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Vacuum diode Models & PSpice Simulations

by Stefano Perugini
This article appeared originally in Glass Audio, Vol.10, Nr. 4, 1998
and is further edited from the web version.

The renewed interest in the thermionic technology is
pushing designers to use the modern tools of circuit simulation
via SPICE-oriented simulation for the optimization of
components.

This article focuses on the creation of a very simple but
accurate vacuum diode model with its associated power-supply
components. The use of such devices presents some problems; it
IS necessary to check by calculations, several parameters such
as the repetitive peak current, the hot-switching current, the
maximum Inverse voltage and so on, otherwise it i1s possible to
lead the device to a premature death. If you begin the process
with circuit simulation, on the condition that you have accurate
models, you can realize the optimization phase in the virtual
world and then build the real object.

At the end of this article I will show the goodness of the
mathematical model used by comparing it with a real situation,
that is, comparing the results gotten by measurements on a
simple power supply physically realized, with the results gotten
by the same simulated power supply.

START

In the "sacred texts” the equation derived for describing the
operation of the diode is Child-Langmuir®s Law:

Ip= K*Vvp'-®

s the current that flows in the diode;
Vp is the anode to cathode voltage;
s a constant, the perveance.

The perveance is the digital imprint or the genetic code of
the diode because in It constitutes the only parameter able to
differentiate between the multiplicities of diodes.

The Child-Langmuir®s Law is a phenomenological equation that
is derived on physical considerations grounds.
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In this table, S and R represent the Standard Error and the

Correlation Coefficient respectively.

TUBE K 5 R

12K4 0.88860995334 8.88138325 8_99735332
SR4 0.80047199440 0.080874565, 8.99935083
SUs-GB 8.88877680082 0.888120883 8.9999374Y
CY3-GT B.8080827567876 8.80412883 8.090430881
EZE&HQ 8.88872196624 0.80168633 8_999483R8
EZ281 0.88173282248 0.80510847 B_99878696
EZ294 8.88871166200 0.802083476 8_99950836
G224 8881549410858 8.88610246 8_99817430
G223 8.88354419128 0.080587247 8.99674312
G234 f8.808485183398 8.81820504 8.99015861
G237 B.808875322616 B.81865839 8.09840240
G248 B8.808851502547 8.08088550080 8.9900300Y4
G241 8.8887085310864 a.88127131 8._99917713

Tah.1; Results for the Ip=k*(Vp)1~ model

A perfect fitting is gotten when R is equal to 1. The values
of the Correlation Coefficient R in Table 1 must not deceive
you. R 1s a parameter of global evaluation and values lower than
0.998 cannot be thought satisfactory as the graphs of the Fig.
1, 2, 3 related to the diodes 12X4, GZ30, GZ33 show. The model
introduces, locally, marked deviations. In these graphs the
"small black balls"™ represent the average data extracted from
Data-Sheets.

IT we use this equation to apply the Least Square Method (LSM)
with linear regression to the set of experimental data extracted
by the Data-Sheets it is difficult to get a good fitting, as you
can see by examining Table 1.
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In my opinion this model well represents only tubes like the
5U4 and GZ40: you can think of them as perfect diodes (although
not ideall!). In all the other cases the results can be improved
so as to get simulations nearest to reality. The apparent
redundancy in Table 1 and those following showing either 12X4 or
EZ90/6X4 will be clarified later.
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Improvement
You can already get a large improvement by varying the
exponent of the equation. This leads to the following
expression:
(1) Ip= K*vp*

However, it Is best to use this equation, modified in the
following way:

2 Ip= K*(Vp+EPS)*
TUBE K A 5 R EPS
1254 0.40687756083 1.3693599 9.008608837 0.99952800 8.1
CR4-GY 0.080673830 1.4214962 0.6803246480 0.99988644 a.2
CUL-GB 6.887851655% 1.5283183 0O.6063584086 06.9999571 a.2
CY3-GT B8.08040326542 1.8606772 08.802739248 0.999468771 a.2
GRS 0.888649553 1.5198353 O.080183847 0.999462271 a.2
EZ80 0.000549828 1.5792660 O.00144462 0O.99974752 8.2
EZ81 0.0601864868 1.4770600 O.00549127 0.99883198 8.008
EZ98 0.0668575947F 1.5583772 8.80177745  B.99976894 8.1
G238 8.0862573618 1.3436975 B.80182633 6.99985785 8.1
G733 B.885317957 1.3349462 0.002804164 0.9992467243 a.1
G234 g.4082943488 1.5969530 0.0066860083 0.99970154 8.1
G237 0.661325449 1.3048825 0.00384527 0.99981582 a.Mm
G248 0.000485814 1.5155771 6.080855098 0.99993797 a.1
G241 0.066891528% 1.188217 06.80874455 B.99976487 8.1

Tah. 2; Results for the Ip= K*WP+EPS}A

Then apply LSM to the set of experimental data. The results of
this procedure have quoted in Table 2. EPS represents a
parameter that can be manually fixed (typical values are 0.1,
0.2) to guarantee a better convergence of the algorithm. 1f you
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compare the Correlation Coefficient of Table 1 and 2, you can
note a real amelioration, underlined subsequently by the new
graphic representations of the tubes 12X4, GZ30, GZ33 shown in
Fig. 4, 5, and 6. Furthermore the examination of Table 2 reveals
that the real diode is dominated by the 3/2-power law in only a
few cases.
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Finally you can get an even better fitting
the following equation:
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(3) Ip= (Ka+Kb*Vp)*(Vp+EPS)"

Equation (3) differs from (2) because a linear variation to
the perveance has been attributed with respect to Vp. The
application of LSM with linear regression leads to the data in
Table 3. You can get further short improvement margins using
more sophisticated mathematical models although this injures
simplicity and brings larger problems of convergence into the

simulations.
TUBE Ka Kb A 5 R EP3
1254 B.8812211748 0.0004528104 0.550030857 0.00045668 A.999747890 B.1
SR4-GY A.00831955387 0.00038690908 O0.5248656090 A.00207772 A.99995736 A1
SUL-GB A.0022826785 0.0005317449 A.572700700 A.00268503 A.99997875 A.1
L¥3-GT A.08017537623 0.0001123292 0.662912448 A.00192639 A.99982758 A1
685 9.0018419270 0.0001093351 0.910384640 A. 00106968 A.99988826 A.1
EZB88 g.ae13191127 7.3181291E-5 1.836858200 0.00065824 A.99997379 A1
EZ281 8.86841968367 B.00028290324 B.914840840 B.00299813 A.99972158 B.1
EZ98 B.0012868566 0.00083271238 0.6874826108 A. 0018401 A 99080708 A1
GZ38 B.0036883380 0.0016926165 A 4h7792260 A.00158950 A_9909@718 A1
GZ33 B.0064968776 0.002500982h A.547865350 A.0014574h A 999B4GHT B.1
GZ34 0.0065731838 0.0083454340 1084752200 000288713 A.99995548 A1
G237 0.A000000A0A0 A.0B13172008 A.366156050 B.0A386198 B.99981341 8.2
G240 8.80808265552 0.000445365%1 B.535777180 0.006857518 A.99904085 6.1
GZu1 8.0015812518 6.30830857E-5 1.831813408 0.00046817 B.999925563 BA.1

Tah. 3; Results for Ip= (Ka+Eh*Vp)*(Vp+EPS) A model
SPICE

Now you can use the data in Table 3 to build the SPICE model

of the diode. After the excellent articles by Raynolds, Marshall

and Koren, 1 don"t think you will find any difficulty

understanding the code iIn Table 4. The only required operation
is to use the information in Table 3 and complete the code in
Table 4 based upon the values of the selected diode.
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.SUBCKT tubename P K

+ PARAMS Ka= Kb=

+ A= Eps=

E1l 1 0 VALUE = {Ka + Kb * V(P,K)}

RE1 1 0 1G

E2 2 0 VALUE ={V(PK)+ EPS}

RE2 2 0 1G

Gl P K VALUE ={V(1)/2 * (PWR(V(2), A) + PWRS(V(2), A))}
RPK P K 1MEG

*CPK P K .5n

.ENDS

(*) CPK can replace RPK in case of serious convergence problems.

Tab. 4

How use this model

With an accurate model of vacuum diode you can determine, when
the device is used as a rectifier, a series of parameters for
the repetitive peak current, the hot-switching current, the
output impedance etc. Besides the SPICE model, you will also
need further i1nputs to place the device in within safety areas.
This information is graphically available 1n Data-Sheets Rating
Charts. In my opinion the Radiotron Designer®s Handbook fully
deals with the subject as i1t faces the whole problem list merely
in engineering terms and therefore with calculations and
formulae finalized to the solution of an actual situation. In
the Radiotron®™s presentation of formulated procedures it iIs
possible to plan power supplies with both condenser input
filters and choke input filters.

Unfortunately the accuracy, especially in the evaluation of
the impulsive currents, is not high but this is due to the use
of purposely-approximate formulae having rather simplistic
calculations that at the time were made by the hand. The book
further introduces two levels of approximation if you have
complete data.

In Fig. 7 and 8 1 have brought two hypotheses of power supply
with condenser and choke input filter respectively together with
their SPICE codes related to present examples beginning from the
pages 1174 and 1183 of the Radiotron Designer®s Handbook. The
resistances R1 and R2 are the total effective plate supply
impedance per plate and they represent the impedances brought to
every secondary winding according to the formula:
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Rs= Rsec + N? * Rpri;

where:
N = Voltage ratio of transformer at no load:
(primary to half secondary iIn case of full-wave
rectification)

Rpri = Resistance of primary winding in ohms;
Rsec = Resistance of secondary winding in ohms

(or half secondary in case of full-wave rectification;
Rs = total effective plate supply impedance per plate.

Aleap
Vin1 10 sin(0 494.97 60 0 0)
1 Vin2 0 2 sin(0 494.97 60 0 0)
@ s | SV3LGT xa 100 3 Sy3-gt
| xb 101 3 5y3-gt
30 €130 10u
R130 2.8k

({\J Vinl @350 Vrms/60Hz ﬁi ; }E‘I 23

Aran 1m 3 0 .025m
*.option itl4=30

@ 3 Jib ci'msimpré3tevalilibivacrect.lib
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r' .end

o= T g Ri= 28K
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@ J’\th I 5¥Y3-GT

Fig. 7;
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Alind
¥inl 1 0 sin{0 704 50 0 0)
Vin2 0 2 sin{0 704 500 0)
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.end
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75 ‘
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| SU4-G
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Fig. 8;
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Condenser input filter

RADIOTRON'S RESUITE SIMULATION RESULTS
Uout 358Ucc J42Ucc
Repetitive
peak current 375mA 480mA
Dinnlo
I'IJ.'.I'JJ.E
Porrontano C % 7 _Fo%
Percentage 5.5% F.79%

Choke input filter
RADIOTRON"3 RE3SULTS SIMULATION RESULTS

28mA Load
L=18.6H
Uout 4490cc 458.168VUcc
Repetitive
peak current 4BmA L Bma
220mA Load
L=3.4H
Uout 3-alcc 363 .6490cCc
Repetitive
peak current 33 8mA 382mA
Tah. 5;

Table 5 shows a comparison between manual calculations (as per
the Radiotron Handbook) and SPICE simulations. The more
meaningful graphic representations of such simulations are
demonstrated in Fig. 9, 10, 11.
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Condenser input filter power supply
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Fig. 9;
Choke input filter power supply
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Fig. 10;
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Cholce input filter power supply

Rload= 17500 ohms, L= Lec= 15 6H
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You will observe iIn Fig. 9 that i1t is rather easy to overcome
the safety limits related to the impulsive currents with small
input condensers. Therefore their capacitive value has to be
valued very attentively. Fig. 11 further reveals that the
swinging choke calculus is not very accurate.

An actual comparison

In Table 6 I present the results of two simple power supplies
with condenser and choke i1nput filter. Schematics are the same
of Figs. 9 and 10 but with the following differences:

Vinl, Vin2@120Vrms;

R1= R2= 6.8 ohm;

L1= 30H in choke input filter power supply;

Cl= 8.10 mF;

RI= 10.16K;

12X4 vacuum-diode.
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Condenser input filter

MEASUREMENT RESULTS STMULATION RESULTS
Uout 146 .620cc 144 . F4lcc
Repetitive
peak current 78.59mA 68.21mA
Ripple
Percentage h.89% b o14%

Choke input filter

HEASUREMENT RESULTS SIHULATIONS RESULTS
Uout 181.3280Ucc 181 .116Ucc
Repetitive
peak current 14.82mA 13.66ma
Ripple
Percentage 8.52% B.75%

Tab. &;

The 12X4 SPICE model whose parameters are listed in line 1 of
Table 3 have been drawn just from the real diode used for the
construction of the two power supplies explaining the reason for
the apparent redundancy in Tables 1, 2, 3. Here the comparison
is made with reference to Sylvania®s 12X4 sample. The utmost
closeness of the numerical results in Table 6 makes me rather
optimistic about the validity of the implemented model; the
small differences that you can recognize are partly attributable
to the errors of the measurement process in real world.

Conclusion
I hope this article can add a small wedge to the big mosaic of

circuit simulation as applied to vacuum tube amplifiers. 1
believe the thermionic technology simulation related to audio
amplification devices has not yet totally reached i1ts real
potential. The evidence is given by modern designs that
incorporate concepts going back to the dawning of electronics
(as well as harmonic cancellation, feed-forward, transformer
coupling, choke input filter etc.), producing sonic results
better than the crowd of Williamson-like amplifiers.
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