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primary transformer AC voltage

primary transformer AC current

primary transformer AC impedance

primary transformer DC resistance (copper)

secondary transformer AC voltage

secondary transformer AC current

secondary transformer AC impedance

secondary transformer DC resistance (copper)
transformation ratio

screen grid tap expressed as part of the turns

screen grid tap expressed as percentage of the turns in %
screen grid tap expressed as part of the impedance
screen grid tap expressed as percentage of the impedance in %
supply DC voltage

control grid cathode DC voltage

control grid cathode AC voltage amplitude (peak value)
screen grid cathode DC voltage

screen grid cathode AC voltage amplitude (peak value)
anode cathode DC voltage

anode cathode AC voltage amplitude (peak value)

anode DC current

anode AC current amplitude (peak value)

screen grid DC current

screen grid AC current amplitude (peak value)

static anode transconductance

dynamic anode transconductance

static screen grid transconductance

dynamic screen grid transconductance

anode AC internal resistance (also called plate resistance)
anode AC external resistance (external AC load at the anode)
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1 Introduction

My first article for Linear Audio, The Ultra-Linear Power Amplifier, was published in Volume 2 [6]. One
of the sections of that article is called Practical determination of the screen grid tap. With my own dis-
covered method | thought it was possible to determine the screen grid tap with the lowest THD. That
was wrong. With my method | can achieve the most linear anode characteristic.

A lot of measurements which show the relation between THD and the screen grid tap, have learned
me that the lowest THD is not achieved at the screen grid tap which gives the most linear anode
characteristic only.

| also studied results of similar measurements done by great engineers like F. Langford-Smith and
A.R. Chesterman [2], and D.T.N. Williamson and P.J. Walker [3].

A nice coincidence is that the article of F. Langford-Smith and A.R. Chesterman was published in the
same month and year that | was born.

In this article | will lead you through my investigation and the hidden arguments why the lowest THD
is achieved at a certain screen grid tap. | will repeat my method followed by another method ac-
cording to an algorithm of the uTracer which was described in L|A-Volume 8 [5]. Each of these meth-
ods can derive the other one. Both methods can give a linear anode characteristic but not the lowest
THD. | will treat measurements (push pull situation) done by the mentioned great engineers as well
as my own measurements (single ended situation).

First a short review of the Ultra-Linear Power Amplifier (extensively covered in [7]).
Observe figure 1. With the triode connection, we see a gentle concave curvature. With the pentode
connection, we see a steep convex curvature and after the knee it changes into an almost horizon-

tal flat line. Anticipating what will come later, an x-axis is shown along the primary winding of the out-
put transformer. The transformer side connected to Vs is called x = 0. Because V5 is a short circuit for
AC currents, we can say that x = 0 = grounded. The side of the transformer connected to the anode
iscalled x=1.

Scale x is divided homogeneously over the geographical position of the primary transformer wind-

ing.

What do we do, when we want a linear anode characteristic in the form la = Kuttratinear Vak ?

If the triode and pentode anode characteristics are concave and convex respectively, we can then
imagine that between concave and convex there is a linear compromise. Screen grid g connected to
the anode makes the anode characteristic concave and connected to V» makes the anode charac-
teristic convex.

Thus, it is obvious that the connection of screen grid g, to the primary transformer winding, some-
where in between the anode and Vb, will give a more linear anode characteristic and that is shown
in figure 2.
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Figure 1 Pentode as triode and pentode as pentode in a power amplifier.

The part between the screen grid primary transformer tap x and Vs is called x-ra and the part between
this tap and the anode is called (1—x)-ro. Because Vb is a short circuit for AC currents, we can say that
screen grid cathode AC voltage vgzr is a tap of anode cathode AC voltage var. The screen grid cathode
AC voltage vqx is superimposed on the screen grid cathode DC voltage Vgax. (Vg + vg2¢) changes in-
stantaneously and because of this, the attractive force on the electrons in the electron cloud around
the cathode changes. The screen grid behaves slightly adversely as does the anode with triodes.
However, with a less attractive force on the electron cloud than with real triodes.
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Figure 2 Pentode as ultra-linear power amplifier.

2 Definitions of the screen grid tap
After writing my book [7], and my article for Volume 2 [6], I still knew only one definition of the screen

grid tap. Later, after reading [2], | learned that there are two definitions of the screen grid tap. It is im-
portant to distinguish them.

. L . . v,
The transformation ratio is the ratio of the primary voltage and the secondary voltage: n=-*
Vs
The transformation ratio is also the ratio of the secondary current and the primary current : n=-=
Vp Ip
. . Z, i, v, iy v, i Z,
The ratio of the transformation impedances: =2 =L =-L. 5 = 2.8 —p.p=p’> & n=_|=L
Zg Vs dip vy v dp Zs
iS
v, Z,
Hence v, Z :
. . . . . Vp Z,
Now | give these ratios their own transformation ratio: Ryipns = —— and [ yep = 7
Vs s

Hence 1y = W :

Screen grid tap x is a fraction of n (meant is here number of windings) and 0.0 < x < 1.0.

Hence x - 1y = m
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The next step is rather strange but | do this because x is a part of nmsvs and a part of nimeepance.

Xrurns = A X mvpEpancE

To express xrurns in % | need to multiply this equation with 100, hence index rusns becomes rurns-%.

x’l'URMS'—% = 100 : le]’I:'])AN( E

Xrurns—v% =V 100 - 100 - N X mapEpance
Xrurns-v% =V 100 - vV 100 x IMPEDANCE

XrURNS-% = 10-/100- X MPEDANCE

When | multiply xmreoance with 100, then index mrepance becomes mpepance-.

Hence x5 o, =10 /X nppnancio,
This equation can be found, without derivation,
To do this calculation in an opposite way we ach

10 X pprpanci—se = Xrurns—s
VX nmepance-v = 0-1- Xpypus o,

a2 2

Xnpepance-s = 017 Xypns_o,
2

Xnprpancr—s = 0-01 Xprpns o,

2
¥ _ XrurRNS -%
IMPEDANCE ~% —
100

in[2].
ieve:

in %
in %
in %

in %

in %

in %
in %
in %

in %

in %

When Hafler and Keroes, see reference [1], determined that xmeepance-% =18.5% gives the lowest THD,

then for those who “think in a screen grid tap in turns’, the lowest THD is at
=10-4/18.5 =10x4.3 = 43% . Table 1 shows some values of xmurn.s (per-

Xromws-v = 10 /X npenancios

centage of the turns) and xmeepance-% (percentage of the impedance).

Table 1
Xromys—s 1 %0 X pprpanci—s, 1Yo

0 0
22.4 5
31.6 10
38.7 15
43 18.5
44.7 20
50 25
59.2 35
70.7 50
86.6 75
100 100
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3 The ACmethod (Rudolf Moers)

Supply voltage Vi in figure 2 is a short circuit for AC currents. The amplitudes of anode cathode AC
voltage vakand screen grid cathode AC voltage vgz start from point Vak = Vi on the Va-axis of figure
3 (example of an anode characteristic). For AC currents and AC voltages this point is ground. With the
assumption that la= 70-l52 one can state that vg« = xurns Var is valid. So stay at the right side of the knee
of the anode characteristic. Further in working point W we can state that Vg2k =V = Vp, because

4 FOR ALL CURVES Vazias AVgox

* TURNS =

HALF Vaip AV
100 €, —=1.00
CONTROL:. GRID BASE TR=TURNS =
I il Vgak= Vp= 300V ADJUSTED Xpr-TurNg = 925
V. e N e
glk > glko TO OBTAIN I_ — 72mA
x —o0.00
WHEN V_, — 175V =2 PE-TURNS =
1 S e SR W = =
kvgzk: 300V
0 ikt Bl S S T A S s o e | PE PENTODE
|
Vsl 265V -ADIJUSTED 1
60 4 |
TO OBTAIN I_ — 47mA | A
RS WHEN V_, — 175V 1 LINEAIR
|

Ta=F (Vo)

20 +

_____________________ evgzk: V_ox= 175V ADJUSTED
+ 1™ To oBTAIN I_ _— 14ama
1
i WHEN Vak:1‘75V
o + t : f t + : t + . t } + + +
o
50 100 150 200 250 300 350 400
v,
b
—_— > V_ (V)

IN POINT PE:

AVgox=Vy, - Vg2x=300 - 300-0V

IN POINT UL:

Avgzk:vb— Vg2x=300 - 269-31V

IN POINT TR:

Avgzk:vb = Vgokr=300 - 1752125V

Bl i . e S

AV = =300 = 175=125V
ak Svp - v = ot

Figure 3. Explanation of the method to determine the screen grid tap xrurns
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the DC voltage drop over the primary transformer winding can be neglected with respect to the
anode AC external resistance ra.

On line xm1urns = 1.00 of the triode Vgak = Va is always valid. To get at Vak= 175V in point TR an anode
DC current of la= 14 mA, we must adjust Voc = 175V. By “coincidence” that is also Vax.

On line xeerurns = 0.00 of the pentode Vo« = Vb = 300V is always valid. To get at Vak = 175V in point PE
an anode DC current of la = 72 mA, we must adjust Vg2« = 300 V. By “coincidence” that is also Vb.

The curves Vgik = 2 control grid base for the triode and the pentode cross at working point W

at lav =80 mA and Vakw = 300 V. We can now draw a straight line, ultra-linear, between working point
W and the origin. We call this line xu rusns.

In point UL at Vak = 175V, we can read la = 47 mA. Now we must offer a certain voltage of Vs to get
an anode DC current of lo =47 mA at V= 175 V. In this case Vyax = 269 V.

The anode characteristics for triode and pentode in figure 3 can be measured with the test circuit of
figure 4.

- == 2
Teh — |92 ] @
e A
- -- et |l
Y =
o Dk | @
B 4
-_— — TEST CIRCUIT FOR
INDIRECTLY HEATED PENTODE

Figure 4 Test circuit for measuring all static pentode characteristics.

|||+

TEN
W

o

|+

We can now determine screen grid primary transformer taps xm-ruans, Xui-uans and XeeTuans.

At point PE:
Vazkp = AVgzk = Vo — Vo2 = 300 - 300 = OV ,
Vakp = AVak =Vo—Vak =300 -175=125V — X, s = —b =

akp

AVM _ or
AV, 125V

=0.00
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At point UL:
Vozkp = AVg2k = Vb — Vg2 =300-269 = 31V
gp_ 9. - 9_ - _Vng[r_AVng_3lV_
Vap =DVak =Vo—Vae =300-175=125V — X, jims = = = =0.25
vnkp AI/ak 125V
At point TR:
Vgzkp = AVg2k = Vo = Vg2t =300 - 175=125V
_ _ _ _ Ve AV oy 125y
Vakp = AVak =Vo—Va =300-175=125V — Xr_TURNS = = 1.00

AV, 125V

akp
If the explanation of this method is not 100 % clear, it will be soon because we now apply this method

in practice. Figure 5 shows the anode characteristics for three different values of screen grid primary
transformer tap of specimen KT88-no.1.

Line 1 is measured in advance where the pentode is connected as a triode: xrrurns = 1.00.
Line 2 is drawn afterwards with a straight ruler, but we do not know yet that: Xuerurns = 0.25.
Line 3 is measured in advance where the pentode is connected as a pentode: Xperurns = 0.00.

From all lines we can read la for each Var. We must now search for the necessary value of Vg2 at each point
on these lines. Therefore, we need the test circuit of figure 4 which | have used to measure lines 1 and 3.

At a certain anode cathode DC voltage Vax and at a measured anode DC current o, the value of screen
grid cathode DC voltage Vg« which | have adjusted and measured to obtain la, must be subtracted from
Vb =300 V. Also Vak must be subtracted from Vi = 300 V. That gives AVyax and AVax respectively.

Tables 2, 3 and 4 show the method of figures 3 and 5 explained in practice and deliver the evidence
that for all measured values, the dots on the lines, the screen grid primary transformer tap is (al-
most) the same for each line.

Table 2 Measured values of line 1
Ve (V) I, (mA) Ve (V) AV (V) AV (V) AV i
adjusted read on adjusted toread | [300V — V] | [300V — Vex] Xrurns = AV
1,-axis 1, ak
0 0 0 300 300 1.00
25 0 25 275 275 1.00
50 0 50 250 250 1.00
75 0 75 225 225 1.00
100 0 100 200 200 1.00
125 0 125 175 175 1.00
150 0 150 150 150 1.00
175 2.6 175 125 125 1.00
200 8.5 200 100 100 1.00
225 19.2 225 75 75 1.00
250 35.6 250 50 50 1.00
275 55 275 25 25 1.00
300 79 300 0 0 unknown
325 110 325
350 140 350 Not further Not further Not further
375 170 375 than point W | than point W than point W
400 200 400
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The adjustment of Vg2« happens automatically of course, because the screen grid is connected to the

anode. The screen grid primary transformer tap xrurvs = 1.00 but that will surprise nobody, so pentode
connected as triode.

Table 3 Measured values of line 2
Var (V) 1, (mA) Vear (V) AV (V) AV (V) AV,
adjusted read on adjusted toread | [300V —Vu] | [300V — Vgx] Xrurns = AV
1-axis I ak
0 0 unknown 300 unknown unknown
25 6.5 206 275 94 0.34
50 13 237 250 63 0.25
75 19.5 251 225 49 0.22
100 26 254 200 46 0.23
125 32.5 259 175 41 0.23
150 39 263 150 37 0.25
175 45.5 269 125 31 0.25
200 52 275 100 25 0.25
225 58.5 281 75 19 0.25
250 65 288 50 12 0.24
275 71.5 294 25 6 0.24
300 78 300 0 0 unknown

The average value of all screen grid primary transformer taps xans is 0.25. This value is mentioned
at line 2 of figure 5. For this specimen KT88-no.1 we have a straight line at xrusvs= 0.25.

Table 4 Measured values of line 3
Var (V) I, (mA) Veor (V) AV (V) AV (V) AV
adjusted read on adjusted toread | [300V — V] | [300V — V] Xrurns = AV
1,-axis 1, o
0 1 300 300 0 0.00

25 60 300 275 0 0.00

50 60 300 250 0 0.00

75 61 300 225 0 0.00
100 63 300 200 0 0.00
125 65 300 175 0 0.00
150 68 300 150 0 0.00
175 70 300 125 0 0.00
200 72 300 100 0 0.00
225 74 300 75 0 0.00
250 75 300 50 0 0.00
275 76 300 25 0 0.00
300 77 300 0 0 unknown
325 78 300
350 79 300 No further No further No further
375 80 300 than point W | than point W than point W
400 80 300
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The adjustment of Vg« happens automatically of course, because the screen grid is connected to Ve.
The screen grid primary transformer tap xrusvs = 0.00 but that will surprise nobody, so pentode con-
nected as pentode.

t + t t t t t - t t t t t t t t t
Eri SRR R HEOET S TS R N R R e e e
] fo=f AV o)
............... Px b b A8 T3 a
180 + Y ak ..................................
o KI'88-no. 1L
. TRIODE ULTRA PENTODE
LINEAR
FERE s s SR LINE 1 LINE 2 LINE 3
Vigie (V) ngk V) ngk (v) ngk (v)
25 25 206 300
s0 so 237 200
LA Sh ot it % e 75 75 251 300
100 100 254 300
______:»___.'.__... 125 125 259 300
1806 150 263 300
175 175 269 300
Ll e e R R R R 200 200 275 300
225 225 281 300
T R et s et 250 250 288 300
) : : 275 275 294 300
2 : . 300 300 200 300
woaide | b ke 3
. FOR ALL CURVES: Vgik= 26V LINE 2
e S e s R e e S S
BO G- sinvtoinedaansesngsscnaneisssvuancileonssctacanamaces®avsabaiastasavagfe LINE 3 <+
o
Ea it g e o e s e e e S e s e SRl b e ) L
* LINE 1 : Xpgpyg = 1.00—> TRIODE
R O O e st e S B e R R 1
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CLINE 2 : X = ouas—
' T LINEAR
LINE 3 : Xpupug = O.00 —> PENTODE
20 4 v R TR S S ST SO T O S e A S P SR G S I G S S MR e S S S -
o 4 t } : - o t } t + - ‘ t t + + t
o 50 100 150 200 250 200 aso 400

Figure 5 Anode characteristic of KT88-no.1 for different values of screen grid primary transformer tap xrurns. The
corresponding values of Vg2,k at each measured point are shown in the table.

With this method you can determine screen grid primary transformer tap xmuans or Xrurns-% for each
specimen pentode and from each curvature in la = f (Vax).
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What happens when one does not distinguish xruans-% from xmeepance.s is that one finds a screen grid
tap value of 25% while Hafler and Keroes found in the past an optimal screen grid tap value of 18.5%.

4 The DCmethod (Ronald Dekker)

In L|A Volume 8 Morgan Jones reviewed a curve tracer for valves [5]. The review investigated the
pTracer instrument offered as a bare board kit by its designer Ronald Dekker at
http://www.dos4ever.com/uTracer3/uTracer3_pag0.html. | recommend the reader to visit that site.
From the start page, select“downloads”and then select “user manual”. You will find a table of contents.
Select chapter 8, section 7: Distributed loading (Ultra-Linear Mode).

You will find a short explanation regarding the Ultra Linear circuit with a short history of Hafler and
Keroes' work. Then you will see equation Vs= Va+ (1-k) « (Vamax - Va) which is “falling from the sky"
Ronald Dekker means with Vs, Vo, k and Vamax what | mean with Vgak, Ve, xrurvs and supply DC voltage
Vi respectively. Translated to my symbols we achieve Vg = Vak + (1-Xruans) « (Vo-Vax).

Ronald does not distinguish k = Xruns-%from xmeepance-% as he quotes the results of Hafler and Keroes.
Scroll slightly further on this internet page until you observe animated anode characteristics and
animated transconductance characteristics of pentodes EL84 and EL34. Very impressive. It looks like
a movie. You will see a sequence of mentioned characteristics for each 0.0 < k < 1.0 in steps of 0.1.
The algorithm of the DC method is Ronald’s equation Vi= Va+ (1-k) « (Vamax- Va) or

Vok = Vak + (T1-x1urns) « (Vb-Vak) in my notation but how does it work? Observe figure 6.

Initially | did not understand his equation because | was thinking too much that the primary trans-
former winding has a copper resistance that can be neglected with respect to the anode AC exter-
nal resistance ra. In that case we have hardly any DC voltage drop so Vak= Va« = Vb. In figure 6 we see

()

+

ak Vi

Figure 6 The UL circuit model that lead to Vgak = Vak + (1-Xruans) « (Vib-Va).
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a potmeter with different DC voltages. It is not really a physical potmeter, but a resistive model of the
anode external impedance that makes it possible to see how Vg« is expressed in xruans, Vak and Vb
under the assumption that Iy2 is negligible with respect to /.. So, avoid the pentode knee in la = f (V).

DC voltage across the potmeter is : (Vh - Vak)

DC voltage across the upper part of the potmeter is Xrumns * (Vh —V

DC voltage across the lower part of the potmeter is (1= 0ms) (7, = V)
The screen grid cathode DC voltage according figure 6 is Ve = Vi + (1= X5 (7, = V)
With the next isolation steps we achieve xruns : Ve =V = (1= 200s)- (V= V)
(lix” ): (Vng _Vak)

s (Vb - Vak )

X —1- (Vng Vak)

TURNS — (V _ V )

(Vng - Vak) ’ -

with the numbers of table 3 of the previous section (AC method).

Let's use Xyppys =1-
(Vh - Vvak )

Table 5 Measured values of line 2
Vglk (V)
aZjI{]S;)d adjusted to | [Vgn — Var] (V) “Ellabl VZ,VZ]:%E)\(?V (1 - xTURNS) Xrurns
read I,

0 unknown unknown 300 unkown unknown
25 206 181 275 0.66 0.34
50 237 187 250 0.77 0.24
75 251 176 225 0.80 0.21

100 254 154 200 0.78 0.22
125 259 134 175 0.78 0.22
150 263 113 150 0.77 0.24
175 269 94 125 0.77 0.24
200 275 75 100 0.77 0.24
225 281 56 75 0.79 0.23
250 288 38 50 0.80 0.21
275 294 19 25 0.76 0.24
300 300 0 0 unknown unknown

The average value of all screen grid primary transformer taps xmans is 0.24. The values of xmuans from
table 3 (The AC method) and table 5 (The DC method) are similar. The next section will show why
these results are similar.

5 Therelationship between the AC method and the DC method
For the relationship between the AC method and DC method we start with Ronald'’s equation.
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Viak =V + (1= xy005)- (7, = V) subtract V; at the left and right of the =-sign
Ve =V = (0= Xp5)- (7, = V) o
ngk V=1 (Vh - I/nk)_ XrurNs (Vb - Vak) g
Ve =V =V = Vi — Xrumws v, -7,) add Va at the left and right of the =-sign
Veok =V = Xpuns v, -v.,) subtract Vg at the left and right of the =-sign
0=, ~Vooi = ¥rumss - (Vs = Vi) add X (7, =V

at the left and right of the =-sign
Xrurns (Vb Vi ) =V, - ngk e

(Vh - ngk) Angk . . . .. .
Xy g = el = with the assumption that 7, is negligible with respect to /,
TURNS (V,, _ Vak) AVak p g2 glig p a

Hence the AC method and the DC method give the same results.

Ronald was glad that his equation gave the same results as my method. Both methods give a straight
line in the anode characteristic for Vyi is half of the control grid base. | told him that to achieve the
screen grid tap for the lowest THD both our methods are wrong, but that his pTracer will help me to
explain why.

6 The ACmethod applied for linear anode characteristics
Now | wanted to determine several screen grid taps for four linear anode characteristics,
see figure 7. | started to draw the lines with a ruler on grid paper paper.

The first anode characteristic goes from origin 0 to working point W1 which is located at

lak/Vak = 72mA/300V. Increase is in steps of 6mA/25V a anode AC internal resistance riw: = 4167Q.
The second anode characteristic goes from origin 0 to working point W2 which is located at
lak/Vak = 70mA/350V. Increase is in steps of 5mA/25V a anode AC internal resistance riwz = 5000Q.
The third anode characteristic goes from origin 0 to working point W3 which is located at

lak/Viak = 64mA/400V. Increase is in steps of 4mA/25V a anode AC internal resistance riws = 62500Q.
The fourth anode characteristic goes from origin 0 to working point W4 which is located at
lak/Viak = 54mA/450V. Increase is in steps of 3mA/25V a anode AC internal resistance riws = 8333Q.

The points on the characteristic lines of figure 7 are real measurement. The anode DC currents laand
anode cathode DC voltages Vax were really present with the imposed screen grid cathode DC voltages
Voax. All of this with control grid working point Vgikw (middle of the control grid base) which is differ-
ent for each line of figure 7. 1 then applied the AC method.
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Figure 7 Four hand-drawn straight anode characteristic lines, later marked with measurements.

The chosen beam power tetrodes were:

1. Svetlana KT88 no.1
2. Svetlana KT88 no.2
3.)) KT88 no.1
4.J) KT88 no.2
5. Electro-Harmonix KT88 no.1
6. Electro-Harmonix KT88 no.2

Four linear anode characteristics times 6 beam power tetrodes result in 24 tables like table 3.

A lot of measurement and calculation work but without hard work no results. Table 6 gives a resume.
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Table 6
Svetlana 1 Svetlana 2 12 JJ-2 Electro- Electro-
Harmonix 1 | Harmonix 2
Vglk,w Vglk,w Vglk,w Vglk,w Vglk,w Vglk,w
Line =-27.3V =-27.7V =-25.8V =-26.0V =-27.6V =-26.6V
0 - Wl x’/‘URMSLA VERAGE xT[/’RN,\'fA VERAGE x’l'l/'l?NSfAVler’!(?lf xT[/’RN,\‘fA VERAGE x’l'l/'RNSfAV]'.‘IM(iF 'x'/'!,"RNSfA VERAGE
=0.23 =0.21 =0.22 =0.24 =0.22 =0.19
Vgl kw Vgl kw Vglk,w Vglk,w Vgl kow Vgl kw
Line =—34.5V =-34.8V =-32.3V =-32.6V =—34.5V =-33.5V
0 7W2 x7 URNS-AVERAGE x’/‘(fR."VS*A VERAGE xl'l IRNS—AVERAGE xT(/'R:’\’S*A VERAGE xl'l JRNS—AVERAGE x7 URNS-AVERAGE
=0.19 =0.20 =0.19 =0.21 =0.18 =0.14
Vgl kw Vglk,w Vglk, w Vglk, w Vgl kow Vgl kw
Line =—-42.0V =—42.5V =-39.6V =—40.0V =—42.2V =—41.2V
0 7W3 xl URNS—AVERAGE x'/(/R:’\'S*/l VERAGE xllr’RNS*A VERAGE xl(/RNS*A VERAGE xllr"RNS*A VERAGE xl URNS—-AVERAGE
=0.17 =0.16 =0.16 =0.17 =0.15 =0.13
Vgl kw Vgl kw Vglk,w Vglk,w Vgl kow Vgl kw
Line =-51.0V =-51.4V =—47.6V =—-48.2V =-50.9V =-49.7V
0 7W4 xTURM\'—AVI:‘RA(}IC xTURM\'—A VERAGE le/'RNS—AV]:‘RA(}E xT[,"RM\'—AI/’IJRA(IIf xTI/'R,’V.S‘—AV]'.‘RA(iE xTURNS—A VERAGE
=0.13 =0.13 =0.12 =0.12 =0.14 =0.13
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Some conclusions:
«  Each line of Vyikwis the same order of magnitude for each tetrode.
«  Theflatter the lines, the higher Vu at a certain o, the more negative Vyikw.

«  Each line of xrurns-averace is the same order of magnitude for each tetrode.
- Theflatter the lines, the higher Va at a certain o, the lower xrurns-averace.
« Inthese 24 measurements not once xmuans-averace = 43% OF Ximpepance-averace = 18.5% appeared.

It seems that a linear anode characteristic alone is not enough to achieve the lowest THD, because

measurements from the past gave result xmeepance-% = 18.5% for the lowest THD.

It's time to study these measurements from the past and, if possible, to repeat them.

7 THD measurement results from the past
Let’s start with THD measurements from the past. Figure 8 is a part of the first page of [2].

This Ultra Linear (UL) article in Radiotronics was followed by two others in June and July 1955 but
these do not investigate the screen grid tap. This article treats subjects like the history of UL, a circuit
description, linearity, efficiency and overload characteristics and distortion. Figure 9 shows the test
circuit. The oscillator harmonics were reduced by a filter followed by an amplifier with a lot of neg-
ative feedback. By this, THD at the control grids of the pentodes was less than 0.2%. The input trans-
former T4 was made with a C core and has an inductance of 100H, with a step-up ratio of 1:2 primary
to whole of secondary. The leakage inductance was 16mH primary to whole of secondary, and 36mH
primary to half secondary.

A tapped inductor L was used in preference to a transformer, tapped at 5%, 10%, 15%, 20%, 25%, 35%,
50% and 75% of the impedance (xmeeoance%). The anode to anode inductance was 350H at low level,
500H at 240V @ 50Hz with leakage inductance of 10mH from one half-winding to the other half.
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Registered at the General Post Office, Sydney, for transmission by post as a periodical. Single Copy, One Shilling

Volume 20 May 1955 Number 5

ULTRA LINEAR AMPLIFIERS '

First article of a series by F. LANGFORD-SMITH

and A. R. CHESTERMAN

This first article gives a general introduction to
the subject, with its history, some of its characteris-
tics, and then an investigation into the effects of the
tapping point on the power output and distortion.
The effects of high resistive loads are also
investigated.

1. Name

The name has been the subject of much controversy.
“Tapped Transformer” and “Triode Tetrode” opera-
tion have been suggested in England, while “Partial
Triode Operation” has been used in the Radiotron
Designer's Handbook (Ref. 1). None of these
seem to have taken on, so that we are left with the
title “Ultra Linear”, which will be used throughout
this article in its abbreviated form, UL.

sufficiently detailed to satisfy an amplifier designer.
The present article is the first of a series to meet
this need.

3." Description

A typical circuit diagram is shown in Fig. 1. It
differs from pentode operation by the screens being
connected to tapping points T, T, on the trans-
former primary. It is always advisable to fit screen
suppressors R3 and R4 and usually also condensers
Cl and C2 between the plates and the transformer
end of the screen suppressors, to eliminate a form
of instability. Typical values are 0.001 or 0.002
pF and 47 to 220 ohms. Grid stopper resistors
(10K) are also desirable.

In this article, “pentode operation” is to be taken
as including beam tetrode operation.

Figure 8 First page of [2]. By coincidence, date May 1955 was the month and year that your author was born.

The total copper resistance was 440Q). The large number of taps gave a tendency towards instabil-
ity, which was avoided by use of stopper resistors on control grid, screen grid and anode and the
1nF capacitors between the screen grid and the anode. Several load resistors simulate the anode AC
external resistance r.. The pentodes were KT66 and for more details of the measurements, please
read the article.

Figure 10 shows the output power and THD as function of xmeepance.s for a certain test.

THD lines (3) and (4) correspondence with power lines (1) and (2) respectively. The lowest THD is
achieved at xmpepance-s is 15% and 20% respectively. One can see that the anode AC resistance and
control grid cathode DC voltage Vyix have influence on the results too. Figure 11 shows more results
with Xmeepance-% = 20% for the lowest THD. For completeness see figure 12 from Hafler and Keroes
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(who, by the way, in contrast to what is shown in the figure, were not the inventors of this; that was
Alan Blumlein).

These measurements where applied in push pull configuration. For very good matched power pen-
todes the even harmonics are cancelled and the odd harmonics are doubled. But whether such a

matching is also valid for several values of xrurns-% Or Xmeepance-% is open to discussion. | don't think it is.

OSCILLATOR A
l,O;)O cI/s v

FILTER

AMPLIFIER 3

;‘OOlFF

500 3

|

REGULATED

LOAD
— |REGULATED| 4 Tx L, |ReS Eq
VOLTAGE VOLTAGE | R
45K to
v 00 uF
2 T looa
y !
Figure 9 Circuit used for deriving test results published in Radiotronics Volume 20 (figure 8).
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Figure 10 The output power and THD as function of XimpepANCE-%.
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Figure 12 Results by Hafler and Keroes.

8 More recent THD measurement results

Figure 13 shows the test circuit. What immediately strikes us is the output transformer with the 10
taps. Once, before | had ever heard about the ultra-linear power amplifier, | did an investigation of the
maximum delivered anode power of a 300B triode versus the normalized anode AC external resist-
ance ro/ri. When you know that for a 300B in normal operation anode AC internal resistance ri=700 Q,
then it does not seem strange that the taps of the primary transformer winding (ra) of figure 13 are
a multiple of 700 Q. Although this investigation is very interesting, it is out of the scope of this arti-
cle. See chapter 4 of reference [7] for that investigation.

For those who want to do the same experiments as | did, you can order this test output transformer
at the Dutch transformer manufacturer AE-europe. The type of this output transformer is 27844 and
its maximum DC current is 200 mA, but do not expect enough bandwidth and other qualities. But it
is sufficient for power (and later also for UL) investigations at mid-audio frequencies.

If working point W moves slightly due to another screen grid primary transformer tap xrusns, we then
must change Vyikw slightly to achieve the desired adjustment. There is a voltage drop across the pri-
mary transformer winding of (la+/g2)=xrurnseRp+la*(T-X1URNs)*Rp Which depends on the screen grid pri-
mary transformer tap xmsns. It varies and is approximately 10 V. At each value of xmurns, the working
point needs to be adjusted again.

Looking at the test circuit of figure 13 we would expect the following values of xrusns:
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0Q . 700 Q . 1400 Q . 7000 Q
Xrurns = 7000 Q =0.05 xppns = m =V Xrpres = 7000 Q =V2s oo Xypas = m =1.0

@

Figure 13 Test circuit to determine the dependence of the anode AC amplification and the circuit AC output
resistance as function of the screen grid tap Xturns (copied from [6]).

AV v . . L
We define xrurns-measurep = — 825 — “€2% and measurements with this test circuit have shown that
AVak vakp

XTURNS # XTURNS-MEASURED
How homogeneously are the taps divided over the primary transformer winding? What is the influ-
ence of I52 and ig2 on the function of the tap? We must realize that this test transformer is not de-
signed and produced for ultra-linear applications, but it is available so let us try.

AV v .
Table 7 shows the real Xruans-measurep = — 225 — —£28  \ith use of measured values of Vgak and Vakp.
Aszk vakp

Because my results of xrugns-%=~ 12% .... 24% in sections 3, 4 and 6 and the result of xmrepance-% ~ 20% <
Xruens-s =~ 43% in section 7 are so different, | selected the xrurns of the 3™ column of table 7. The taps
are used in opposite order as shown in figure 13. The values in the range 0.06 < xrurns-ueasurep < 0.46
of the 3 column are the most interesting for investigation.

The 2™ column doesn’t have enough values of xmurvs which cover the“THD-disagreement” and the val-
ues of the 15t column of table 7 are desired but not easily producible by the manufacturer of the
transformer with all these taps.

Be aware that Messrs. F. Langford-Smith and A.R. Chesterman have used a push pull choke with taps,
see figure 9, instead of a push pull transformer with symmetrical taps at both sides.
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Table 7
DeSired xTURNS Real xT(/RNS—MEASURED Real xTURNS—MEASURED

when primary winding when primary winding
connection 0 Q to supply ¥, | connection 7000 Q to supply V,
connection 7000 Q to anode a connection 0 Qtoanode a

0.0 0.00 0.00

0.1 0.31 0.06

0.2 0.44 0.11

0.3 0.54 0.17

0.4 0.64 0.23

0.5 0.70 0.30

0.6 0.77 0.36

0.7 0.83 0.46

0.8 0.89 0.56

0.9 0.94 0.69

1.0 1.00 1.00

The output power is determined by measuring the RMS voltage over R. = 50/80W followed by the

2
R, RMS

R To achieve 1W, 2W, 3W, 4W and 5W, measure across R: the volt-

following calculation:Px, =
L

ages 2.24Vrus, 3.16Vrus, 3.87Veus, 4.47Veus and 5.00Vrus respectively, set by input voltage vi
at 1 kHz, see figure 13.The harmonics are measured with USB scope HS3.

The electron tubes | have used are:

«  Aspecimen EL84 (EL84-no.1) with working point Vakw = 300V, low =40mA, lg2w =5mA,
Voikw = —9.1V, supply Vo=305V and Vakw = Voaw.

«  Aspecimen EL34 (EL34-no.1) with working point Vakw =300V, low =80mA, lgzw =10mA,
Voikw =—16.1V, supply Vo=305V and Vakw = Voakw.

+  Aspecimen KT88 (KT88-no.1) with working point Vakw =300V, low =80MA, lgzw = 8mA,

Vgikw =—26.4V, supply Vo=305V and Vakw = Vgakw.

Although | measured harmonics dz, d3, ds and ds, in the next figures 14, 15 and 16 | will limit myself
to show only THD as function of output power 1W, 2W, 3W, 4W and 5W.

What immediate strikes us in figures 14, 15 and 16, is that the THD measurements stop before reach-
ing the value xmavsmeasureo= 1.0 for powers 3W, 3W and 4W respectively. For a single ended power stage
it is difficult to achieve 5W output power in (almost) triode configuration (xruansumeasureo — 1.0) when
Vakw = Vb is just 300V. Especially for an EL84 with low = 40mA at Vakw = Vb is 300V it is hard to achieve
3W or more.
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THD =f(X-turns-measured) for EL84-no.1

0.1

02 03 04 05 06 07 08 09
X-turns-measured (3-rd column of table 7)

— -THDat 1W
= = THD at 2W
===THDat3W
...... THD at 4W
=—THD at 5W

Figure 14 THD = f (Xrurns-measurep) for specimen EL84-no.1.

THD (%)

THD =f(X-turns-measured) for EL34-no.1

o A

0.1

02 03 04 05 06 07 08 09
X-turns-measured (3-rd colomn of table 7)

= «THD at 1W
= = THD at 2W
=== THD at 3W
...... THD at 4W
—THD at 5W

Figure 15 THD = f (xrurns-measuren) for specimen EL34-no. 1.
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- THD = (X-turns-measured) for KT88-no.1
11
10
9
8
7 — -THDat IW
é 6 — = THD at 2W
= 5 ===THDat3W
R e e e e e AT THD at 4W
3 =——THD at 5W
2
1
0
0 01 02 03 04 05 06 07 08 09 1
X-turns-measured (3-rd column of table 7)

Figure 16 THD = f (xrurns-veasuren) for specimen KT88-no.1.

Further conclusions:

For small output powers (like TW) the lowest THD is at xruasmeasureo = 0.3.

For the other output powers the lowest THD is at 0.35 <xruansmeasureo < 0.45.

The lowest THD at 0.35 <xmuansmeasureo < 0.45 is similar for single ended and for push pull output
stages (compare the THD results with THD results of the previous section).

These recent THD measurements give the same results as THD measurements from the past.
The AC method and DC method do not result in a screen grid tap which gives the lowest THD.
Why the AC method and DC method do not result in a screen grid tap which gives the lowest
THD will be investigate in the next sections.

Figure 17 is a part of the first page of [4] and shows that in the past some have tried to get better un-
derstanding of the behavior of the “ultra-linear” circuit.

Figure 18 is a part of the last page of reference [4] and shows a call for more understanding.
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Tetrodes with Screen Feedbuck

FURTHER LIGHT OMN THE SO-CALLED “ULTRA-LINEAR”

.-‘\ FTER a period of caution, amounting in some
quarters to undisguised scepticism, the “ultra-
linear™ output stage"**4 is yndoubtedly here to
stay. It was unfortunate, though, that Hafler and
Keroes in popularizing this circuit for audio ampli-
fiers should have chosen a term which, if it means
anything, suggests that the transfer characteristic
has becn bent “ beyond the straight™ and is there-
fore still curved!

Several alternative descriptions have been sug-
gested, the most plausible being “triode-tetrode ™
operation.  This hardly does justice to the circuit,
since, although at the extreme limits of the screen
tapping (Fig. 1) the valve is undoubtedly operating
either as a triode or a tetrode, the intermediate 1ap-

CIRCUIT

characteristics to the other. When the screen tap-
ping point is properly adjusted the transfer charac-
teristic is more nearly lincar and distortion is less
T_hal'l that of either the tetrode or the triode connec-
tion. Obwviously some factor is ar work which is not
present in either of the limiting conditions and
“wiode-tetrode ™ is misleadingly simple. If it is
called the “UL "™ circuit the special nature of its
performance is underlined, and we do not have to
grit our teeth over that *beyond the linear.”

_ The UL nomenclature is, incidentally, adopted by
F. Langford-Smith and A, R. Chesterman who have
recently® carried out an exhaustive cxperimental
investigation of the push-pull circuit (Fig. 23, The
results of their measurements with K Té6s are given
in Fig. 3 and it will be noted that they have 1aken

F[ng points do not give a progressive ransition, so
ar as distortion is concerned, from onc set of the trouble to adjust the load resistance and bias

for the best performance ar each tapping point. This

Figure 17 First page of reference [4].

reduced the much stronger third harmonic. In
practice, judging from the subjective quality from
UL amplifiers we have heard, this effect, if present,
is negligibly small; i i igati
assuming that distortion measurements of sufficient
precision are forthcoming only to throw more
light on the Ffundamental processes of UL operanon.
mﬁﬂmﬁ%}ﬁ
&, 2 and 5 respectively of Radiotronics (Australia), Vel.
20, No. 3, May, 1955,

Figure 18 Last page of reference [4].

9 The animated UL anode and static transconductance characteristics

As noted before, go to http://www.dos4ever.com/uTracer3/uTracer3_pag0.html, Manual, chapter 8,
section 7: Distributed loading (Ultra-Linear Mode); and continue down to the animated anode and
transconductance characteristics of pentodes EL84 and EL34. Notice the sequence of mentioned
characteristics for each 0.0 < k < 1.0 in steps of 0.1 with k = xrurns.

This“movie” goes rather fast so | measured all these graphs separately for specimen of EL84, EL34 and
KT88.The applied values for k = xmuans | have chosen are the numbers from the 3t column of table 7.
That gives the possibility to compare the results of figures 14 thru 16 with the linearity of the anode
characteristics (and later the linearity of the dynamic transconductance characteristics).

Figures 19 thru 21 give a first impression of some UL anode characteristics of the mentioned pen-
todes with a k = xmuans 0f 0.23, 0.30 and 0.36 respectively. Why the horizontal scale is 0V < Vak < 600V
while the graphs go no further than Va = 300V will be explained in the next section. The shown load
line (@anode AC external resistance ra) is 7000Q which is the transformer impedance (with all these

taps).
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Load line for EL84-no.1 goes through working point Vaxw = 300V, low =40mA and Vgikw = — 9.1V.
Load line for EL34-no.1 goes through working point Vakw = 300V, low =80mA and Vgikw = —16.1V.
Load line for KT88-no.1 goes through working point Vakw = 300V, low =80mA and Vgikw = —26.4V.

The anode characteristics for all these tubes, for each value of k = xmuaxs (values from the output trans-
former), are shown expanded in appendices 13.A, 13.C and 13.E respectively. There you can observe
that in a wide middle range of k = xwss the anode characteristics are rather linear. It's not easy to dis-
tinguish in that wide middle range which “curve”is more linear and more parallel to another.

EL84-no.1 Ia=f{Vak) x-turns=0.23
150
140
130 =l
120 _
110 s g vez oV
100 // e - - -vg=-2V
E\ S0 / ‘,." Tl TP TP ] == Vg=4V
B0 e
% o 7\:*: -'..--"’ sasens gz V
= &0 !1’ .-:‘“‘h—-"ﬁ.‘ BT B Vg=-8V
50 H—+" B _
r INEAY - ——Vg=-10V
a0 gt
30 {F ] B el 1T e - vg=-12 V
20 bl T T M| saaaaa V=14 V
T T Lt
13 :-_‘;:..:--_-_'_':_’_f.'.-.-:-..-...--- “\ load line
0 100 200 300 400 500 600
Vak (V)

Figure 19 Anode characteristic for EL84-no.1 at xruens = 0.23.

Let's investigate which pentode characteristic is so much curved that it will cause distortion, see Fig-
ure 22,

In figure 22a both anode and transconductance characteristics are linear. Therefor a perfect sine sig-
nal vgi will cause a perfect sine wave signal i« which will cause a perfect sine signal V.

In figure 22b the transconductance characteristic is linear and the anode characteristic is curved.
Therefor a perfect sine signal vgi will cause a perfect sine wave signal ia which will cause a distorted
signal Vax.
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EL34-no.1 Ia=f{Vak) x-turns=0.30

200
190
180
170
160 d
i
::g E VE=-10 V
130 / . ---vg=-12V
120 r a
210 ~ y ] o T Vg=-14 ¥
E 100 s . sasens Vp=-16 V
< a0 / S
— / & Vg=-18 V
80 d ’ E -
70 5 - ¥ - —-\g=-20V
60 Pul - E -
0 : i L VE=-22 V
40 I‘ . ',- L = il - ssmama Vg:_24v
30 3 o . )
20 . = I F load line
- - - o
10 P— - n PL
o P A-4Y L L
100 200 300 500 600
Vak (V)
Figure 20 Anode characteristic for EL34-no.1 at xmurns= 0.30.
KT88-no.1 Ia=f(Vak) for x-turns=0.36
200
190
180
170 7
y
160 7 Vg=-18 V
150
140 Al sasass Yp=-20 W
-
;-:g e A P P Vg=-22 V
— — Vi
T uo i AR camraan - - -vg=24V
A & o
\; 100 - - E -= \Vg=-26V
— 90 .
0} ; " — —\Vg=-28V
’ —
70
o . F —_—=Vg=-30 V
it o
50 ’ A i r = — - Vg=-32V
40 M " o & "
20 EamTd " Vg=-34 V
at ;'
20 : i ——— load line
10 - ¥ Fal ot
0
100 200 300 500 600
Vak (V)

Figure 21 Anode characteristic for KT88-no.1 at xrurns = 0.36.
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In figure 22c the transconductance characteristic is curved and the anode characteristic is linear.
Therefor a perfect sine signal vgik will cause a distorted signal ia which will cause a distorted signal Vax.

When both anode and transconductance characteristics are curved, ia and vak are also distorted.
Be aware that all transconductance characteristics of figure 22 are static transconductances.

Except for small signal pentodes, manufacturers give (almost) never transconductance characteris-
tics for power pentodes or power tetrodes. | don't like that but | must accept it. It is possible to con-
struct a transconductance characteristic from an anode characteristic with Vgi-curves. It is also
possible to construct an anode characteristic from a transconductance characteristic with Va-curves.
Chapter 4 of reference [7] but also other text books explain how this can be achieved. All transcon-
ductance characteristics discussed so far are static transconductances because they are measured
in static conditions. When you put a load line through the working point of an anode characteristic
then you can construct dynamic transconductances. Figures 23 and 24 show how to construction
dynamic transconductances for a triode and pentode respectively.

The construction of dynamic transconductances is as follows. Draw the load line of the anode im-
pedance through the working point in the anode characteristic. This load line crosses the Vgi-curves
of the anode characteristic. Draw horizontal lines from the points of intersection between the load
line and the Vyi-curves to the l-axis. Read the values of anode DC current /s which belong to a cer-
tain Vgi-curve. When you have I and Vi value pairs, you can create curve la = f (Vo) which is called
the dynamic transconductance because a load line has been used.

Normally dynamic transconducances are more linear than static transconductances.

The difference between the static and dynamic transconductance is larger for power triodes than
for power pentodes because triodes have a significant lower anode AC internal resistances riwhile the
anode AC external resistance rais a few kQ with transformer load. Let’s look closer to the relationship
of the static and dynamic transconductance. See figure 25.

For R.= 0 the anode currentis: %o =S Veu

For Ra > 0 the anode currentis: i, =S, v,

vak

The current source equivalent diagram of figure 25 delivers i, =S-v,,, + and v, =—i,-R

a a
i
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=£(V4,)

I
a

—>Vak

Ta <—

f(vglk)

I

Vogik «—

Vax

| —>

Vgik «—

Figure 22 Curved and straight anode and (static) transconductance characteristics.
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Figure 23 Dynamic transconductance (line x-w-y) in la = f (Vgix) for a triode.

T =V )
— i 12 1 (ma) I,= £(Vak) e R
o kT
a: Vi, — 120 — 300V T
ak= 10t v, = e
b: V=80V Sk
sov
= v. = -1v
CRE%
. =t cavw
9k
e
g 36
A
- 5 35
: <€ LOAD LINE 60k
t + t + + + + +
100 200 300 400
v, ) U
e b
L sovroos crmnncranzorzes Tas =g AND LD e PoR v, oy
To= £V 40
= gk 1241 (ma) Ta= E Ve v. —100v
o kT
a: V_, =120 — 300V T
ak= 10
b: Vv, =80V
c: Vo= 60V
v = o%w
91k
N B
Ct
4 oy
g Kk
YR Seccavw
. =20
: : & LoAD LINE 30k
200 300 a00
—

v, (V) €—
91k

* anp 1= FoR v_ —100v
b PENTODE CHARACTERISTICS TaZ £ (Vg Iz £ (Vay) =

Figure 24 Dynamic transconductance (dashed line) in la = f (Vgix) for a pentode.

—
I —
= e e
_ = =
= 0/ 0= =
— —_—— — — Rudolf Moers
Ia(r\'\A) Ia(ﬂ’\A)
12 T T iz
Vg, k= -1V Vg, k= -3V Vg, k==-5V
Vb
10 — 10
Ra
E LOAD LINE
= R
a
————————— B e e
T, = ‘ T= )
|
———————— 4 _—— - e w
I I
I I
________ 24+ - - - —l- = kY
I | I
| I |
______ ] | |
-10 o 100 200 * 300 400
vglk(v) c Vs & W ge O



An investigation of the screen grid tap — —

e
p

o

il

b
lie—>+

b

)

w

I |

\ /
s i s

CURRENT SOQURCE
EQUIVALENT CIRCUIT DIAGRAM

VOLTAGE SOURCE
EQUIVALENT CIRCUIT DIAGRAM

Figure 25 Voltage source and current source equivalent circuit diagram of a triode with anode resistor.
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The measurement results of the UL anode characteristics for a specimen of EL84, EL34 and KT88 are
shown in appendices 13.A, 13.C and 13.E. There you can see that for several values of k = xmurnsthe
anode characteristics are quite linear. It is difficult to distinguish differences in their linearity.

But how linear are the dynamic transconductances for different values of k = xruans?

That'’s the subject of the next section.
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10 The forgotten dynamic transconductance

Figure 3 shows that working point W on the Va-axis of the anode characteristic lies at supply voltage
Vb = 300V. The external anode load, not shown in figure 3, is a resistive AC load like a transformer
with its secondary connected to a resistor load. We neglect a few volts voltage drop caused by the
anode and screen grid DC currents through the transformer copper resistance.

The positive part of sine wave va moves between Vi, = 300V and Vax = 425V — +AVa = 125V

The negative part of sine wave va moves between Vp =300V and Vak = 175V — —AVa = 125V

The pentode, UL and triode curves of figure 3 do not go beyond 350V. In figure 3 an AC load line (not
shown here) through working point W would start at la = 160 mA and terminate at Vax = 600V.

The anode characteristics of figure 19 thru 21 do not go beyond 300V while the AC load lines and
+AVak occupy the region between Vi, = 300V and Vak = 600V. Ronald’s puTracer can measure anode
characteristic up to 400V but we need to limit at V» = 300V. Figure 26 will show why.

In figure 26 at V» = 300V we have the anode region 0 < Va < 300V for —AVa and the anode region
300 < Vak < 600V for +AVa. However in region 300 < Va < 600V we have no measured anode charac-
teristic. Figure 27 is a copy of figure 26 with extensions of the anode characteristic in the region
300 < Vak < 600V. | have drawn these extensions by hand with extrapolation. | admit that this is a
weak part of my investigation. The anode characteristics in region 0 < Va < 300V are measured ex-
actly and in region 300 < Va < 600V the anode characteristics are rather well extrapolated but not
100% exactly. However, figure 27 makes it possible to create a complete dynamic transconductance.

Is there a better way to determine a dynamic transconductance? Figure 28 shows a part of the data
sheets of a KT88 from Svetlana, the UL anode characteristic at xurns-% = 40%. This figure shows two
horizontal axes, a Va-axis and a Vga-axis. These axes are correct. You can determine a certain AVa with
a corrsponding AVga«. Divide everywhere AVga by a corresponding AVax and you achieve 0.4 = 40%.

However this anode characteristic is rather useless when you want to design a UL power amplifier
stage. There is just one point where the values of Vax = Vg2« = a certain V» and that is at approximately
420V. This value forces an anode current of approximately 290mA when you extrapolate the curve

Vgik=—25V. No KT88 can handle the anode dissipation caused by these values. And be aware that the
small copper resistance of the output transformer causes less voltage drop and by this Vak = Voo« = Vb.
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Figure 28 UL anode characteristic of KT88 from Svetlana datasheets.

Figure 29 shows an escape from this problem. There exist output transformers with a separate screen
grid winding at the primary transformer side. By this you can give Vg« its own value but still Vax = V.

Figures 30 thru 32 show the transconductances determined for all values of xrusw in one transcon-
ductance characteristic la = f (Vgi) for EL84-n0.1, EL34-n0.1 and KT88-no.1 respectively.
The shown values xmurw in these figures are from column 3 of table 7.

What immediately strikes us is that all dynamic transconductances cross in a single point. It will be
no surprise that this is the working point. Which dynamic transconductance Sq is the most linear one
(at which xrurw) is difficult to distinguish in these figures. In appendices 13.B, 13.D and 13.F you can
see the dynamic transconductances separately for all values of xrurv and for each pentode. The only
thing you need to do is put a ruler near each dynamic transconductance. Then you find the most lin-

ear one.
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Figure 29 Separate screen grid winding at the primary transformer side.

I have already done this and the result will be no surprise.

For EL84-no.1 the most linear dynamic transconductance is at xrusv= 0.36 — xuan-%= 36%
For EL34-no.1 the most linear dynamic transconductance is at xruav= 0.46 —> Xrurn-% = 46%
For KT88-no.1 the most linear dynamic transconductance is at xrusv= 0.46 —> Xrurn-%=46%

11 Summary

In appendices 13.A, 13.C and 13.E, one can see that the difference in linearity of the anode charac-
teristic (with xrurns values from column 3 of table 7) is hard to distinguish for values of xmurvsbetween
0.23 and 0.56. | admit that the curves at the right side of Vax = 300V are the result of extrapolation
which may not be as accurate as measurements. In appendices 13.B, 13.D and 13.F, one can see that
the difference in linearity of the dynamic transconductance characteristic (with values from column
3 of table 7) is hard to distinguish for values of xrurvs between 0.30 and 0.46.

Of course, the mentioned extrapolations have influence on the accuracy of the determined dynamic
transconductances.
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Figure 30 EL84-no.1 dynamic transconductance Sa: la=f (Vgix) for 0.00 < xtuens < 1.00.
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Figure 31 EL34-no.1 dynamic transconductance Sa: la =f (Vgi) for 0.00 < xrurns < 1.00.
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Figure 32 KT88-no.1 dynamic transconductance Sa: la = f (Vgix) for 0.00 < xturns < 1.00.

The overall most linear of the anode characteristics and the most linear of the dynamic transcon-
ductance characteristics lies at 35% < xruans-% < 45% or 12.25% < xmeeoance-s% < 20.25%.

THD measurements from the past and recent measurements substantiate these results. | did not find
a more optimal Xrurns-% Or Xmrepance-% for the lowest THD but it was fun to do this investigation.

| believe | have found a technical explanation of the THD behavior due to the position of the screen
grid tap on the primary winding of the output transformer (load line) which also determines the dy-
namic transconductance. Despite the notable mechanical differences between EL84, EL34, KT88 and
other power pentodes, and by this the notable differences of their internal electrical fields, the low-
est THD will be achieved at xrurns-% = 43% or Xmpepance-% = 18.5%. The interesting question why elec-
trons behave in these electric fields in such a way that the currents, cause by these electrons, give the
lowest THD at xruans-% = 43% or xmeeoance-% = 18.5% may be answered by physicists.
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13 Appendices (can be found on http://linearaudio.net/downloads)

Note: the screen grid taps xrmusns referred to in these appendices are the values from column 3 of table 7.

A

Measured with the pTracer and extrapolated anode characteristics of EL84 for several screen
grid taps.

Constructed dynamic transconductance characteristics of EL84 for several screen grid taps.
Measured with the pTracer and extrapolated anode characteristics of EL34 for several screen
grid taps.

Constructed dynamic transconductance characteristics of EL34 for several screen grid taps.
Measured with the puTracer and extrapolated anode characteristics of KT88 for several screen
grid taps.

Constructed dynamic transconductance characteristics of KT88 for several screen grid taps.





