
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Example 3:

+360V

6SN7

2k2 ’
179.6 V
N A=23.9dB
—— =15.6x
220uF
330k = 390k
Note:
Medium amplification
Low output impedance
Example 5:
Triode mode power pentode
inductive (choke) anode load
+340V
1k8
(5-7)W l[a=24mA
(65-70)H H 0.47uF  Next
—i —e
170V Stage
EL34 4 220Q
In 4{?2
4” ,,,,,
o A=18.7dB
=8.6x
22V
270k IN
l - 390k
910Q = ©
=
J%
Note:

Low amplification
Low output impedance

Example 4:

+(190-210)V
( Depending on the Choke Rdc))

1k
2W

(120-150) HH ilSmA
} Next

Stage

A=33dB
=45 x
4700uF

390k

Note:
High amplification
Low output impedance

Example 6:
Triode mode power beam tetrode
CCS anode load

+365V
£z
=
o 2 100Q2
5V6 & G s ¢ 2500
500mwW multi turn

(Re

Iccs

1 BC556B
RED W

W
RED ¥
R
+——f MIJE350
29.7 mAi (222.5V) Next
Sg 470 0.47uF Stage
g l 400V
A T
Iny - | KT88 | A=17.38dB
=7.4x
(22.5V)
100k
470k$ ¢ 7w =
7500 Q 390k
I
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High End Push-Pull Vacuum Tube Power Amplifier for home music listening.

Design flow chart:
Phase 1. Designer’s idea - decision:

Design requirements:

e Output Power: Pouit =2 x 30 W

e Output Impedance: RL=4Q

e Input Sensitivity: Uin = (500 - 780) mV
e Input Impedance: Ri, = 250 kQ

e Amplitude Characteristic: B, = (20 Hz - 20 kHz)

1. Output Stage

# Ultra - linear push pull output stage delivers much more power than an output stage that uses tetrodes
(pentodes) connected as triodes and has a lower harmonic distortion (and outputimpedance) than the output stage
that uses tetrodes (pentodes).

2. Phase splitter

# Cathode coupled phase splitter.

It can deliver high level (amplitude) output signal.

Grid circuit at elevated potential (relative to ground) allows the application of DC coupling tothe previous (input) stage
(no coupling capacitor).

Low harmonic distortion and acceptable symmetry of output signals and output resistances.

3. Input stage

# Grounded cathode.

High signal amplification and high input resistance. Easy application (injection) of NFB.
Low nonlinear (harmonic) distortion (THD).

4.Global NFB.

# Amplifier with negative feed — back has lower nonlinear (harmonic) distortion (THD).
Increased the bandwidth of the amplifier. Amplitude characteristic is almost frequency
independent.

Phase 2. Block diagram:

Input Phase Output
Stage Inverter, Stage
L ] O.T
|
(i_ R,

Uout [ﬂ

NFB
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Voltage amplification:

Ag Pout

Uout ] Ry
Br
NFB J‘

Total amplification:

4 Vour _ 1095V
T Un (05 +078)V

= (14 = 21.9)x or,(22.9 = 26.8) dB

Voltage amplification without NFB:
Taking into account harmonic distortion, amplitude characteristic and stability of the amplifier, an NFB of 20 dB or x
10 is applied, so the voltage amplification of the amplifier without NFB can be calculated:

A
T”:lo > Ay =10xA=10x(14+219) = (140 +219x) or, (42.9 +46.8) dB

Step 3. Ultra Linear Push Pull Output Stage:

- Choice of output tubes:
KT 88 is a well- known beam power tetrode still in production

R g with many tube manufacturers.
- Choice of bias type:
R g The main advantage of automatic bias over fixed bias is that the

negative consequences caused by different characteristics of the
N p / Ns tubes are minimized by the self-balancing effect.

VH

- Operating conditions:
Based on a detailed analysis of the characteristics of KT88 as well as based on the analysis of the load line, some
basic initial parameters of the output stage calculation can be defined:

Quiescent point:

e U, =380V

e I,=75mA

° Ug-k =-40V
Class: AB

e Ultra linear 43%
e R, =6600Q

KT88, internal (plate) resistance and gain under the above operating conditions:

e R, = 2k4 (approximately)
e  (total) = 15 (approximately)
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Calculation of expected output power:

2 () _ 2x (15 x 40)?

Pour (max) = xR +R_)7 *Rae =G5 72200 + 660032 < 0600 = 36.5W

Ug (max) — maximum amplitude of drive signal ( < Ug. )

Voltage amplification:

Ru—a 6600
A=2x ux% =2x 15x% =17.36 x; 0r, (24.79 dB)
Ry + =5+ 2400 + ——

The total voltage amplification of the UL Push Pull Output Stage including the Output Transformer is:

4
=1736 X (——=0.4270r—7.39dB

dg=a % 6600

Rﬂ,—ﬂ

Calculation of automatic bias resistor (common cathode resistor - one common cathode resistor of connected cathodes
of both tubes):
[/ . 40

ol T -
R“ﬁzxfa_zxoms_z“ﬂ

Pr, = R x (2% 1,)? = 266 % (2 % 0.075)2 = 5.985 W

In practice, R, can be made using four 1 k2/(7 W11 W) resistors connected in parallel (4 || 1 kQ /(7 W+11 W) =
250 Q2 / (28 W+44 W) and one 8.2  / 4 W resistor connected in series.

# Note: Some KT 88 manufacture
R-1k/11W uracturer
recommend the use of separate
Rcom-8.2 Q/4W cathode resistors.
Following this recommendation,

J_:\ the cathode resistor of each tube
R{R R R C FUSE - 315mA can be made using two resistors

T ’ ) connected in parallel:

(2 x1kQ/(7W+11 W - 500 Q)).
l Rcom The cathode resistors of the tubes are
_—

C-330uF/ 100V
[ G

grounded via a common 8.2 Q /4 W
resistor and a fuse that acts as a simple
FUSE overcurrent protection.

Reminder:

The effect of NFB (caused by cathode impedance which reduces the gain and increases the output impedance of the
common cathode stage) can be partially or fully eliminated by bypassing the cathode bias resistor Ry to the ground for
AC signals — parallel connection Ry and capacitor Cy.

By adding grid resistors (Ry = 470 k2, recommended for KT88 by the manufacturers) and grid stopper resistors, the
electrical diagram of the output stage is completed:
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+420V R = 660012
0.47uF O e v
Udrv=28 37 V(RMS) —|} o8 660082/(4€2,80)
15 W UL =43%
Rgl
315mA Cki 5000 5
T 43% 40
L g.2a | |Rk 43% As = 04927
Cki 5000

470k 33 DuFI Ugry = 28.37Vrus

Rgl

\/\ Udrv=28. 37 V{RMS) “

0.47uF

Problem of mismatched output tubes

The basic principle of operation of the PP output stage is based on the principle of symmetry or, in other words, iden-
tical characteristics of the output tubes. But in practice, it is impossible to produce two identical tubes. Tube manu-
facturers usually publish data on deviations of the characteristics of the produced tubes from the characteristics of
the tubes published in the data sheets (tolerances). Tolerances of £5% and £10% are common for series-produced
tubes. So-called pairs (or quartets) of matched tubes with smaller tolerances can be found on the market. In practice,
a tolerance of £1.5% in tube pair characteristics is quite acceptable for use in Hi End PP amplifiers.

Consequences of the difference in the characteristics of the tubes (mismatched tubes) on the operation of the PP
output stage:

e Current unbalance in a PP output stage, the quiescent point currents of the output tubes are different. At
the same time, this means that the currents flowing through the halves of the primary windings of the
output transformer are unbalanced. Unbalance of DC currents flowing through the output transformer can
cause saturation of the iron core and lowering the inductance of the Primary of the transformer.

Consequences of a low inductance of the Primary of the output transformer to the amplifier characteristic:
- Poor amplitude characteristic (frequency band) of the amplifier at low frequencies (higher cut-off low
frequency)
- Higher harmonic distortion at low frequencies (especially at high power levels).

e Increased harmonic distortion of even—order harmonic in general.
Minimizing the problem of mismatched output tubes
A carefully designed bias circuit can minimize the consequences of mismatched tubes in practice.

e Fixed bias of output tube
a) Each tube has its own fixed bias circuit.
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100

G5
I
.
270k -
100k} 47k
Vrl
-1 v e—
£ Vri2 J_

1ook! 47k '

—_—

4 Utestl
ctest |
—_— 0

1082
)
RktestUteSt"

Utestl = Utest2

b) Bias balancing

# Note (for both circuits):

By varying Vrl and Vr2, the grid bias is adjusted so that the
current flowing through the one tube is equal to the current
flowing through the other tube. The adjustment process is
usually iterative — consequently, the process of adjusting the
balance of the currents (adjusting with Vr1 and Vr2) should be
repeated several times until the maximum possible balance of
the currents is reached:

Ik1 = Ik2; Utestl = Utest2;

Cs
=
g
330k =
I
-Ug [ o
-
{==}
L~
330k «
I
Cs

Utestl =Utest2

Rk testl = Rk test2 , low-tolerance 1% resistor.
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e Automatic bias of output tubes
A very effective balancing circuit applied in a Williamson amplifier (modified).

Ule Utest2

ZZQ i i 22Q

Rktest Rk test

&
470k§330p;—t"- s =330p8470k
%
=
470395003470
=GND

Another component of the PP output stage plays a significant role in fulfilling the conditions of symmetry of the PP
amplifier — the output transformer.

Output Transformer

As it is necessary for the output tubes to be paired, it is also important that both
halves of the Primary windings have the same characteristics: DC and AC. In
other words, both halves of the Primary should have the same DC resistance and
the same inductance. The condition of symmetry of the halves of the Primary
windings is relatively easily to realize in practice by careful construction of the
output transformer — by winding a symmetrical pair of coils.

# Note on the choice of the transformer core material.

e PP output transformer using E / I laminate core can tolerate small DC currents imbalance. No matter how
fine packed the E and I laminates are, there is always an air gap between them and no matter how small
it affects the magnetic properties of the transformer core.

e PP output transformer that uses a toroidal core is much more sensitive to DC currents imbalance - almost
absolute balance of DC currents is required.

# General notes

e In the case of PP amplifier designed above (automatic bias), the imbalance of DC currents of the output
tubes of several mA is acceptable (1 - 3) mA and no additional balancing circuit is required.

o If the imbalance of DC currents of the output tubes of the PP amplifier is unacceptable (unpaired output
tubes) and it is necessary to use a DC currents balancing circuit of the output stage tubes, in the process
of adjusting the complete amplifier one of the first adjustment should be balancing of DC currents of the
output stage.
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After the procedure of balancing the DC currents of the output tubes is completed, the procedure of
balancing the AC signals by balancing the output signals of the phase splitter stage (if it is possible)
follows. DC balancing of the output stage does not mean that the characteristics of the output tubes (gain,
internal resistance) are paired, on the contrary, they always differ, which results in unequal amplification
of phase splitter output signals and imbalance of the AC signals amplitudes of the primary coils of the
output transformer.

In fact, the best method for AC balancing of PP amplifiers is to adjust the amplitudes of the output
signals of the phase splitter stage to obtain minimal harmonic distortion at the output of the amplifier.
If there is no technical possibility to adjust the levels of the output signals of the phase splitter, the
reduction of the harmonic distortion of the amplifier can be tried to by replacing the locations of the
output tubes.

However, the best technical characteristics of PP amplifiers are achieved by screening and selecting
of output tubes - maximum pairing of output tubes according to all parameters — DC and AC (gain,
transconductance, internal resistance) as well as using a quality output transformer with perfectly
symmetrical halves of the primary windings.

Phase-splitter
Phase-splitter circuit:

Cathodyne phase inverter (concertina phase inverter).
Long Tail Pair (cathode coupled) inverter.
Schmidt inverter.

In this example, the choice is a Long Tail Pair.

Uab e The input and output signals of the first tube

J are opposite in phase.

e The input signal of the first tube and the output
signal of the second tube are in phase.

V(2) e The amplification of the first and second tubes is not

A R+R
equal (this difference is —2=1+———— and is
A, R, *|u+1)

smaller if the (u+1)xR,» (Ri+R,)*). In order to
Rk Cg + RL:RL minimize this difference, it is necessary to use tubes
with high u .

(In order to make the amplifications of both outputs equal, it is necessary to lower the anode resistor of the inverted

output: Ru,=

R+R, )
14—
R, x|p+1]

The ECC83 is the double triode with the highest u (100) currently in production.
As can be seen from many examples and applications as well as from graphical analysis of the load line, the operating
conditions of ECC83 can be:
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[==]

2.5

R
g Eccss /o /L

1.2 0. - .
/ L1271/

Ra=1330k /
M (137V, 0.6mA)

(] o n___éj

0 4(}\;53 100 ]3'?‘1;-] 200 234{;0 300 335\;550 Uénﬁ}]

As can be seen from the graphical analysis, the load line and quiescent point selecting in this way provide high level
output signals (almost £ 97V), sufficient to drive the output tubes.

The common cathode is at an elevated potential (and also the grids of both tubes) relative to the ground, so it is
possible to make a direct coupling between the input stage and the cathode coupled phase-splitter. In this example,
taking into account the maximum allowable voltage between the cathodes and the tube heaters, as well as the
possibility of making a direct coupling to the input stage, the choice is that this potential is 68 V to 70 V.

Calculation of common cathode resistor:

U¢ (68 =70)V

It i D% (0.6 = 065gmA 20k

Rg-:

If R, = 330 k2 , then the amplification:

Amplification of the first tube:

A iX R xS R, + R,
= R+ R} [ Rex (Lt 1)
(R + R, )><[2+ka u+1]
100 x 193.8 62,5+ 193.8

62511938 ] [1 56 % (100 + 1)]_33‘6

(62.5+ 193.8) x [2 + (100 +1) X 56

Where:
* R; = 62.5kS2, internal resistance of ECC83.

RaXRgiour __ 330Kk%470K0

r
o Ri= =
@ RatRgiout  330KQ+470KQ

= 193.8 kQ;
Rg1 out is the control grid resistor of the output tube (470 k).

Amplification of the second tube:

P 1 xR, N 100 x 193.8
= N R, + R, 625+ 1938

= = 36.96
(R + Ry) x 2+W (62.54+193.8) x |2 + 100 + 1) X 56
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The difference in the amplification of the first and second tubes can be minimized by using a 300kS2 resistor instead of
the 330kS2 in the anode circuit of the first tube, or an amplification balancing circuit can be used.
In the following calculations, the amplification of the cathode coupled phase splitter of A, = 37 x or 31.36 dB is used.

The high voltage of the phase splitter supply has to be:
e common cathode voltage + voltage across the tube + voltage drop across the anode resistor:

Uapz = 68 + 135 + 0.625x330 =~ 410 V

Coupling capacitors between phase-splitter and output stage:

1

Using the equation Fnin = Ri"Ra) and the required f,, <1 Hz — Cs=0.47 pF
(48

ZXTIXCSX(RQ‘FW
3

The total amplification of the driver and output stage is:

A =A, XA =A xA =37%x0427=15.8xVv,23.97dB
drv+out drv out 2 3
HT102 HT102
+410V +410V
R6 |R7 Giii R6 R7
) put tube Output tube
330k : 330k T 330k; 330k -
_ [~ e3 GRID (300K) | “0.47uF ORID
cal 47uF 4
V2 | 0.4a7uF |Oytput tube ECC83 - il Output tube
GRID
Input tube .ﬁi'iu}? _I\ GRID
; (& Q/
ANODE; |69V Input tulzc s 6OV
ANODE |/ T 1M
= : R8 |R9
RS, col2 Rg RO .21k & |
56k i s {b
o 1oye RS54 c2r 1§ 15
‘hi b 56k| 0.47uF
<+ |
DC COUPLING RC COUPLING

The characteristics of a long tail pair circuit is not only that the output signals are opposite in phase, but also that they
differ in amplitude. Thus, the basic principle of the PP amplifiers configuration, symmetry, is violated. This amplitude
inequality does not have to drastically affect the characteristics of the complete amplifier in each particular case.
The principle of symmetry of PP amplifiers is also affected by the symmetry of the output stage (in some cases the
relation between the asymmetry of the amplitudes of the output signals of the phase - splitter and the asymmetry of
the output stage can be such that a high level of symmetry of the complete PP amplifier can be made). In practice,
there are also no two identical electronic components (for example, no two vacuum tubes with identical static and
dynamic characteristics). Therefore, complete symmetry of the output signals of the phase-splitter does not have to
be imperative, on the contrary, the most common case in practice is that these signals differ in amplitude and that the
amplifier has good characteristics.

+Uab The difference in amplification of the first and second tube can be minimized by connecting
! a 300 kS resistor to the anode circuit of a first tube instead of a 330 k{2 resistor (anode
L resistor of the other tube is 330 kQ2), or by using a 47 k2 trim potentiometer to adjusting

Rai 47 ﬂ R.2 (balancing) output signals levels (terminals of the fixed ends of the trim potentiometer are
300k 300k connected to a 300k2 anode resistor of each tube respectively and a wiper terminal is
1= connected to the power supply Uy, or, for example, using a circuit:

=
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It is best to apply the AC balancing procedure on the complete am-
7 plifier, where it is not the most important that the signals of the am-
i SOk g Tipul e plifier stages are perfectly balanced, but to get a signal of minimal

vz | es . distortion (min THD) at the output of the amplifier.
Input tube Eccry  ca
ANODE

41__]* # Note:
(a7l lesu
|

S
| ourput tube
0.47uF GRID

rRs| 0.47uF
sek; €2 T

~
o
=~

9|

470k
470k

SIGNAL BALANCING

Input Stage

In order to facilitate the process of selecting the configuration of the input circuit, as well as the process of selecting
its electronic components, it is necessary to determine the minimum amplification of the input stage:

[ Ag _ (140 = 219)

17 A, x A; 37 x 0427

=(8.86 +-13.86) x

or,
A{[dB] = Ag — (A; + A;) = (429 + 46.8) — (31.36—7.39) = (18.93 - 22.83) dB
—_ ‘;' w A '-LH Another condition that must be met: the DC voltage at the output
7 ., A of the input stage must be close to the voltage at the cathodes
= ] J, 7 7 i; (grids) of the phase splitter stage - around 68V (DC coupling
o] ECCSz 7 ’( 7 J.I' condition).
= TV 7 i r
r A
5 OV '2\]"}4}? Y11, One example of an input stage that could meet these conditions
| 1A rdivd is given as an example of an input stage of the SE amplifier -
3ImA | CcCS grounded cathode amplifier: a parallel connection of two halves
TIRrdRrdavinr d of ECC82 with constant current source as anode load (the circuit
P4 }/ 21 11 L should be adapted to the required conditions).
L] =~ =1
o pd ke e et ] e =1
0 5068\!1[“] UH(V) 0 Two halves of ECC82 connected in parallel:

I,=2x3mA=6mA
A 6mA CCS can be used as the anode load.

A supply voltage of approximately +300 V can be used.
Cathode resistor: R, =2V /6 mA = 340 2

As the cathode circuit is part of NFB loop, the cathode resistor Ry is designed as a series connection of a 100 2
resistor and a 240 Q resistor bypassed by a 470 UF capacitor.
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+300V The amplification of the input stage is almost equal to the
p of the tube (ECC82, p = 17):

é g ¢ 5600
o
5ve & |, @ { 5000 A; = 24.35dB (16.5 x).
500mwW it é multi turn
1 ¥ BC556B The total amplification of the amplifier without NFB is:
RED w
AD = Aj X A?. X A3
RED _ _
MIE350 =16.5x37x0427 =260 x
Grid
68V ' Next AU[dB] = Al + :4.2 + Ag
- ECC82 Stage =2435+31.36—7.39
16k s
®— — = 48.5dB
J A=24.35dB applied NFB of 20 dB, the amplification is:
log - A = 26 x or 28.5 dB.
W 2400
- NFB Expected input sensitivity:
U 10.95V
10022 _ Hout i =
1 Uin = - T 421 mV

Negative Feed-back circuit

The level of NFB is determined based on compromise between the positive effects of NFB application on the charac-
teristics that determine the quality of the amplifier (amplitude characteristic, THD, output impedance,...) and stable
operation of the amplifier (compromise: performance - stability).

NFB of 20 dB (10 x) is acceptable:

A / AO =10
o.T. . -
Via the voltage divider Ry / (R, + Ry)
L f‘_? portion of the output signal is applied
to the input circuit (cathode circuit) and
acts as a negative feed - back.
2V
2400 s 47 0uF The .amp/iﬁcf:ation of the amplifier with
applied NFB is:
Rr
100(2le '——E:ll-r——' A Ao - Aq
""""""" T1+f x4, R,
1+ E+K X Ag
Using the above equation, the resistor R, can be calculated:
A 1 1 R, x(A,-9 1000 x (260 -9
=  _-— 5 R, =% (4p—9) _ ( }=27B9Q
Ay 1+[FxA, 10 9 9

Standard, R, = 2k7

Capacitor C, connected in parallel with resistor R, makes the NFB circuit frequency dependent (mostly at a high fre-
qguencies) and it shapes the overall frequency response of the amplifier.

(The mathematical analysis of frequency-dependent NFB is quite complicated and goes beyond the scope of this book).

In practice, the value of the capacitor (Cr) is determined experimentally by observing the shapes of the square wave
signal at the output of the amplifier (more on this topic in another chapter).
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The initial value of Cr can be determined using the equation:

1

Cr:ZXTrX)f;XR,.

f, — cut-off high frequency (for quality amplifier: f. = 50 kHz)

Example:
R, =2k7 and f, = 65 kHz:
c ! ! 907 pF
TS xnx[f xR, 2x314x65000x2700 P
# Note:

If an 892 (instead of 482) secondary of the output transformer is used, and if it is used as part of the NFB circuit, it is
necessary to recalculate the amplification ( Ap ) of the amplifier without applied NFB and the value of the resistor R, (by
changing the impedances ratio of the output transformer, the amplification of the output stage ( Az ) also changes).

R,
=17.36 X

= 0.604 or — 4.37 dB
R, . 6600 o4

Ap = Ay X Ay X As = 16.5 x 37 X 0.604 = 368.7 x

_ Ry x(4,—9) 1000 x (368.7 — 9)
- 9 - 9

R, = 39660

Standard, R, = 3k9

1 1
G = X mx xR, Zx3.14 x 65000 X 3900
i3 T

= 628 pF

Power supply
High voltage power supply

e QOutput stage:

U1 = UK+ U, -k + UTdC =41V + 38V+ Ia X RPrim. dc = 41V + 380 V + 0075mA X 1035 = 4287\/ =
430V

Rerimary ac = DC resistance of the Primary winding of the output transformer (DC resistance of one half of
the total primary winding).
Push Pull Output Transformer, DC resistance of the primary in an example: “Push-Pull
Output Transformer 35 W / 6600 Q “ is 103.5 2 (DC resistance of one half of the primary
winding).

DC current of the output stage: Ioyr =2 x 75 mA = 150 mA (one channel)

Driver stage:

Ud,-v = Uz =410V
I4 = 1.2 mA (one channel)

Input stage:

U,'n = U3 =300V
I;, = 6 mA (one channel)
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Project request or designer’s decision:
Common High Voltage Power Supply for both channel.

The concept of high voltage power supply:

L L L
Iout=150mA Idrv=1.2 mA I[in=6 mA
Ul / u2 / U3 /
30V, ot +410V, to3 1300V
r— \ Rol \ Ro?2 \
2.15mA 0.93 mA 0.68 mA
l lout=150mA Idrv=1.2 mA l lin=6 mA

l
R 'EIJ R '|' R

According the concept schematic:
e Ip; = 2.15 mA (current flowing through the balancing resistor of the smoothing capacitor) + 2 x I, +
0.95 mA (current flowing through the balancing resistor of the smoothing capacitor) + 2 x I, + 0.68 mA
(current flowing through the balancing resistor of the smoothing capacitor) + 2 x I,

Iop; =2.15mA+2x150mA +0.95mA+2x1.2mA+ 0.68mMA+2 x 6mA = 318.8 mA

Resistor calculation Ry; and Ryy:

IUI = 3188 mA

¢ Ip;=095mA+2x%x1.2mMA+0.68mA +2x6mA =16.03 mA

o Uggy =U; -U, =430V -410V =20V

R _Ugi_ 20V

[ ] -— T ee—
"7, T 16.03mA

o P, =R, xI’,=1200Q % 0.01603 A’=0.308 W (Choice 5, safety reason)

=1.247kQ; Standard: 1k2

e [p3 =0.68mMA +2 x 6mA = 12.68 mA
® Ugpp =U,-U3=410V-300V =110V

Ugo_ 110V
I,, 12.68mA

e P, ,=R_,*x1>,=8200Qx0.01268 A’=1.318 W (Choice: 7 W; safety reason)

o Rp,= =8.67kQ; Standard: 8k2

#Note

To shorten the calculation process, the experience from the “Power Supply” Chapter (Detailed calculation of this
type of high voltage power supply) can be used, as well as the experience from the calculation of the power supply
of the SE amplifiers discussed in the text above.

Heater power supply

Input and driver tubes: DC type

ECC82: Us=12.6V, 0.15A

ECC83: Us=12.6 V, 0.15A

A voltage regulator using the LM317 can be used.

If a common heater power supply is used for both channels it is necessary to use: voltage regulator 12.6 V' / 0.6 A.

Output tubes: AC type

KT 88:6.3V/1.6A

Since a common power transformer is used to power both channels:
4 x 6.3V /1.6 A (Secondary of power transformer).
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Power transformer:
Secondary:
e Us; = 315V / 0.4 A (high voltage); Ps; = 126W

e Us, = 6.3V /1.6 A (KT88); Ps, = 10 W
e Uss = 6.3V / 1.6 A (KT88); Ps3 = 10 W
e Usy = 6.3V /1.6 A (KT88); Psy = 10 W
e Uss = 6.3V / 1.6 A (KT88); Pss = 10 W

e Usg = 13V / 1 A (heater voltage regulator, input and driver tubes); Psg = 13 W.
Power transformer, total power of secondary:
PS = P51 +P52 +P53 +P54 +P55+P56 = 179 W

In order to reduce the operating temperature of the transformer (heating of the secondary windings caused by heat
dissipation at the DC resistance of the windings) it is practiced to increase the cross section of the wire - increase the
load current of the secondary:

Secondary winding:
e Us; =315V /0.5 A (high voltage); Ps; = 157.5 W
e Us, =6.3V/2A(KT88); Ps; = 12.6 W
e Us3;=6.3V/2A (KT88); Ps3 = 12.6 W
e Usy =6.3V/2A(KT88); Psy = 12.6 W
o Uss =6.3V/2A (KT88); Pss = 12.6 W
e Usg = 13V / 1.2 A (heater voltage regulator, input and drivers tubes); Psg = 15.6 W.

Total power of secondary:
PS = P51 + P52 + P53 + P54 + P55 + P56 B 2235 w

Power of the primary:
Pp=1.5%Ps=1.5x223.5W =33525W (Up=230V, I, = 1.457 A)

Parts selection:
The same criteria as for the selection of the components of the SE amplifier described above.
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Power Supply, electric diagram
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Power Amplifier, electric diagram
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Power supply, PCB
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Top overlay - components layout
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Power supply PCB
Composite

—

IHT102.13(

104, 1 |

GND
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As can be seen in the power supply PCB component layout drawing, three smaller PCBs are mounted on the power
supply mother board:

1.

2.

PCB-D3xx - Previously described delay circuit.

PCB 4xx — Power supply filter capacitors (C207 / C209, C208 / C210)

Why in this example, auxiliary PCBs with filter capacitors were used instead of filter capacitors mounted
directly on the PCB motherboard of the power supply?

Answer: one of the unmentioned project requirements which, by the way, is not related to the performance
of the amplifier - the height of the chassis must be small - 55 mm. Since the height of the housing of elec-
trolytic capacitors (high voltage and high capacity) is larger than the diameter, usually, (in this example H
=50 mm and D = 35 mm), the only way to mount filter capacitors inside a chassis of given dimensions was
to mount the capacitors horizontally. Auxiliary PCBs are mounted on the power supply mother board using
the PCB edge pins (solid Cu wire). This is also an example of how sometimes specific project requirements
are in conflict with optimal design solutions — a compromise solution.

However, such “illogical” requirements should not be ignored, because the reasons can be numerous and
useful, such as the external look of the amplifier, minimizing the material used to make the chassis, avail-
able processing technologies, ..

# General notes

e Before starting the construction of mechanical parts of the amplifier (chassis, transformer shield, ...) it is
necessary to collect all electronic, electrical and electromechanical components or their detailed technical
data (not only electrical data and electrical characteristics but also detailed information about their
physical dimensions and shapes and even the masses).

e When constructing the chassis (dimensions and shape of the chassis), take into account not only the
possibility of physical mounting and carrying of electromechanical and electronic components, but also the
construction of the chassis which enables suitable arrangement of components (layout) in accordance with
the “golden rules of designing”.

e The development and construction of the chassis begins with the development of the amplifier parts layout
concept (taking care about “golden rules of designing”).

e “Golden rules of designing” - basics

1. The shortest possible signal path.
2. The input stage is located as far as possible from the power transformer.
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8.

Location, distance and orientation of transformers (and other sources of magnetic and
electromagnetic fields), both relative to each other and relative to the location of the
components in the path of the audio signal, must be designed in such way to ensure min-
imal unwanted electromagnetic effects on each other.

Locations of components that radiate thermal energy must be designed in such way to
ensure minimal thermal effects to the other components of the amplifier.

The chassis must be a mechanically stable structure capable of carrying heavy electrical
and electromechanical parts.

The chassis must provide good heat dissipation of all amplifier components and air cir-
culation - ventilation.

Constructively, the chassis should meet the ergonomic rules - easy, logical and obvious
manipulation of amplifier commands (volume control, power supply switch, fuses, indi-
cations...) and their location. Also, the chassis design must provide easy connection of
the amplifier to external equipment (mains connector, input connectors, and loudspeak-
er connectors,...).

Looks — attractive

Chassis - concept

INPUT CINCH

QUTPUT CONN

I MAINS SOCKET I

|/__\\|
()
QUTPUT TUBES
T
PHASE-SPLITTER . =
TUBEL T
1
T
INPUT TUBE . &
0

POWER TRANSFORMER

OUTPUT TRANSFORMER

UOLUME POT POWER SWITCH
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Layout of components inside the chassis - concept
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Chassis drawing
Dimensions: 500 x 360 x 55 mm
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Material: Stainless steel # 1.2 mm
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Chassis bottom cover
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Dimension: ( 495 x 355 ) mm
Material: Stainless steel # 1.2 mm

# Note 1

Other shapes of ventilation field openings can be used ( for example holes of appropriate @ ).
For safety reasons, the holes (opening width) must not be larger than 8 mm.
In any case, the ventilation field must provide sufficient airflow to cool the inside of the chassis.
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# Note 2
The chassis feet:

Although they seem insignificant, the feet of the amplifier have a significant role in, and effects on, the operation of
the amplifier.

It is good to use chassis feet with rubber (or other shock-absorbing material) on the bottom side of the foot in order
to reduce the transmission of mechanical vibration from the substrate to the amplifier and vice versa.

Also, the chassis feet should be of a certain height to ensure air circulation and adequate cooling of the amplifier.
Some details of the layout of components inside the chassis — concept

o Auxiliary PCB 5xx

RI13.1-2% HTLOL. 1,2 RIL2.,1,2%
R115.1,2% R1L4.,1.,2%
PCB Hxx

The wire leads of the output transformer coils are connected to other parts of the amplifier using an auxiliary PCB 5xx.
The use of the auxiliary PCB 5xx facilitates the combination and connection of transformer windings to determine the
output impedance of the amplifier (4 2, 8 2) by simply connecting a jumpers between the corresponding Cu traces
of the PCB.

Another function of the PCB 5xx may be to carry some other parts of the amplifier such as the cathode resistors of the
output tubes which can sometimes be large in size (the case of PP amplifier in this example).

The reason for mentioning this detail of the amplifier construction is this:

In order to facilitate the technology of making amplifiers, various auxiliary constructive solutions can be used (depending
on the skills, ideas, imagination and experience of the amplifier designer).
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Another example:

o Auxiliary bar for high voltage supply of phase splitter and input stage

DUKE 30

PCB 2xx ~~

=
™
g
N C207
9 L)<
g D
D
R210
1 — 9
210 ol |
KS213

4

GNDIDL. L~
QO

High voltage
Phase splitter
sub bar

L

Phase splitter
anode resistors

High voltage

input stage
~" " sub bar

Solid @1.5 mm Cu wires bent into the appropriate shape and soldered to the mother board of the power supply (points
HT 102 and HT 103) and to a small auxiliary PCB make a very stable mechanical and electrical support structure for
the anode resistors of the phase splitter and input stage.

Power Amplifier - Assembly procedure

® First step

Installation of mechanical, electromechanical and electronic components (mains socket, mains switch,
fuse holders, input RCA (cinch) sockets, loudspeakers terminal connectors, tube sockets, volume potenti-
ometers, rubber grommets, power supply transformer, output transformers, transformer shields, spacers,
some mechanical holders,...) to the chassis. Use screws of appropriate diameter and length, nuts and

washers.

e Second step

Installation of already ready-made (completed) power supply PCB (mounted and soldered all electronic
components including auxiliary wire bars and wiring wires) and auxiliary PCBs such as PCB 5xx. Power
transformer mounting screws, some spacers and special holders and supports can be used to mount the
power supply PCB, for example. Also, output transformers (or transformer shields) mounting screws can

be used to mount the auxiliary PCB 5xx, for example.

e Third step
Wiring and soldering.

- Mount the ground bar on particular supports or use some of the already mounted parts of the amplifier
as supports. Solder it to the fuse holder of the cathode circuit of the output tubes or to the central pins
of the tube sockets or to the power supply PCB or to the volume potentiometer, for example.

- Wire the mains socket, mains fuse, mains switch, and power transformer. Wiring must be done very
carefully using high quality insulated wires and required cross-sections (it would be best to do this using

a shielded power cable). Special attention should be paid to chassis grounding.

- Wiring of tube heaters. Wiring of output tube heaters: twisted pair insulated stranded wires of required
cross-section. Wiring of input and phase - splitter tube heaters: If a DC power supply is used to supply
the input and phase - splitter tube heaters, as is the case in this example, it is not necessary to use
twisted pair wires. Also, it is not necessary to use stranded wires — solid insulated wires can be used
(but it is still recommended to use a twisted pair wires).

- It is recommended to place the wires for wiring the tube heaters close to the chassis surface.
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- Install and solder the audio cables to connect the input RCA (cinch) sockets and volume potentiometers.
Install and solder NFB audio cables. Audio cables and ground wire place close to the chassis surface
(base surface or wall surfaces). And, very importantly and necessarily, solder the ground wire to the
chassis.

- Install and solder other wires (output transformer secondary windings leads — connect to loudspeaker
terminal connectors or to PCB 5xx, output transformer secondary windings leads — connect to anode
and screen grid pins of output tube sockets or to PCB 5xx, central tap lead of the output transformer
primary winding — connect to power supply PCB (high voltage supply) or to PCB 5xx, solder the
Jjumpers for selection the output impedance of the output transformer to the PCB 5xx,...).

- Install and solder all other electronic components: resistors, capacitors, electrolytic capacitors, ready-
made CCS, some wires, ...

# Note

All electronics component leads, uninsulated wire ends, tube socket pins, transformer pins and leads,
connector pins, ground bar, must be clean and degreased. Use rosin alcohol tincture to clean the contact
surfaces, if it is necessary — never use aggressive acid paste.

Use high quality Tin Lead Rosin Core Solder Wire:

(Commonly used: Sn 60% - Pb 40%, Flux 2%, @ 0.6 mm, 0.8 mm, 1 mm).

Use a quality 35 to 75 W soldering iron with adjustable temperature control from 180 to 450 °C.
It is common to use an operating temperature between 320 °C and 380 °C.

Chassis

Top Bottom
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Corner welding

Inside Outside - polished

Bottom cover: ventilation field & chassis feet
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Chassis interior
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Common power supply for both channels
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Auxiliary PCB - horizontal mounting of capacitors

One channel

e 427



High-End Tube Amplifier Design

Short signal path

Main ground bar Auxiliary bars
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Auxiliary PCBs and cathode resistors of the output tubes
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It would not be fair or correct to end this chapter without mentioning some significant constructions of amplifiers that
in certain periods of time determined the direction of development of audio amplifier design.

Williamson amplifier

Py 5. Circuit disgram of complacs amplifier. Voloages underlinsd are poak rignal molmpen at |5 watts oupuc

CIRCUIT VALUES

R, 1 MC 44 watt = 20 per cent Ry, Rap 100004 wattz 2opercent | Gy 8 u4F 550V, whkg
R 33 00002 1 watt = 20 By Rg 1000 1 watt = 20 " C B AF 00V, whg.
By 47000 2 1 watt = 20, B Bay 1000 2 watt wire- CH, 30 H at 20 mA (rmin.)
R AT0 O 44 watt £10 " wound variakble. CH: 10 H at 150 mA (o)
B, Ba, Re 220000 1 watt = 10 B 1502 3 watt = 20 " T Power transformer.
Fe 047 MO S8 watt = 20, B Bay 1000 4% watt & 20 “ Secandary 4250425 V.
" 260 O 4§ watt = 10 N Ra 1,200 Jepeeoh coil impedance 150 mA (min. ) 5V. 3A5.3
Ry, Ry 2350000 2watt = 10, 4§ watt. V.dA, et
R Z5 0002 1 watt wire- G, 03, Cy 8 xF 450V, whg. VitoV, L&3
wound varable G5, 0, 005 xF 350 V, whg. Ve Ve BTES
Bu, B 0 1MO S watt « 20 Ca,Cr 0-25 pF 350V, whyg. Ve ¥
Year 1947

Articles published in “Wireless World”, “Design for a High-quality Amplifier” by D.T.N. Williamson

In a series of articles, Mr. Williamson presented his opinion on what characteristics a high quality amplifier should have:

The significance of these articles is that the views of Mr. Williamson stated in them have become unofficial

¢ Negligible non-linear distortion (0.1%) up to the maximum, rated output power and at all audible
frequencies from 10 to 20000 Hz.

Linear frequency response and constant output power at all audible frequencies.

Negligible phase shift within the audible frequency range.

Good transient response.

Low output impedance (damping factor: 20 + 30).

Adequate power reserve (output power of 15-20 W for reproduction of orchestral music via a dynamic
loudspeaker, or 10 W for a horn loudspeaker).

standards for designing Hi End amplifiers.
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Williamson amplifier description:

¢ All triodes in a class A four stage amplifier.
e Input stage: grounded cathode with resistance in a cathode circuit.

e Input stage connection to the phase splitter stage: DC coupling.

e Phase splitter: concertina type phase splitter.

Driver stage with AC balancing circuit.
Output stage: Push pull, triodes (tetrodes connected in a triode mode) operate in class A. Automatic bias

with common cathode resistors network (without bypass capacitors) and with a DC balancing circuit.
e QOutput transformer primary impedance 10 000Q (turns ratio 76 : 1)

NFB (applied from the amplifier output to the input stage).

Mr. Williamson paid special attention to the construction of the output transformer:

“28A Super Silcor laminates 13/4 in stack. The winding consists of two identical interleaved coils each 11/2 in wide,
wound on 11/4 in x 13/4 coil former. On each former is wound: 5 primary sections each consisting of 440 turns
(5 layers, 88 turns per layer) of 30 S.W.G enameled copper wire interleaved with 2 mil. paper, alternating with 4
secondary sections, each consisting of 58 turns (2 layers, 29 turns per layer) of 19 s.w.g, enameled copper wire
interleaved with 2 mil. paper. Each section is insulated from its neighbors by 3 layers of 5 mil. Empire tape.”

Year 1951
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Audio Engineering, “An Ultra-Linear Amplifier” by David Hafler and
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Herbert I. Keroes
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More power, other characteristic are almost the same as the triode push
June 7, 1955 D. HAFLER ETAL 2,710,312

ULTRA LINEAR AMPLIFIERS pull output.

Filed May 20, 1862

Tubes: 6L6, 6SN7, 2 x 6L6

Output transformer:

Ultra linear push pull

Acrosound: Type TO - 300.

Primary: 6600 Q plate to plate. (UL taps)
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THEIR ATTORNEY

A story about designing an amplifier or a sad story about the life and end of a once very famous vacuum tube factory

Technical requirements:

Vacuum tube class A single ended power amplifier, (two mono blocks).

Output stage (classic design): two WE 300B connected in parallel, automatic bias, quiescent point recommended by
Western Electric data sheet, anode output transformer - optimal load.

Driver stage: triode mode KT 88, anode load: CCS?

Input stage: triode WE 437A, anode load: CCS!

Power supply:

heater power supply: regulated DC power supply (all tubes).

output stage high voltage supply: highly filtered high voltage power supply with high capacity output filter capacitors.
driver and input stage high voltage supply: regulated high voltage power supply.

Comment:

It cannot be said that the design requirements are very common. The concept of amplifier (amplifier stage topology)
and the choice of tubes (high cost WE 437A, use of power beam tetrode designed for use in output stage of an audio
amplifier as a driver stage tube) are debatable. The design of the amplifier is pretentious in every aspect.

Why did the author of this book decide to design such an amplifier despite the indisputably reasonable above remarks?

The answer should be sought in the story of the life and end of the once well-known vacuum tube factory — Electronic
industry Nis-Ei Radio Tube Factory.

The story

The Ei Radio Tube Factory was established in 1951. The life of the factory began with
the production of AZ1 using production equipment obtained as a reparation of the
Second World War. Mass and serial production of tubes was based on Philips technology
and production equipment under a license agreement with Philips in 1959. The installed
capacity was 12,000,000 tubes per year. The product range was 126 types of tubes
(Noval, Octal, Magnoval). During the years of operation of the factory, the production
equipment has been well maintained and upgraded with original equipment developed
and manufactured by the Development department of Ei Radio Tube Factory. Also,
many technological innovations that have been applied in production processes of tubes
have been developed, as well as many production tools during the long life and work of
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this factory. A lot of tubes with the original logo and brand name of the most famous tube factories were produced in
this factory after the discontinuation of their production, especially after 1970. One of the last tube developed in this
factory was the famous KT 90 (developed by the tube designer Mr. Blaza Bukumira). The author of the book believes
that the KT 90 is the best beam tetrode ever produced. After the political and economic transition in Serbia at the end
of 20t century, factory equipment was sold to Western Electric (2006). The author of the book had the idea and hope
that Western Electric would re-establish the production of tubes from the product range of the Ei Radio Tube Factory,
with some modernization and upgrading of production equipment and improvement of technological processes. (It was
one of the professional missions of the author of the book as vice president and deputy general manager of Electronic
industry Nis. The author of the book wished the success of this mission as the crown of his professional career and due
to the fact that he started his professional career in Ei Radio Tube Factory and participated in several reengineering of
this factory). The author wanted to design an amplifier in gratitude to Western Electric for restarting the production of
Ei tubes. Unfortunately, the good and noble intentions of the author and the good will of Mr. Charles Whitener, CEO of
Western Electric did not have a happy ending. Much of the Ei Radio Tube factory equipment owned by Western Electric
has been relocated or sold, some of it was damaged and devastated. Sad end of a Ei Radio Tube factory.

* The amplifier was made using WE437A and WE300B tubes given to the author by Mr. Charles Whitener, CEO of
Western Electric. Thank You Charles.

The left and right channel of the amplifiers are named after the author’s granddaughters: Masha and Dunja, (the MM
RIAA preamplifier with Ei EC900 is named after the third granddaughter Sena).

Either way the amplifier is designed and built and perhaps some design details may be useful to amplifier designers.
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SSE 2 x 300B schematic
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Power supply (main board)
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# Driver and input stage circuits high voltage power supply: Regulated (Maida type) DC power supply.
# WE 437A and KT88 heater power supply: Regulated DC power supply (LM 337).
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# Output tubes heater power supply (separately for each WE 300B tube): Regulated DC power supply (LM 338)
It is combined with an output tube automatic bias circuit: cathode resistors and bypass capacitors.

Con201
D201-204

Ufi W HS201
Con202
AC-HI1#IN &) C (cathode WE300B)
Ufi @—4\&2{ %

=

Ll

R2055 —&) GND

C201- HS202 )
fé fé ORC o (cathode resistor)
sl gl m=sd| Re
vl o O]

&) C (cathode WE300B)
DC3 00BHEATING- PCB 200/ SE300B

PCB200
R201 120 Q/ 0.25W D201  1N5402 C201  10.000 pF / 25V Q201 BC557B
R202 120 Q/ 0.25W D202  1N5402 €202  10.000 WF / 25V 1C201 LM338
R203 100 kQ / 0.25W D203  1N5402 C203 100 pF/ 16V P201 500 Q
R204 22 Q/2W D204  1N5402 C204 220 pF/ 350V Rc (200+200+500) Q
R205 22Q/2W D205  1N4002 C205 220 pF / 350V MP 820

HI#IN O

AC=

Dimension: (140 x 50) mm
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Heaters power
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Chapter 8 ¢ Measurement and Testing
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Chapter 8 ¢ Measurement and Testing

Introduction Note

The measurement process begins long before the amplifiers building process. Each electronic, electromechanical and
mechanical component must pass a so-called “ incoming inspection “. This means that each component must be
checked visually, dimensionally and in terms of characteristic published in the technical datasheet.

Visually - the component must not have visible mechanical damage, shape deformation or discoloration. Measuring
instrument: human eye.

Dimensionally - Physical dimensions must be within tolerances published in a data sheet. Measuring instruments:
Instruments for measuring length (calipers, micrometer, graduated ruler, measuring tape), weight (precision scale),

Electrical characteristics

e Passive electronic components: capacitors and resistors can be relatively easily measured using measuring
instruments such as capacitance meter and resistance meter (in practice usually: universal multimeter
(digital or analog — DC and AC current and voltage, Ohm meter, Capacitance meter). Capacitance and
resistance can be measured by direct measuring method (specific instruments) or by indirect measuring
method (instruments for measuring DC and AC current and voltage). In a case of the third passive
component - inductivity, measurement is complicated. There are instruments for direct measurement of
inductance (RLC meter), but they are effective only in the case of measuring the inductance of air coils
and coils with ferrite cores that operate with low magnetic flux. In the case of measuring the inductance
of power transformer coils or output transformers coils and chokes with transformer laminated core,
and in general inductive components that operate with high magnetic flux, many methods of indirect
measurement have been developed.

e The characteristics of active electronic components: vacuum tubes, transistors, FETs, can be measured
by special equipment such as characteristic testers and curve tracer. Many indirect measurement methods
can be used.

e Electro mechanic components: switches, relays, connectors..., - electromechanical functionality is tested.

It should be noted that it is necessary to carry out the procedure of checking each component after its installation in
the amplifier due to the possibility of physical damage or change in the characteristics of the electronic component
during the installation process (for example: physical damage of component or changing its electrical characteristics
due to exposure to high temperatures during the soldering process).

The procedure of visual and ohmic checking of each solder junction is necessary.

All measurements should be carried out with great care and patience as accurately as possible. Measurement should
be performed in room conditions (normal humidity (30+60)° and temperature (20 - 25)°C and in good lighting).

It is of the greatest importance that the measurement be objective (without the influence of our expectations,
desires and emotions).
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Basic measuring instruments:
3'- Digit Universal Multimeter

Typical Specifications:

e Voltage DC: 200 mV/2 V/20 V/200 V/1000 V £(0.5%+3)

e \Voltage AC: 200 mV /2 V/20 V/200 V/700V £0.8%+5)

e Current DC: 2 mA/20 mA/200 mA/10 A £(1.0%+3)

e Current AC: 2 mA/20 mA/200 mA/10 A £(2.0%+3)

e Resistance: 200 Q/2 kQ/20 kQ/200 kQ/2 MQ/20 MQ/200 MQ
+(0.8%+3)

e Capacitance: 20 nF/200 nF/2 uF/20 uF/200 uF £(4.0%+3)

e Diode test: YES

e Triode test: YES

e On-off test: YES

e Auto power off: YES

e Data hold: YES

e Low Battery display: YES

Analog Universal Capacitance 6 1/2 Digit Desktop Multimeter
Multimeter Meter

Testing and Measuring the Completed Amplifier
1. DC Measurement

1.a. DC Checking
Unloaded checking
e Tubes are not inserted in their sockets.
e Secondary coil of high-voltage of the power supply transformer is not connected to the rectifier circuit.
¢ All other secondary coils of the power supply transformer connected to their circuits (tube heaters, DC
power supply circuit of the tube heaters, auxiliary circuit, fixed bias circuit,...).

Check the heater AC voltage at the tube socket pins.

Check the heater DC voltage at the tube socket pins. Temporarily adjust the heater DC voltage to the
nominal value (if the heater DC power supply circuit is adjustable). Temporarily adjust the DC voltage of
the fixed bias circuit to the nominal value (if the fixed bias DC power supply circuit is adjustable).
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Measuring instrument: Universal Multimeter.
# High voltage DC power supply circuit - Checking (optional)
The high voltage DC power supply circuit can also be checked:

e Secondary coil of high voltage of the power supply transformer is connected to the rectifier circuit.

e A power resistor (so — called dummy load) which simulates the ohmic resistance of the high DC voltage
power supply line of the power amplifier circuit is connected to the output of the DC high voltage power
supply circuit. The resistance and power of the resistor are calculated by applying Ohm’s law.

e Example:

Amplifier high DC voltage power supply line: U = 430 V, I = 240 mA.
Rioad pc = 430V / 0.24A = 17918, standard value: 1k8. P = U2 / R = 4302 / 1800 = 102.7W, (it is
necessary to use a resistor 5 times higher power = 500W - 5 parallel connected wire wound resistor of 10

kQ / 50 W).
260Vac e Contrelkned
L Rotor and
brush
Primary >
Vac OUT
230Vac
Output Phase Input Phase
0 - 26(0VAL Op— © 230Vac
N o O N Neutral @ ¢ Neutral

e Amplifier connected to the mains via a Variable Auto Transformer.
An auto transformer is a type of electrical transformer with only one winding. This single winding is
“tapped” at various points along its length to provide a percentage of the primary voltage supply across
its secondary load.

(It is most convenient to use an isolated variable AC Power Supply).

e Example: High voltage power supply of the PP amplifier.
Procedure:

- Temporarily connect the wire jumpers across the time delay relays contacts.

- Connect the amplifier to the autotransformer.

- Slowly increase the voltage at the output of the auto transformer to the standard value of the mains
supply voltage (230 Vac).

- Continuously measure voltages at measuring points (HT101, HT102, HT103)

- The measured voltage values at the measuring points should be close to the projected values at the
end of the measuring i.e. the voltage at the output of the auto transformer = standard mains voltage.

* The DC high voltage circuit is not connected to other amplifier circuits for the entire duration of the
measurement.

Switch off the amplifier and disconnect it from the auto transformer.

Remove (disconnect) wire jumpers from the delay circuit relays contacts.

Remove (disconnect) dummy loads.

Finish the amplifier wiring (connect the DC high voltage circuit to the other amplifier circuits).
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1.b. DC Measurement

DC measurement of the finished amplifier

e Place the tubes in the sockets.

e Set the volume potentiometers to min. position.

e Short - connect the input cinches using auxiliary tools:

e Connect the dummy load (4 Q or 8 Q) to the output of the amplifier:
Dummy load can be made using non - inductive high power resistors

40hn]/.100W|j []‘] []] []‘] Ij
EIIE

(2Q2,49Q,8Q,../100 W), or using a combination of several lower power resistors:

e Turn on the amplifier and wait a few minutes while the amplifier warms up and the operating conditions
stabilize.

e Measure the heaters AC voltages at the socket pins. For maximum measurement accuracy, perform
measurements with a multimeter set to the range closest to the expected voltage value.
Example: Push pull amplifier, output tubes KT88, heater supply 6.3 V,c, socket pins 2 and 7.
Multimeter: AC, range 20 Vac.

The measured voltage must be within the tolerances published in the tube data sheet.
If the measured voltage is higher than the maximum allowable voltage, the problem can be fixed by inserting
(in series) a high power resistor into the heater power supply circuit.
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Pl

100k
log

Example: KT88, Uf = 6.3 Vac, If = 1.6 Vac. Measured: Uf = 6.82 Vac.

Series resistor: RS = (Ufmeasured — Uf ) / If = (6.82 - 6.3) / 1.6 = 0.325 Q, standard: 0.33 . Resistor
dissipation power: P =Rs x 2 =0.33 x 1.62 = 0.84 W.

Use a resistor few times higher power than the calculated above (5W). Rs: 0.33 Q /5 W.

Be sure to turn off the amplifier before performing this heater voltage correction procedure.

Measure the heaters DC voltages at the socket pins.

The procedure is the same as in the previous measurement, except that the multimeter is set to measure
the DC voltage (20 Vdc range).

The problem of higher voltage than tolerated can be solved as in the previous case (by inserting a resistor
into the heater supply circuit).

Be sure to turn off the amplifier before performing this heater voltage correction procedure.
If an adjustable heater supply circuit is used, set the heater voltages to the nominal value.

Measurement of the DC voltages along the high DC voltage power supply line:

high DC voltage power supply of output stage, high DC voltage power supply of driver stage, high DC voltage
power supply of input stage. (In the above example of a push pull amplifier, measure the DC voltage at the
measuring points:

HT101 (A), HT102 (B), HT103 (C)).

Use a multimeter to measure DC voltage and set it to the appropriate measuring range.

HT103 HT102 HT101
+300V +410V +430V
L

-© -® @
BC556B . ‘

Cc4
0.47uF

CCs1

5V6 4
500mwW

oT1
66000 /(40,80)
35W dummy

load

—— 080
—e40 8Q2
100 W
© COM

RED

RED
N

68V
ECCS82
16k
J—ET
min 0.47uF
68k R2 . 470uF RS T L '
WAL M@l

AAA ALA AANA

R4 69V

RO
R
- SN
15mA
100 l l <+ |« J
Rr 3k9
®7measuringpoints Ly
Cr 620pF

SECOND CHANNEL

Continue the measurement procedure by measuring the DC voltage at important measuring points of the circuit:

e Measuring points: D and E — Automatic bias voltage.
The voltage at point D (E), in addition to the quiescent point information (Up = Ugy), also contains
information about the output tube current: (I = Ueasured / Reathode) -

By calculating the currents of the output tubes and comparing them, the unbalance (Up # Ug) of the branches

of the push pull circuit can be estimated. If a balancing circuit is used, make the necessary adjustments to
achieve good balancing of the branches of the push pull output stage circuit.
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Fixed bias voltage: Measure the voltage across the cathode test resistor. Apply the procedure of bias voltage
adjustment and push pull output circuit branch balancing (use procedure of current calculating:

I = Umeasured / Rtest)-

e Measuring points: a3 and a4.
By measuring the voltage at the anodes of the output tubes (measuring points: a3 and a4), the voltage
between the anode and the cathode of each tube can be calculated:

Ua-k)3 = Uaz - Up, (Ua-kya = Uas — Ug).

e Measuring points s3 and s4 provide information about screen grid voltage.

e By measuring voltage across the screen resistors (sx) and (sy), the screen current (I5,) of each output

tubes can be calculated: I, = Uy / Rgo.

e * After these measurements and adjustments, almost all parameters of the output tubes DC operation are
known: Uz, Ugy, Iy = I — Iy, These parameters can be compared with tube manufacturer data sheet
figures and diagrams.

e Measuring points: a2a, a2b and K2
By measuring the voltage at the anodes (a2a and a2b) and the voltage at the cathode (K2) of the phase

splitter tube, the voltage between the anode and the cathode of each half of the tube can be calculated.
By measuring the voltage across the anode resistor (R2a, R2b), the DC current of each half of the phase
splitter tube can be calculated.

e Measuring points: al and K1
By measuring voltage at point K1 (voltage across the input tube cathode resistor = Ug-k), the anode current
can be calculated and can be adjusted to the desired value by adjusting the CCS current.
After measuring the voltage at the anode of the input tube - point a1, all the parameters that define the
operating conditions of the input tubes and the phase splitter tube are known:
Input tube: U, = Uay = Uky, Io = Uk / Ryq, Ugae = Uk
Phase splitter tube: Ug = U,y — Uyy,
Half of the tube a): U, = Uaza — Uky, half of the tube b): U, = Ugpp — Uk .
Half of the tube a): I, = Ugaa / Ra(a) , half of the tube b): I, = Urap / Ra) -

The rules apply to all these measurements:
e Carry out the measurements with great care.
o Take care of safety (Caution: Voltages in the amplifier can be deadly).
e Beware of possible burns (some components can be very hot - over 60°C).
e Use the optimal measuring range of the multimeter.

Repeat all measurements after 30 and 120 minutes of amplifier operation.
e 1.c. Temperature measurement

Measuring the temperature of the power electronics components, measuring the temperature inside the
chassis and measuring the temperature on the outer surface of the chassis under the operating condition of
the amplifier is necessary.

These measurements provide some necessary information:

- Safety of amplifier operation.

- Estimation of the defined rated power of the electronic components used.

- Operating temperature inside the chassis. Estimation of the permissible temperature inside the chassis
and influence on the operation of other electronic components of the amplifier.

- Safe operation of the users (permissible temperature of the outer surface of the chassis - the surface
with which the user comes into contact during the use of amplifiers, except tubes).

Temperature measurements can be performed using contact and non-contact thermometers.
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In practice, simple thermometers based on thermocouples are most often used. Almost all modern multimeters have
the option of measuring the temperature using a thermocouple sensor probe. A non-contact infrared thermometer can
also be used.

Temperature measurements should be performed when the thermal processes are stabilized and when
the amplifier reaches the operating temperature (at least 30 to 120 minutes from the moment the amplifier is
turned on).

Temperature measurement with thermocouple probe
The thermocouple probe has to be in physical contact with the object of measurement.

Example 1:
Power resistor temperature measurement.

The tip of the thermocouple probe must be placed on the surface of the resistor (it
is good to apply thermal conductivity paste on the surface of the resistor at a mea-
suring point to ensure good thermal conductivity at the junction of the thermocouple
probe and the measuring object). The rated power of the resistor is specified by
the manufacturer usually at an operating temperature of 70 9C. So, it is good that
the operating temperature of the resistor is around 70 °C (preferably below 60 °C).
If the measured temperature is well above 70 °C , it is a sign that the value of the
resistor in terms of rated power is not well determined - in this case a higher power
T resistor must be chosen or the resistor must be replaced by a combination of two or
more resistors (in series or parallel connection) with higher total power.

Ry

50
7,

Temperature measurements should be performed:

resistors in hi voltage power supply line, cathode resistors of output tubes in case of automatic bias, resistors in
the power supply circuit of the tube heaters, voltage distributors circuit and sometimes resistors in the tube an-
odes circuit, ...

Example 2:
Power transformer temperature measurement.
e - Iron core temperature measurement

(In practice, it often happens that the surface temperature of the transformer in
operation at rated power declared by the transformer manufacturer is 70 9C to
85 0C.

The most common reason is: the engineering calculation of the transformer is
based on the transformer overheating of 60 9C and ambient temperature of

25 0C.The reasons are economic not technical).

Criteria for designing transformers used in audio amplifiers are much
stricter.
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Place the tip of the thermocouple probe on the iron core surface (it is good to apply thermal conductivity paste on the
surface of the transformer) and read the operating temperature of the transformer on the thermometer (or multimeter
set to measure the temperature). As transformers are most often mounted on the outer surface of the chassis, it is
desirable that the temperature of the iron core does not exceed 60 °C.

(The most common reason of transformer overheating is caused by economic limitations — the minimum amount of
material used to manufacture transformers, especially the amount of Cu wire. For example, if the primary current
of an unloaded transformer is small and the measured temperature on the core surface of the loaded transformer
(in operation) is high, it can be concluded that the transformer overheating is caused by overheating of transformer
windings — insufficient cross-section wire gauge was used and heat energy got transferred to the transformer core).

Example 3:
Heat sink temperature measurement.

Place the thermocouple probe on the heat sink surface near the component
mounted on the heat sink and read the operating temperature on the
thermometer.

The maximum allowable temperature of the heat sink depends on several fac-
tors: the thermal characteristics of the component mounted on the heat sink and
the allowed temperature in the environment of the heat sink, mainly.

The measured values can provide useful information on whether the heat sink
was chosen correctly.

Again, it is good that this temperature is below 60 °C.

Example 4:
Chassis outer surface temperature measurement.

Measure the temperature at several points on the surface of the chassis, even near the tubes. Also measure the
temperatures of the components mounted on the chassis (except tubes).

It is good that the temperature of the chassis parts that come in contact with the user during normal use of the
amplifier is below 45 OC.

Example 5:

Measuring the operating temperature inside the chassis.

Measure the temperature at several points inside the chassis - that is actually the ambient temperature inside the
chassis.

As many electronic components are sensitive to high temperatures (electrolytic capacitors, for example), it is good
that the temperature inside the chassis is below 60 °C.

2. AC Measurement
Measurement of amplifier characteristics such as:

- Rated output power

- Harmonic distortion

- Frequency response

- Signal-to-noise ratio

- Input sensitivity

- Gain

provides information on the quality of the amplifier.

Measurement of the above characteristics of amplifiers is technically demanding and requires the use of
specific measuring equipment:

- Audio oscillator (sine / square wave signal generator)
- Oscilloscope

Distortion meter

Frequency wideband AC voltmeter
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Dummy load

- Specific filters networks
Spectrum analyzer
Quality connecting cables

Tables, measurement sheets, diagrams, etc. are used to monitor the measurement process as well as for numerical
and graphical presentation of measurement results.

The quality of the measuring process and the quality of the measurement results largely depend on the quality of the
measuring equipment:

¢ Signal generator
The signal generator should provide a low harmonic distortions sinusoidal signal in the frequency range
covering the audible range (20 Hz - 20 kHz), and sufficient amplitude of the output signal necessary for full
excitation of the measured audio amplifier. For more advanced measurements, the signal generator should
be able to generate a square wave signal. Satisfactory measurement results can be achieved by using a
signal generator with the following technical characteristics:

Sinusoidal and square wave signal

- Frequency range: 10 Hz - 1 MHz

Output signal up to 10 Vgpms.

Output impedance: 50 Q and 600 Q.

Total harmonic distortion (THD): 0.02% or lower.

¢ Oscilloscope
- Dual trace 10 MHz.

e Distortion Analyzer
- Voltage measurement range 300 pVgyws to 300 Vs (Full range).
- Residual noise below 30 pVgys.
- Voltage RMS and dB scale.

10 Hz to 500 kHz range.

- Measures Total Harmonic Distortion: 0.01% or lower.

e Accessories
- Dummy load: (4 Q and 8 Q) / 100 W.
Quality audio cables and measuring probes.
- Short - circuit input connector.
- Frequency counter
Specific filter networks (Inverse RIAA, for example).

Test Setup

Notes:

Measurements at home, unlike laboratory measurements, do not take place in controlled conditions inside a Far-
aday cage that blocks external electromagnetic fields. Home appliances, elevators in buildings, work activities in
the environment, welding, dirty mains supply, ... can be the cause of unwanted radiation and interference that
can greatly compromise the quality of measurements at home. To reduce the impact of these disturbances, mea-
surements can be made on the part of the day when these effects are smallest. Also due to safety measures
but also due to the quality of measurements, all instruments used must be grounded in an appropriate
manner.

Measurement system configuration
e Connect the output of the signal generator to the input of the amplifier using a quality cable.
e Connect the dummy load of appropriate resistance (4 Q, 8 Q, ...) to the amplifier output.
e Connect the oscilloscope probe (one channel) to the amplifier output (dummy load).
Connect the oscilloscope probe (other channel) to the amplifier input.
e Connect the distortion analyzer probe to the amplifier output.
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Output power test procedure

- Signal generator set to a sine wave of 1 kHz and a minimum output level.

- Amplifier volume control set to maximum.

- Turn on the amplifier and all measuring instruments.

- Wait 30 minutes necessary to achieve optimal operating conditions of the amplifier and measuring
instruments.

- Carefully increase the level of the output signal of the signal generator and at the same time visually
monitor the image of the output signal of the amplifier on the oscilloscope screen.

- Depending on the level of the output signal, change the measuring ranges of the oscilloscope and AC
voltmeter of the distortion analyzer in a timely manner.

- Increase the output signal of the signal generator until it is visible on the oscilloscope screen that the
sine wave signal has started to clip:

WU U

Clipping at the top and bottom Clipping at the bottom Maximum level without clipping

Slightly reduce the signal at the input of the amplifier until the sine wave displayed on the oscilloscope
screen returns to the shape of an undistorted sine wave.

e Read the RMS voltage at the output of the amplifier on the AC voltmeter of the distortion analyzer.
Calculate the output power of the amplifier:

2
p _ URMS
aut — R d
Loa

e The power measured and calculated in this way can be accepted (conditionally*) as the maximum
output power of the amplifier.

*) A difference should be made between the maximum output power and the rated output power of the amplifier.
THD at rated power must be lower (or equal) than the rated maximum THD at all frequencies within the rated power

bandwidth.

Within this measurement, other characteristics of the amplifier can be determined:
amplification and maximum input signal (sensitivity for P.,,) of the amplifier.
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e Simultaneously with the measurement of the output voltage of the amplifier (Uyy: - rvs), read the output
level of the signal from the signal generator or measure the RMS voltage at the input of the amplifier using
an AC voltmeter (Uin - RMS)'

e Calculate the voltage amplification of the amplifier:

Ut
A=—FL orexpressit [dB]: AldB]=20x log

Ui"n —RMS

U out—RMS

Uin—gms

These measurements determined the following set of the amplifier characteristics:

e Maximum power: Pmax = _ _ _ [W]1, (1 kHz, undistorted signal)
[ ] Sensitivity for Pmax H Uin (Pmax) = — — — [VRMS]
e Amplification: A= __ _[x],A= ___[dB]

Frequency Response or Amplitude Characteristic
The amplitude characteristic of the amplifier is the amplification as a function of the frequency of the input signal:

) u
A =22 = f(frequency) | Uineete  OT» A(dB) = 20 x !ogUo—‘ut = f(frequency) | Upneete

Uin in

e The configuration of the measuring system is the same as in the previous measurement.

e Measurement can start under the same conditions as in the previous measurement i.e. maximum amplifier
power and 1kHz input signal.

e One of the results of the previous measurement is the amplification of the amplifier (1 kHz input signal)
The amplification is expressed as the ratio of output and input RMS voltage (Ugyt - rms / Uin - rms) OF
(20 x log (Uoyt - rms / Uin - rms) [dB]) at an input signal of 1 kHz. The measured voltage (Uyyt - rvs ) at
the output of the amplifier under the above conditions represents the reference level (Ugrgf) in the
further measurement procedure.

Measurement procedure:

e Read the RMS voltage at the output of the amplifier on the AC voltmeter of the distortion analyzer (or read
it on dB scale).

e Slowly decrease the frequency of the output signal of the signal generator (frequency of the input signal
of the amplifier) without changing its level (keep the level of the input signal constant) up to 500 Hz.

e Read the RMS voltage (at 500 Hz) at the output of the amplifier on the AC voltmeter (or dB) and enter this
data in the previously prepared table.

e Repeat the previous procedure using signal frequencies of: 250 Hz, 100 Hz, 80 Hz, 60Hz, 40 Hz and 20
Hz, respectively, up to the lowest possible frequency the signal generator can produce (usually 10 Hz).

e Reset the signal generator to a frequency of 1 kHz.

¢ Slowly decrease the frequency of the output signal of the signal generator and at the same time visually
monitor the voltage at the output of the amplifier on the AC voltmeter until the RMS voltage drops to
0.707 X Ugyt - rMs (1kHz) OF =3 dB from the reference level.
Read the signal frequency of the signal generator - this is the cut-off low frequency (f).
*These measurements can be performed if the cut-off low frequency is higher than the lowest frequency
of the signal generated by the signal generator used.

e Repeat the above set of measurements but using signal frequencies of 2 kHz, 5 kHz, 10 kHz, 12 kHz,
16 kHz, 20 kHz, 30 kHz, 40 kHz, 50 kHz, 60 kHz, 70 kHz, 80 kHz, 90 kHz, and 100 kHz.
Cut-off high frequency (fy): perform the same procedure as in the previous measurement set.

* Keep the signal at the input of the amplifier at a constant level throughout the measurement
procedure.
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Uin = - - - 10Hz 20Hz 40Hz 60Hz 80Hz 100Hz 250Hz 500Hz 1kHz
Uout
dB
Uout / Uin
20log(uout/Uin)
e Cut-off low frequency f. = _ _ _
Uin = - - - 1 2 5 10 12 16 20 30 40 50 60 70 80 90 100
- kHz | kHz | kHz |kHz |kHz |kHz |kHz |kHz |kHz |kHz | kHz |kHz | kHz | kHz | kHz
Uout
db
Uout / Uin
20log(uout/
uin)
e Cut-off high frequency fy=__ _
Graphic presentation of numerical measurement results
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The complete previous procedure of measuring the frequency response of the amplifier should be repeated at the

following levels of the output signal of the amplifier:

® Uout - rMs = 0.9 X Ugyt (max) -rMs
® Uout - rMs = 0.7 X Ugyt (max) -rMs
® Uout - rMs = 0.5 X Ugyt (max) -rMs

level of distortion (THD).

* Another set of output levels (amplifier output power) can be selected, as well as a set of frequencies to be used

or —0.9dB, (Pout = 0.8 X Pout (max))-
or —=3dB, (Pout = 0.5 X% Pyt (max))-

or —6dB, (Pout = 0.25 X Poyt (max))-
Pout = IW (RL = 4 Q, Uyt = 2 Vems; RL = 8 Q, Ugyr = 2.83Vgus).
Pout = 250mW (RL =4 Q, UOUt =1 VRMS; RL =8 Q, UOUt =1.41 VRMS)'
*Pout (rated)s Fated power of the amplifier: the specified output power of the amplifier at a certain

to measure the frequency response, depending on the desired measurement accuracy or some other reasons.

Example:
Power Amplifier: Poyt (max) = 14 W

Frequency response measurement sets:

e Characteristic 1): Py, = 12 W.
e Characteristic 2): Py, = 10 W.
e Characteristic 3): Py, = 7 W.
e Characteristic 4): Py, = 5 W.
e Characteristic 5): Py, = 3 W.
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e Characteristic 6): Py, = 1 W.
e Characteristic 6): Py, = 0.25 W.

at a signal frequencies: 10 Hz, 20 Hz, 40 Hz, 60 Hz, 80 Hz, 100 Hz, 250 Hz, 400 Hz, 1 kHz, 2 kHz, 3 kHz, 5 kHz.
8 kHz, 10 kHz, 12 kHz, 16 kHz, 20 kHz, 25 kHz, 30 kHz, 40 kHz, 50 kHz, 60 kHz, 70 kHz, 80 kHz.

Example:
Power Amplifier: Poyt (max) = 35 W

Frequency response measurement sets:

e Characteristic 1): Py, = 30 W.
Characteristic 2): Py, = 20 W.

e Characteristic 3): Py, = 15 W.

e Characteristic 4): Py, = 5 W.
Characteristic 6): Pyye = 1 W.

e Characteristic 6): Py, = 0.25 W.

at signal frequencies: 10 Hz, 20 Hz, 100 Hz, 500 Hz, 1 kHz, 10 kHz, 16 kHz, 20 kHz, 30 kHz, 40 kHz, 50 kHz, 60
kHz, 70 kHz, 80 kHz.
All sets of frequency response measurements (characteristics) can be presented and drawn in one common graph:

Uout(max)f i ll ar I|’|1ﬁax

_ Lot
E ™

0.8F E L{/ 0.64 Pmax

(] 7 o

r B "E
E T, I

0.5F 2 o 0.25 Pmax ] _
g
- ‘ , o
I /Dfl 1|\ 100 . 1k 10k fHIDDk

f1 12 £3 requency [Hz]|

The above measurements determined the following set of amplifier characteristics:

e Frequency response: (f,=__ _, fy=___Hz), at Ppax = ___ W
e Frequency response: (f,=__ _, fuy=___kHz), at Prgteq = ___ W
e Frequency response: (f,=__ _, fuy=___), at Pyjyw =1 W
e Frequency response at Pogteq = _ _ _ W:
(f=20Hz, -___dB),(f=20kHz, -__ _dB).

* These measurements not only serve to specify the frequency response of the amplifier, but also provide useful
information to the amplifier designer on the quality of the amplifier design.

Example:

By analyzing the results of measuring the frequency response of the amplifier, an unacceptably high cut-off low
frequency was observed and a red alert was activated in the head of the amplifier designer. The question is: what
is wrong with the design of the amplifier, what are the causes of poor frequency response of the amplifier?

List of possible causes that affect the frequency response of the amplifier, especially at low frequencies:

o If amplifier stages with RC coupling are used in the design of the amplifier, the possible cause of the high
cut-off low frequency is the low (i.e., insufficient) capacitance of the coupling capacitor.

Reminder:
Amplifier with RC Coupling: the frequency band-pass filter exists between two stages.
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Cs

° 1 ®
Uin Ri $Cak—= Raz Cw= Cw=— Rgz Cin=— Uout

® ®

Low frequencies: Cut-off low frequency (f.):
¥ 1
Ra Cs L= R; X R,
Vi W ZXTIXCSX(RQ+—R£+RQ)
Rg

* If the amplifier has several RC couplings, the net cut-off low frequency can be calculated using a practical approximate
equation:

fronet = (f11)? + (f12)? + -+ (fin)®  where £, is f, of each amplifier stage.

fi_-net is higher than the highest cut-off low frequency of each amplifier stage.

e If Grounded Cathode Stages with Bypassed Cathode Resistor are used in the design of the amplifier, the
possible cause of the high cut-off low frequency is the low (insufficient) capacitance of the cathode
resistor bypass capacitor.

Cut-off low frequency:
Ri+Rg

%Ry Ri+R
— R IIR, = 5 K oy RitRa
Ry eq — Rk”Rk = Ri*Ra Ry = 1

1

fL(_SdB) - ZXTR R g% Cr

u+1

e The possible cause of the high cut-off low frequency is the poor design of the amplifier Output
Transformer:
low or insufficient inductivity of the primary coil.

Reminder:
Output transformer equivalent electric diagram at low frequencies
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R; X R, 1
= X
_ Jrow(-3an) Ri+R, 2xmxL

Inductivity of the Primary coil:
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Lp

&
L

The cause of insufficient inductance of the Primary coil (Lp) can be:

e insufficient number of turns of the Primary (inductance is proportional to the square of the number of

turns of the Primary).
e insufficient cross section ( Serr ) of the transformer core (inductance is directly proportional to the cross

section of the core).

Example:
By analyzing the results of measuring the frequency response of the amplifier, an unacceptably low cut-off high

frequency (fy ) was observed.

List of possible causes that affect the frequency response of amplifiers, especially at high frequencies:

In general, the cut-off high frequency of the amplifier is determined by the capacitance or inductance associated
with each electronic component, the layout of the electronic components and the electrical wiring inside the ampli-
fier.

Audio amplifiers, in most cases, have a multi-stage configuration with vacuum tubes as active components.
The output impedance of the previous stage and the input impedance of the next stage form a band-pass filter:

Cs 1
° | ° fass—————
2X T X Coq X Ry
Uin Ri $Cak=—F/ s Cw=— Cw=— Rgz Cin=— Uout
11 1,
e ® Ry R  Rq Ry’

Ceq = Cai + Cy, + Cy, + Cy, , *Cy — (stray) capacitance caused by component wiring.
Cin = Cogp + Coc X (A + 1); Miller effect

* If the amplifier has several RC couplings, the net cut-off high frequency can be calculated by using a
practical approximate equation:
1
f —ne. =
H t J 1 1 1

' +...+
| 12 { [ 12
|fm,| |fnz,| |fun,|

where fy; is fy of each amplifier stage.

fu-net is lower than the lowest cut-off high frequency of each amplifier stage.
The frequency response of amplifiers at high frequencies depends on the characteristics of the vacuum tubes used
(Ri, 1, Cyi, Cax ), the operating conditions of the tubes (A), the number of amplifier stages, the layout of the elec-

tronic components and electrical wiring inside the amplifier.

One of the reasons for the poor frequency response of amplifiers at high frequencies may be the inadequate con-
struction of the Output Transformer.
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Output transformer equivalent electric diagram at high frequencies:

Ri+Rq
2xmx§

ingh(—RdE) =

S: Leakage inductance

* The characteristics of the output transformer at high frequencies mostly depend
on the geometry of the coils and number of turns of the coils (leakage induc-
tance, stray capacitances) and magnetic characteristics of the core laminate ma-
terial and laminate thickness.

Total Harmonic Distortion (THD) or Total harmonic Distortion + Noise - (THD+N)

Reminder

Generally, distortion can be defined as a measure of the deviation of the shape of the signal at the output of the
amplifier compared to the shape of the signal at the input of the amplifier.

e Non linear distortion

- Harmonic (if the input signal is a periodic function in time, the output signal of the amplifier contains
a fundamental harmonic and harmonics of higher order).

- Non harmonic (nonlinear non harmonic distortions occur when the amplifier is driven by more than
one AC signal. Anode current contains complex signal combined by the AC signals at the input of
the amplifier: fundamental harmonic and harmonics of higher order, sum and subtractions of the
fundamental harmonic and harmonics of higher order caused by the nonlinear characteristic of the
tube).

e Total Harmonic Distortion — THD
THD is a measure of the total value of all harmonics produced at the output of the amplifier — other factors
are excluded. The amplitudes of the harmonics at the output of the amplifier are measured, their RMS value
is added and the relation to the output signal is formed. The value of the Total Harmonic Distortion (THD) is
the ratio of the square root of the sum of the squares of the values of the harmonics (RMS) at the output of
the amplifier and the square of the RMS level of a sinusoidal output signal.

The THD is usually expressed as distortion in percentage (%) or in dB - relative to the level of fundamental
harmonic as a distortion attenuation.

JVE+VE+ -+ 2
X

THD [%] = 7
1

100; THD [dB] = 20 x log (THD)

V; - fundamental signal level [RMS, volts]
V, - second harmonic level [RMS, volts]
V,, - nth harmonic level [RMS, volts]

¢ Total Harmonic Distortion + Noise (THD + Noise)
THD+N can be defined as the ratio of the square root of the sum of squares of the harmonic values (RMS) plus
the square of the sum of all noise components and the square of the RMS level of the sinusoidal output signal.

JVE+VE+ -+ RV

D+N=
THD + v

THD + N [dB] = 20 % log (THD + N)

Vinoise — Noise level (RMS) within the measuring frequency bandwidth.

In practice, it is common to measure THD + N:

THD+N is usually measured using a distortion analyzer.

The configuration of the measuring system is the same as in the previous measurements.
Measurement involves measuring THD + N at one frequency of the input signal to the amplifier.
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Measurement procedure:

e Signal generator set to 1kHz sine wave and minimum output level.

e Amplifier volume control set to maximum.

o Carefully increase the output signal of the signal generator until the selected output power of the amplifier
is reached, at which the THD + N measurement will be performed.

e Measure THD + N (%) according to the measurement procedure explained in the distortion analyzer user
manual.

e Record the measurement result: THD + N=_ _ _ %, atf = 1lkHzand Py, = _ _ _W

e Repeat the above measurement but using signal frequencies of 20 Hz, 40 Hz, 60 Hz, 80 Hz, 100Hz,
250 Hz, 500 Hz, 3 kHz, 5 kHz, 10 kHz, 12 kHz, 16 kHz and 20 kHz.

(Keep a constant output power during the measurement process).

Pour = __W 20Hz 40Hz 60Hz 80Hz 100Hz 250Hz 500Hz 1kHz
THD [%]
P _ W 1 2 5 10 12 16 20
ouT = —— kHz kHz kHz kHz kHz kHz kHz
THD [%]

The measurement results can be presented graphically and represent a mathematical function:

I'HD + N = f(frequency) |Parn " Constant

10 ;
i L J’
; 2 v\\ ’oll’
1 ., O R o : D c O

% =N P=__W -

05 '*)‘)h._ -0 -y — |

0.2

0V 20 50 100 200 500 1k 2k 5k 10k 20k

Frequency [Hz]

THD + N = f (frequency) | P, = Constant

* In order to obtain a complete picture of the quality of the amplifier in terms of fidelity of the reproduction of the
input signal, the measurement of THD + N is performed in the range of audible frequencies and at the several
different values of the output power of the amplifier (from minimum to maximum).

The complete previous measuring procedure of the THD+N of the amplifier should be repeated at the output power
of the amplifier:

® Pour = 0.8 X Py (max)

® Pout = 0.5 X Py (max)

® Pout = 0.25 X Py (max)

* Pout=1W (R.=4Q, Usyt = 2 Vpms; RL =8 Q, Ugyr = 2.83 Vrus)

o Poyt =250 mW (RL =4 Q, Uyt = 1 Vrus; RL=8Q, Ugyt = 1.41 Vrus)
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All sets of measured characteristics THD + N = f (frequency) | P,y = Constant can be drawn in one common graph:

10 —H
s P == =
P = Pmax -
2
1
E 0.5 ~ P = 0.8 Pmax
0.2 R
_ P = 0.5 Pmax
0.1 ——— =
0.05 1 -
P=1W =
0.02
0.01
10 20 50 100 200 500 1k 2k 5k 10k 20k

Frequency [Hz|

* Harmonic distortion depending on the frequency is generally plotted at different power levels in the audio
spectrum.

* Measurement of characteristics THD + N = f (frequency)| Pout = Ctc. can be performed simultaneously with the
measurement of the frequency response or the amplifier output power characteristics.

In order to get a more complete picture of the characteristics and quality of the amplifier, another set of measurements
can be performed:

Signal to Noise Ratio (S / N)

Signal to noise ratio is the ratio (commonly in dB) between the amplifier output signal level and the noise level at the
output of the amplifier (noise generated by the amplifier itself or noise caused by external factors) when the input
signal is set to zero.

e When defining S/N, the output signal level must be specified — i.e., output signal at the rated output
power of the amplifier.

¢ Noise (or, self noise) is the sum of all noise (mainly thermal noise) generated by all electronics
components of an audio amplifier. In the actual operating conditions of the amplifier, there are also
unwanted signals coming from the mains supply and the power supply stage known as hum (or buzzing).
There are also unwanted signals picked up from various external sources of electromagnetic field radiation.

e .t-!|,,,.| b b
N kil a,=-';,-m,-eﬁ?{imﬂIw,-.a';wv..’m

0

\bfh‘i Wp A

!

L, ,

Noise

Output signal modulated with 100Hz hum signal caused by poorly filtered
high voltage power supply (high ripple factor).
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20log(Uout / UNoise) [dB]

100 .l

Lfy

—

Measuring the S / N ratio of the amplifier is simply performed
by measuring the rated level of the output signal of the amplifier
(signal at rated output power) and measuring the level of the
signal at the output of the amplifier without the presence of a
signal at the input of the amplifier:

OUT—rared)

U
S/y [dB] = 20 x £og( =
ol1se

-120

140

VW

(l Noise This means that the noise level is _ _dB below the signal level;
f |
v ‘ JIV||’\"'I / L;I||I"I.|v-,""'- |""'|I|'.'| |'-'"H .'“-"ﬂ'.'" i / I||I|p".-""r'l'- U Y |I‘||'|I|I N ."""'p',r"n"ﬁ' More precisely, in practice the ratio of signal plus noise and
R VI noise is measured:

5 1

15 20

Frequency [kHz]

. (S g N)/N [dB] =20 % !‘09 (UOUT—mted"'UNoise)

Unoise

Using the configuration of the measuring system as in the previous measurements (S + N) / N can be measured (more
precisely, noise means noise plus hum).

Measurement procedure:

Signal generator set to 1kHz sine wave and minimum output level.

Amplifier volume control set to maximum.

Carefully increase the output signal of the signal generator until the rated output power of the amplifier is
reached and measure the output signal voltage (Ugyt - rus)-

Disconnect the input signal cable from the amplifier input signal connector. Short-circuit the input signal
connector of the amplifier and measure the voltage at the output of the amplifier (Uygise - rRs)-

Calculate:

(S + N)/N [dB] =20 X [Qg( UOHI—RMS)

Noise—RMS

If a decibel scale on an AC voltmeter is used, the measurement is significantly simplified:

measure the dB level of the rated output signal level [dB] oyt. Disconnect the input signal cable from the
amplifier input signal connector. Short connect amplifier input signal connector and measure the signal level
at the output of the amplifier [dB] oise-

Calculate: S / N [dB] = [dB] oyt — [dB] noise- (Or, sSimply use the dB attenuator of the distortion analyzer
AC voltmeter and the dB level of the output signal as a reference level).

* The measured value of noise voltage (Upnoise - rvs) at the output of the amplifier can be used as such when
specifying the technical characteristics of the amplifier (usually used when specifying the technical characteristics

of the preamplifiers): Output noise: _ _

_mVor pV.

* S/ N measurement using A — weighting filter

The reason of amplifier S / N measurement using A-weighting filter is
to take into account the physiology of the human ear and the human
perception of sound loudness at different frequencies within the audible
frequency range described by the Fletcher - Munson curves (more
simply, the A-weighting filter is used to simulate hearing sensitivity as
a function of frequency).

A - weighting curve

A-weighting filter is a band-pass filter with a transfer characteristic that
adjust the frequency spectrum of the signal to match the sensitivity of
the human ear to a sound pressure level of 40 dB Fletcher — Munson
curve.

ik o0k
Frequency [Hz]

. W‘EilU . Tk
(“It weights the noise in accordance with human ear’s perception of
noise loudness”).
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Measurement system configuration

Use the same configuration as for S / N measurement explained above but with an A-weighting filter inserted between
the amplifier output and the rest of the measuring equipment or use a measuring configuration using an AC voltmeter
with a built-in A-weighting filter:

2 A - weighting
ee g g Filter AC Voltmeter
P @)
Signal Amplifier 5 i
Generator

Measurement procedure:
Same as S /N measurement explained above.

The results of measuring the S / N ratio using an A-weighting filter are 10 to 20 dB better than the results of measuring
without the use of A-weighting filter.

Example:
Hum and Noise ( A - weighting at Prateq ) - _ _ _ dB

Measuring the S / N ratio of an amplifier provides useful information to the amplifier designer about the quality of the
amplifier design and possible causes of poor S / N characteristic of the amplifier.

Some examples:

e 460

e By measuring and visually inspecting the noise and hum signals on the oscilloscope screen, an increased
50 Hz (60 Hz) hum signal was observed.
Possible causes:

- Layout of electronic components (electrostatic and electromagnetic couplings).

- Orientation and location of mains power supply transformer to other electronic components.

- Mains power supply transformer is located close to the input stage of the amplifier.

- Wires connecting the primary winding of the mains transformer to the mains connector (power switch,
fuse, RSO filter) or wires connecting the secondary windings to the rectifier stage placed close to the
components and wires of the useful signal path.

- AC tube heating (unwanted humming can be minimized by using a balanced AC heater power supply
circuit or by using a DC heater power supply).

e 100 Hz (120 Hz) hum (manifests as modulation of the wanted signal by a 100 Hz (120 Hz) signal.
Possible causes:
- High Ripple Factor (ripple voltage) of the high voltage power supply in general and unacceptable ripple
factor of the high voltage power supply of each amplifier stage (input, driver, output).
- Grounding - grounding technique used, grounding loops, insufficient (small) cross section of grounding
wire.

¢ High frequency noise
Possible causes:
- Used high-noise electronic components (tubes, resistors).
- Long wiring along the signal path (keep the signal path as short as it is possible).
- High impedance of the input circuit of the tube of each stage of the amplifier.
- Unshielded cable used in signal path wiring.
- Inadequate NFB frequency compensation (amplifier with NFB).
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After all the measurements described above, the technical specification of the audio amplifiers can be defined:

Single End class A power amplifier (or, Push Pull class AB (A)).

Tubes: , , ,

Amplification: A= _ _ _[x], A= _ _ _ [dB]

Load: 4Q, 8Q.

Input Impedance: _ _ _ kQ.

Rated Output Power: Poy = __ _ W,into_ _ _Q atTHD +N < _ _ _ % [20Hz + 20kHZz].
Input Sensitivity: U, = _ _ _ mV, for Py, rated

Frequency Response (-3dB): [ ___Hz + _ _ _kHz] , atrated Py, -
Frequency response: ( _ _ _ dBat 20Hz, _ _ _ dB at 20 kHz), at rated. Py,
Frequency Response (-3dB): [___Hz + __ _kHz] , at Poie=1W.

Power Bandwidth: ( _ _ _ Hz + _ _ _ kHz).

Total Harmonic Distortion: THD + N < _ _ _ % [20 Hz + 20 kHz] at rated Pg.
Total Harmonic Distortion: THD + N < _ _ _ % [20 Hz + 20 kHz] at Py, = 1W.
Total Harmonic Distortion: THD + N < _ _ _ % [1 kHz] atrated Py, = __ .

Signal to Noise Ratio: S+ N/ N > _ dB, at rated Pg.

e Hum and Noise ( A - weighting at rated Pyy) : _ _ _ dB
e Maximum Output Power: P, = _ _ _ W, at 1 kHz.
Power Input: _ _ _ VAC (+10, -15)%, 50 Hz, or : _ _ _ VAC 60Hz
Rated Power Consumption: _ _ _ W, or_ __ VA
Size(WxHxD): (___%x___X___)mm
Weight: _ _ _ kg

* Preamplifier performance measurement

Measuring the performance of a preamplifier is similar to measuring the performance of a power amplifiers and uses
the same measuring equipment and measurement system configuration.
As with power amplifiers, it is necessary to perform both DC and AC measurements of the preamplifier.

AC measurement
* Output power-related characteristics are not measured.

- Frequency Response or Amplitude Characteristic is one of the most important characteristics of a
preamplifier.

Amplification expressed as the ratio of output to input RMS voltage (Ugyt -rms / Uin - rRus) OF

[20 x log (Uout - rms / Uin - rws)] dB at 1 kHz input signal is the reference level (Uggg).

(Uout —rms is usually measured at the output of the preamplifier terminated with load resistance of
100 kQ).

Perform measurements (keep the input signal level constant):

Um_u.

A= = f(frequency) | Ui or,
Uin in=ctc

u
A(dﬂ) =20 x Iﬂg sl = f(frequency) | Uin=ctc

Uin

Record the measurement results (present graphically).

Specify:

Amplification: _ _ _ dB at 1 kHz.

Frequency response: [ f. + fy ], ( -3 dB amplitude frequency band) at Uy, = _ _ _ mV.
Frequency response: _ _ _dBat20Hz and _ _ _ dB at 20 kHz.
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* Measurement of the frequency response of a preamplifier with specific transfer characteristic can be
perform in a standard way by measuring U, = f (frequency or using specific filters. A typical example
is the RIAA preamplifier. Measurement of the transfer characteristic or amplitude response of the RIAA
preamplifier in a standard way can be very difficult because the amplitude of the output signal varies
in a range of * 20 dB in the frequency range of 20 Hz to 2 OkHz. Due to the limited measuring rang-
es of the most commonly used AC voltmeters, measuring can be very inconvenient and can affect the
accuracy of the measurement. Therefore, the inverse RIAA filter is more commonly used to measure
the frequency response of RIAA preamplifier.

The following information (data) must be provided in the technical specification of the RIAA preamplifi-
er: deviation of the amplitude characteristic of the preamplifier from the standard RIAA characteristic.

Example:

MM RIAA preamplifier

Measurement of amplitude characteristic
Measurement system configuration:

2.5mVefr
Sine/square V MM - Analyzer
Oscillator [ | fnverse _F_‘—+ TEST PCB
400mVefr il
"
Counter
1. Standard method of measurement
Frequency U out A DEVIATION
[Hz] [mV] [dB] A [dB]

20 9233.7 19.221 - 0.053

30 8603.5 18.607 0.014

40 7755 17.705 - 0.087

50 7093 16.930 - 0.016

70 5809 15.195 - 0.087

100 4545 13.064 - 0.025

200 2590 8.179 - 0.04

300 1892.5 5.454 -0.03

400 1556.7 3.757 - 0.026

500 1364.5 2.613 - 0.035

800 1100 0.741 - 0.008

1000 1010 0 0

2000 749 -2.596 - 0.008

2122 719 - 2.952 - 0.085

3000 584.6 -4.749 - 0.009

5000 392.5 -8.209 0.001

8000 256.7 | -11.898 - 0.004

10000 208 -13.725 0.009

11000 192.5 -14.502 0.028

12000 175| -15.225 0.034

15000 140 | -17.163 - 0.007

16000 131 | -17.741 - 0.031

17000 123.5 -18.253 - 0.023

18000 116.5| -18.760 -0.04

19000 111 | -19.180 0

20000 106 -19.580 0.04
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The measurement of the amplitude characteristic is

dB 25 == performed using a signal of constant level (approximately
5. ' 7 2.5 mVgs ) and variable frequency in the range from 20 Hz
to 20 kHz. By calculating the ratio of the measured values of
> =5 the signal voltage at the output of the preamplifier at
-5 different frequencies and the voltage of the signal frequency
15 of 1kHz as the reference level at the output of the
~ preamplifier, the amplitude characteristic of the preamplifier
-25 is determined:
10 100 1000 10000
FREQUENCY A= ot = ot Al4B] = 20 X log (L)
(Hz) [1000Hz] ~ 1010mV Up1p00Hz]

UU'I.I
A[dB] = 20 x log (W)

A[dB] = A[(]BI RIAA standard — A[dB]

Note:
The measured values of the output signal level are in the range from 106 mVes to 9.2 V¢ and cannot be measured
using only one measuring range of the AC voltmeter.

Graph of the amplitude characteristic of the MM RIAA preamplifier (with some corrections and interpolation):

25

dB
20

15

10

10 100 1000 10000
FREQUENCY
(Hz)

2. Measurement method using an inverse RIAA filter:

The measurement results using this method represent the deviation of the amplitude characteristic of the MM RIAA
preamplifier from the standard RIAA characteristic.
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Graphical representation:

A[dB] = A[dB] RIAA standard — A[dB]

dB
0.1

0.05 -
- Fam e
. 0[5} / \Vf\v;w e

-0.1

10 100 1000 1000 Hz

Total Harmonic Distortion (THD) or
Total harmonic Distortion + Noise (THD+N)

e Signal generator set to 1 kHz sine wave and minimum output level.

e Preamplifier volume control (if preamplifier has it) set to maximum.

e Carefully increase the level of the output signal from the signal generator and visually monitor the image
of the output signal of the preamplifier on the oscilloscope screen.

e Increase the output signal from the signal generator until it is visible on the oscilloscope screen that the
sine wave signal has started to clip.

¢ Slightly reduce the input signal to the preamplifier until the sine wave on the oscilloscope screen returns to
the shape of an undistorted sine wave.

e Read and record the RMS voltage at the output of the preamplifier on the AC voltmeter of the distortion
analyzer - maximum output voltage Ugut - max-

(Read and record the RMS voltage at the input of the preamplifier, also -maximum input voltage
Uin - max)-

e Measure THD +N. (THD: _ _ _ %, at Ugyt - max » and 1kHz).

e Measure THD + N at rated input signal level ( Uj, ( rateq) ) @and frequencies: 20 Hz, 40 Hz, 60 Hz, 80Hz,
100 Hz, 250 Hz, 500 Hz, 3 kHz, 5 kHz, 10 kHz, 12 kHz, 16 kHz and 20 kHz. (Keep the input signal level
constant).

e Record the measurement result (display graphically).

Signal to Noise Ratio (S / N)
Same procedure as for measuring S / N power amplifier.

Output Impedance

Preamplifier output impedance is a very important characteristic, as well as other characteristics such as, for example,
the level of the output signal, because it represents the ability of the preamplifier to drive the power amplifier in a
qualitative way. The output impedance of the preamplifier is a frequency-dependent quantity but is usually specified
at 1kHz.

Therefore, the measurement of the output impedance of the preamplifiers should involve a 1-kHz input signal and the
appropriate level.

The most common and simplest method of measuring the output impedance of a preamplifier is based on the

application of basic laws of electric current to the voltage divider consisting of the output impedance of the preamplifier
and the resistance of external load connected to the preamplifier output.
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A device whose output impedance is measured can be presented as an output signal generator with its own internal
resistance:

By connecting a load

—1 P resistor to the output — 31—
Ri ‘{\1 ' of the preamplifier, a Ri |
b ) ~ voltage divider is 1
Gﬁ—'\'\ Ui Zout Uout created: (") Uj; Ryl ULcad
,/I Zuul 5 Rinud- l
A Fr :.

By applying the Kirchhoff’s laws, the output impedance is:

7 = Uour = ULoad - ( Uout - 1)
out Uwazi Load Uwad
RLoazi

A special case: U, = % - R, = R,,(Z,,); (itis used in a so-called ,half-voltage” method of measurement).

Measurement procedure:
The configuration of the measuring system is very simple:

Oscilloscope

oy /. |
[ X
~
. . S /i\
Signal Premplifier U
Generator I
RLoad
AC Voltmeter

Signal generator set to 1kHz sine wave.

Measure the voltage at the unloaded output of the preamplifier Ugyt - o (0r, dB output level) and record it.
Connect the variable resistor R y5q to the output of the preamplifier. Set the variable resistor to its
maximum value.

Carefully reduce the Rj,aq resistance until half the voltage (or, -6 dB) of the unloaded preamplifier is
measured on the AC voltmeter: Uioad = Uout-0 7/ 2-

According the Kirchhoff’s laws, the output impedance is:

Uout — Uoad ( Usur )
Lo = T = Npoad =1
—Load ULoa.ri
RLaad

A special case:

U, .
UL:T i RL:Rou(lzout,l

Disconnect the variable Ry 4,4 resistor from the preamplifier output and measure its resistance using
a high-precision ohmmeter. The measured resistance is equal to the preamplifier output
impedance.
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* The choice of load resistance should be consistent with the fact that the output impedance of the preamplifier ranges
from a few hundred ohms to several k2 in most cases.

When measuring, it is necessary to select (or re adjust) the level of the input signal so that when the output of the
preamplifier is loaded, an undistorted sine wave is obtained (monitoring on oscilloscope screen).

Another variant of the above method of measuring the output impedance of the preamplifier
By measuring the voltage at the preamp output at two different load resistances:

------------------------- | Measured voltage values at loads:

— ¢ N * Ry Uy

Ri /F * R Up

69 U, PRy, ULl ——3 R[] U calculate the output impedance of the preamplifier

l using the equation:
ot

""""""""""""" ' Ru—Rux'uL—l_RLl( m)

Uiz U

Rl Do) = 2 = :
out( our) 7] L RL 7] 1 RLl
UL'Z RLE ULZ RL?.

* Note
- For both of the above measurement procedures, use lower levels of the input signal to avoid problems related
to distortion of the output signal of the loaded preamplifier (amplifier).
- Both of the above methods can be used to measure the output impedance of a power amplifier (the load resis-
tor used must be of adequate power depending on the output power of the amplifier).

Input Impedance
The input impedance of an (amplifier) is the input impedance “seen” by the source driving the input of the preamplifier
(amplifier).

Measurement of the input impedance of the preamplifier is based on the same theoretical principles as the mea-
surement of the output impedance of the preamplifier.

The practical realization of the measurement is performed by inserting a variable resistor between the signal generator
and the input of the preamplifier (voltage divider is created: Z;, , R)):

Rx According the Kirchhoff’s laws, the input impedance is:
o ¢_J . U
? ? Ty =Ry % %
Up Uin & AC Zin Up = Uin
| | \L \L A special case: ;
u
Uy = ?U - R, = Rin(Zm);
Signal Preamplifier The simplest way to measure the input impedance of a
generator (Amplifier) preamplifier is to use the so-called “half-voltage” method.

* Although the input impedance of the preamplifier depends on the frequency of the input signal, it is common for
the input impedance to be measured and specified at a signal frequency of 1 kHz.

Measurement procedure:

¢ Signal generator set to a sine wave signal frequency of 1 kHz and a level equal (or lower) to the rated
input voltage of the preamplifier (Ug).

e Connect the variable resistor R, between the signal generator and the input of the preamplifier. Set the
variable resistor to its minimum value.

e Connect an AC voltmeter to the input of the preamplifier.

e Measure the voltage at the input of the preamplifier Ug (or dB) and record it.

e Carefully increase the resistance R, until the voltage at the preamplifier input drops to a value equal to
half (Ug / 2) the voltage of the signal generator (or, -6dB) (measured by the AC voltmeter).
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e According the Kirchhoff’s laws, the input impedance is:

U
Zin - Rx X UIJ _nUt'n

U,
A special case: Ui, = TD = R, = Ry(Z,);

e Disconnect the variable R, resistor from the circuit and measure its resistance using a high-precision
ohmmeter. The measured resistance is equal to the preamplifier input impedance.

Preamplifier Technical Specification

e Amplification: A= _ _ _ [x],A= _ _ _[dB]
e Maximum Input signal: Uiy -max = _ _ _ MV, (Ugut - max = _ _ _ Vrwms, 1 kHz)
e Input Impedance: _ _ _ kQ.
e Input Sensitivity: U, = _ _ _ mV, at rated Ugy
e Qutput Impedance: _ _ _ Q.
e Frequency Response ( -3dB ): [_ _ _Hz + _ _ _ kHz] , at rated Uy
e Frequency response: ( _ _ _ dBat 20Hz, _ _ _ dB at 20 kHz), at rated Ug.
e Total Harmonic Distortion: THD + N < _ _ _ % [20 Hz to 20 kHz] at rated Ug.
¢ Signal to Noise Ratio: S+ N/ N > _ _ _ dB, at rated Ug.
e Hum and Noise ( A-weighting at rated U,) : _ _ _ dB.
MM RIAA Preamplifier
e Amplification: A= _ _ _[x], A= _ _ _ [dB] at 1kHz.
e Input Impedance: 47 kQ.
e Input Sensitivity: U, = 2.5 mV
¢ Deviation from the RIAA standard curve: = _ _ _ dB, [20 Hz + 20 kHZz]
e Qutput Impedance: _ _ _ Q.
e Total Harmonic Distortion: THD + N < _ _ _ % [20 Hz + 20 kHz] at rated Ug;
¢ Signal to Noise Ratio: S+ N/ N > _ _ _ dB, at rated Ug.
e Hum and Noise ( A-weighting at rated U,) : _ _ _ dB.

Square Wave Testing

Most audio signal generators, in addition to generating a sine wave signal, also generate a square signal. Why is a
square wave signal used in audio amplifier testing? A mathematical operation known as the Fourier transform showed
that any waveform could be modeled as a combination of different types of sine waves. If it is applied to a square wave
signal, the result is that the square wave can be represented as an infinite sum of sinusoidal waves. Square waves
produce an infinite number of the harmonics, but only odd integer ones. The amplitude of each harmonic is equal to
the reciprocal value of its harmonic number (the third harmonic has amplitude of 1/3 of the amplitude of the signal at
the fundamental frequency, the fifth: 1/5, the seventh: 1/7, and so on).

The square wave can be represented by the equation:

x(t)=Ax (sin(wt) +%s£n(3wt) + %sin(Swt) + )
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Plot of the spectrum of a square wave:

1kHz Squiare Wave:

1kHz Square Wave

Amplitude
=
T

0 9.00 11.00 13.00 15.00
Frequency [kHz]

4 05 1 15

o

. 2 1.00 300 500 7
Time [mS]

e The RMS value of the square wave signal:

Urms = Upeak

e Harmonics:

2

U; = X Up_p ; n - number of harmonic (odd integer)

(mxn)
Slew Rate:

1 T Rate of change from 10% to 90% of the amplitude of

—_ the square wave (change of voltage per unit of time).
du, U - U v

g Slew Rate (S) = bkt [ i ] [~]
£ dt t(O.Q) = t(O.l) g

{="

=
<
0 1c|3

; u_D L I | 1 T .‘
t(0.1) 1(0.9) 1/2T time

As the square wave signal is rich in integer odd harmonics, this qualifies it as a powerful tool for analyzing the
frequency response of amplifiers.

Test procedure:

Measurement system configuration — the same as for basic AC measurement.
The square wave function of the signal generator is used.

In practice, this method of testing amplifiers cannot give quantifiable measurement results taking into account the
simple measuring equipment used (for example, a 10-MHz analog oscilloscope), their resolution and accuracy.

For these reasons, this method of testing is based on human vision as the main testing instrument, as well as on the
skills, technical knowledge and experience of the person performing the testing.

However, this method of testing is subjective and depends on an imperfect test instrument — the human eye, but
careful observation of the shape of the output signal of the amplifier on the oscilloscope screen can provide very useful

data on the frequency response of amplifiers and possible design problems.

Testing should begin with a square wave signal of medium frequencies (middle frequency range), i.e. using a 1-kHz
square wave signal.
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Depending on the technical characteristics of the amplifier (transfer characteristic of the amplifier), different shapes of
the square wave signal (output signal of the amplifier) can be seen on the oscilloscope screen:

a) 1-kHz Square wave
An almost ideal square signal shape.
Conclusion at first sight:

The amplifier seems to have a good frequency response (wide frequency range) and no
design problems.

b) 1kHz Square wave

The normally flat top is sloping.

Conclusion at first sight: The frequency response of the amplifier at
low frequencies is poor (low frequencies are attenuated).
Probably unacceptably high Cut-off Low Frequency f, (-3dB).

The approximate Cut-off Low Frequency f, (-3 dB) can be calculated
from:

— Unin (p-p) -
Umax (p-p)

= (Umax{p—r!) =iy ) X T
7 X Unaxp—p)

fi

f - frequency of the square wave signal [Hz]

If the frequency of the signal decreases or shifts to f|, the shape of the signal on the oscilloscope screen also changes:

fsignat < 1 kHz Square wave Limiting case: fsignar = f,

The possible cause of the high cut-off low frequency is the low (insufficient) capacitance of the coupling
capacitors, for example or poor quality of output transformer.

c) 1-kHz Square wave

The square wave is rounded.
Conclusion at first sight: The amplifier frequency response at high frequencies
is bad (high frequencies are attenuated).

Probably unacceptably low Cut-off High Frequency fy (-3 dB).
The approximate Low Cutoff Frequency f_ (-3dB) can be calculated by the
equation:

fa

035
L9 — ton
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If the frequency of the signal increases or shifts to fy, the shape of the signal on the oscilloscope screen also changes:

fsignat > 1 kHz Square wave Limiting case: fsignai = fy

d) 1 kHz Square wave

\ L The leading edge of the square wave extends beyond the flat part of the square
wave curve ( “overshoot” ).

Conclusion at first sight: increased amplification at high frequencies.

[

Example:
For amplifiers with applied NFB, it is necessary to fine-tune the frequency-dependent NFB circuit. By choosing the

correct capacitance in the NFB circuit, an almost ideal square wave shape can be achieved:

Ryrp it &

—

* Check the shape of the square signal at frequencies of 10 kHz and 20 kHz (also, 20 Hz, 100 Hz).
Testing amplifier using the square signal method can be of great benefit to the designer when adjusting the NFB of
the amplifier.

e) 1 kHz Square wave

: Relaxation oscillations at the top of the curve - ringing.
j | Conclusion at first sight: the existence of resonant circuits inside the

amplifiers — the cause of ringing at high frequency.

It is very difficult to determine the cause of this problem.

One of the causes may be the resonant frequency of the output transformer
(inductance and capacitance of the primary winding of the output transformer
form an oscillatory circuit).

The use of a Zobel filter is preferred.
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Single-Ended amplifier FFT analysis Push-Pull amplifier FFT analysis

Other specific characteristics of amplifiers and preamplifiers can be measured using advanced measurement methods
(FFT - Fast Fourier Transform) and sophisticated measuring devices (spectrum analyzers). FFT analysis is a very useful
method used in the analysis of amplifier and preamplifier performance. In the measurement methods described so
far, the treated analog signals are presented in the time domain and their physical measurement can be performed
using analog instruments. FFT analysis is not actually a physical measurement of an analog signal, but it is in fact a
mathematical algorithm (computer program) that transforms a signal from a time domain into a frequency domain.
FFT analysis obtained a decomposed analog signal in the frequency domain, that is, a visual representation of the
fundamental harmonic and all other harmonics contained in the treated signal - their frequencies and amplitudes.
FFT analysis also provides other very useful data on the quality of amplifiers such as THD, THD + N, noise, S/ N, ...
For example, FFT analysis is very useful in designing and measuring the power supply stage of an amplifier or in the
AC balancing process of a push pull amplifier. Today, in the age of personal computers and the Internet, free sound
analysis software can easily be found.

At home, satisfactory measurements can be obtained by using the classical measurement methods described above
and by using simpler measuring devices.

Example of a typical set of measuring equipment for measuring the performance of amplifiers and preamplifiers at
home:

e Sine / Square Oscillator 10 Hz to 1 MHz, PM 5126 Philips
e Universal frequency counter 120 MHz, PM 6669 Philips
e Distortion Analyzer 334 A, Hewlett Packard

e Oscilloscope 0 to 15MHz, PM 3207 Philips

e Digital VAQ meter, PM 2522 Philips

e 3% digit multimeter DT 9208 A Yihai Int’| Group

e 3> digit Capacitance Meter CM 9601A

e Dummy load 100 kQ / 2 W Metal Film resistor

e Dummy load 4 Q, 8 Q, / 100 W

o Inverse RIAA filter ( -44 dB)

e Autotransformer
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6BQ5 167
6DJ8 116
6HM5 149
6L6 432
6SN7 96, 97, 109, 355
7-pin miniature 83
7 pins miniature base 81
12AT7 107
12AX7 131
0 - loss angle 46
M 60
u follower 124
y FOLLOWER 123
A

AC analysis 91
AC Measurement 448
ACTIVE RIAA EQUALIZER
146

air gap 197, 229, 239, 300
Air gap 228, 242, 246
Aluminum electrolytic 51
Aluminum electrolytic capacitor 51

amplification 64, 65, 67, 87, 90, 104, 111,

119, 122, 130, 131, 140

amplification coefficient 60, 61
amplifier 17,21,71,72, 88, 353
Amplitude 17, 21
amplitude characteristic 74, 139, 451
anode 57, 60
anode follower 87
anode load 153, 156
ANODE (PLATE) 57
anode resistance 61
anodes 58
AUDIO 132
Audio cable 376
audio taper 370
automatic bias 69, 70, 90
Average value 17
AWG 206
Axial 38
Axial and Radial Resistors 38
B

band- pass filter 134
beam tetrode 162, 171
BEAM TETRODE 178
B-H curve 298
B - H relation 196
BIAS 69, 70
bottom view 80
bridge rectifier 312, 315, 359
Bypass capacitor 47
Bypassed cathode resistor 91

C

Capacitance

Capacitor

Capacitors

Carbon based resistor
CASCODE

CATHODE

cathode follower
Cathode impedance
cathodes

Cathodyne

CCs

Chassis

choke

CHOKES

cinch

Class A

Class AB

CLASS-AB

Class B

Class-B

Class-X

Class-Y

CLC Choke

Clear Factor

CMRR

coil former

Common Mode Rejection Ratio
Complex sound
CONCERTINA INVERTER
Constant current source
Cooper wire standards
Core Cross — Section
Coupling capacitor
Coupling capacitors
Cross-section of the core window
Cu loss

Current noise

cut-off frequencies
cutoff frequency

D

David Hafler

DC heater power supply
DC Measurement
decibels

Decoupling capacitor
delay circuit
DIFFERENTIAL AMPLIFIER
directly heated cathode
distortion

Distortion Coefficient
Driver stage

dummy load

19, 44
45, 310

44, 47, 366
34

114

57, 88

104

91

58

130, 402
100, 101, 102, 338
381, 386, 416, 418
298, 360, 395
298

369, 386

71, 174, 181
71

183, 184

71, 280

183

50

50

302, 304
72,73

127

200, 231

126

21

130

100, 338

205

214

a7

404

201

259

33

75

92

431
322

442, 444
22

a7

316

126

70

72,73, 167
72

393

443, 444
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E

EC900

ECC81

ECC82

ECC 83

ECC83

ECC88

EF86

Effective cross-section
Efficiency

Ei Nis Radio Tube Factory
Ei Radio Tube Factory
EI

200

EL34

EL84

electrical noise
Electrolytic capacitor
Electronic industry Nis-Ei Radio Tube Factory
EMI Filter

Energy storage capacitor

equiphonic lines

equivalent circuit

Equivalent (composite) characteristics
Equivalent (or Composite) Load Line

E series

ESR

Even harmonics

167,

F

Farad

Fast Fourier Transform
FEEDBACK

FFT

Film resistor

FILTER

Filter capacitors

fixed bias

flux

flux density

frequency

frequency characteristic
FULL - WAVE RECTIFIER
fuse

G

Golden rules

GOSS

Graphical analysis
GRID

Ground buss
GROUNDED-ANODE
Grounded cathode
GROUNDED-GRID
Grounding

73, 106,

H
HALF - WAVE RECTIFIER
Hanna’s diagram

0 474

88,

69,

149

107, 129
124, 394
80
94,112, 402
116

391, 392
201

166

149

432, 433
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160, 170, 193
169, 181, 192
43
51
432
364
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24
65
175
178
39
314
173

175,

44
471
137
471
34
312
318
88, 399, 446
196
195
16
74
312
362

309, 310,

353, 415
229
174

57
376
104
396
111
383

123, 153,

87, 88,

308
302

Hanna’s Diagram 240
Harmonic distortion 458
HARMONIC DISTORTION 72,73
Heater 78, 375
heater power supply 320, 321
heaters 58
heat sink 326, 328, 338, 448
Herbert I. Keroes 431
high-pass filter 134
HIGH-VOLTAGE ADJUSTABLE POWER SUPPLY 339
High voltage power supply 359
I
Imaginary part of the amplification 65
inductance 19, 46, 99, 196, 199, 210,
240, 255, 298, 301, 304, 310, 311
Induction 196
Input capacitance 66
Input impedance 87, 466
internal resistance 61
inverse RIAA equalizer 149

iron core 216, 240, 250, 282
J

Jung - Lipshitz model 149
K

KT88 162, 171, 193, 245, 397
L

Leakage inductance 211
Leakage resistance 46
Linear 42
LINEAR (AMPLITUDE; FREQUENCY) DISTORTION 74
Linear or amplitude distortion 72
load line 91, 98, 154, 167
LOAD LINE 70, 155
Logarithmic 42
Log potentiometer 42
Log type 370
Long Tail Pair 402
Loudspeaker 26, 369
M

Magnetic circuit length 201, 240
MAGNETIC CORE 199
magnetic flux density 196
MAGNOVAL 81, 83
MAIDA 339, 344
mains 307, 363, 386
Mains filter 363
measurement 441
Measuring 442
measuring instruments 442
Metal Film Resistor 35
Metal Oxide Film Resistor 35
Microphony 79, 80
Miller 66
Miller effec 135
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MKC, MKM 49
MKP 49, 54
MKS 49
MM RIAA preamplifier 142
Muller capacitance 87
MULTI-STAGE 132
Music tones 21
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High-End Tube Amplifier
Design

Without any ambition to reach scientific levels, this book aims to be a toolbox
for both audio lovers and high-end equipment designers. The elementary theory
presented is the bare minimum for readers to grasp the operation and practical
use of electrical, electromagnetic, physics, and electronic operations available in
the designers' toolbox. Each tool is explained in a minimum of words and theory
without needless coverage of underlying equations or figures.

The book chapters guide you through the process of designing quality amplifiers
with vacuum tubes, from the very beginning, considering both technical and
subjective requirements — in theory and practice.

The book is a compilation of the author’s notes used in his professional and
educational career but was nevertheless primarily written as a result of true love
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