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ABSTRACT

The circuit of a solid state regulated power supply for the reflex klystron type
713 A/ B along with its theoretical analysis is reported in this paper. The regulated
DC voltage supply has been designed 10 provide an outpur voliage of 300 V
and @ maximum Joad current of 40 mA. The power supply is short circuit
protected using SCR’s and has high stabilization factor, low output
impedance and good thermal stability. The circuit of a squarewave modulator for
reflector voltage is also described.
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1. INTRODUGTION

It is well known that the stability of the power output and frequency of
reflex klystrons depends on the stability of the DC voltage sources. Situa-
tions do arise where the AC mains voltage may vary very widely. The
solid state circuit described below, besides being compact, is capable of
coping up with wide variations in the mains voltage. Approximate expres-
sions for the stabilization factor, output impedance and the temperature
coefficient have been derived by making use of the equivalent circuit of the
regulator. It is found that the regulator keeps the output voltage varia-
tions to within 0-05% with AC mains voltage varying from 170 V to 240 V
(nominal value being 220 V). Facility for squarewave modulation of
the reflector voltage has also been provided in the power supply. Both
the frequency and the amplitude of the modulating squarewave may be
varied continuously over certain ranges.

2. DESCRIPTION AND ANALYSIS

The circuit diagram of the regulated power supply and its equivalent
circuit are given in Figs. 1 and 2 respectively. The regulator derives
the unregulated DC supply from a voltage doubler circuit consisting of
the diodes D; and D, and the capacitors C; and C, The resistors R; are
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Fi¢, 1. Circuit diagram of the regulated power supply.

chosen such that the series transistors @; and Q,share the voltage almos
equally The transistor @, is the driver for Q, The pre-regulator g,
supplies constant current to differential ' amplifier and the driver to help
" minimise the ripple voltage at the output. The capacitor C, is introducef
to reduce noise voltages at the output. R,; is the overload sensing
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e Fi6. 2. Equivalent circuit of the regulator.
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sesistor. Under overload conditions the SCR is turned on and the load current
is limited by the resistor Ry and the output resistance of the doubler,
An approximate analysis of the circuit is presented below.

The basic equation for the total change in regulator output voltage
(v,) with changes in the input voltage (V3), the load current (Z), and the
temperature (T) is®

dVy = SdVi =Ry dl, + Sy dT, : 165

where

the stabilization factor,

s
s =37

LT

output impedance, l
I
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Ry = 7
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and temperature coeflicient,
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From Fig. 2 the following equations are obtained:
L, (re, + Ry) — Iy, Ry = Vo— Vs . 3)

Lz, + Ryg) + Ty, (L - Bes) Ry g
+ I, (14 hFEe)‘RIO =V,—V, . “

Ly Ry 4 Iy, 15, — Ip, [Ry + Ry -+ rp, + (1 -+ bgs)

X{tey + R)l—Tp (1 + b ) Ry = Vy — V, (5)
Lyrg — dp, (1 + e, Ry — Iy, [Ra + Ry -4 1o, -+ (1 Bez)
X {re, + Ry)] ‘ '

= BV
Rys + Ry~ Vs (©

R, :ﬁ&
Ry - R]’Q .
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Making the assumptions that

rz, << Ry >
[b; < Iz. s
rz, << Rln 3

fyg, =lhpe, 2> 1,

hrg, Ry > (rz, || R hss, (72, || Rug)s Ry, 1o, and ligg, 7e,, the following expres.
sions for the various curients are obtained from equations (3) through (g)

bo~=g— - 6!

I3
;xl

Va— Ve _ Vs . Wy

To, ~ hFE;-R; RA Ry {10
V- V.
Iy, ~ 585 — %, :
%~ R, Ru (1
The base current Iy, of Q4 is
L1+ 7 X
To, = rb 1+ /7;5.) (re. F Ry 02
Assuming that fp, ry, € Vi, heg, S 1, and ro, + higg, Fo, << Fap, Rs,
v,
1 1
~ heeRs
Hence
¥,
L~ gt ay
The base current [, of @y is given by
Iy, = I, — I, {14
V1 — Z‘Lii hFEsVa llps, Vo
SRR TR, T RS &
Also,

I, n Yo doRis b-_(1 - Lb.__‘*‘(l_i*:i@_)i) (16
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As
'lﬁrj",(%ﬁ@ﬁfﬁ- <l
and LRz <€ Vo, equation (16) may be simplified to
B~ o R a7

. hFE,Rs
From equations (15) and (17) the base current Jp, of O, can be obtained
and is given by

W _ Va—Vs  hemVa _hep Vol _ Vs
o, & s, [ = g R = B ] (18)
Since
Iy, € Iz, ,
Iy~ Iy, = Iy — I, (19)
Now
Ly=Iy + I, + Io, + Ly + I,
Vo— Vs Vo—~Vy, Vy— V5
NTRSTT R, TR ,
Vs ¥, v, v, ‘
+h 2 — 0 3
s (RA Rm) + Rz * —Ru @0)
From equations (18), (19) and (20), the zener currents I and I, are obtained,
Ve— V. V. V, — V.
Iy~ PO NS G A TS . w-—;f"
o~ L, R i R Ry
. Vs V, V: Vo
+ hrg, R, 'R:o R‘i + Ry, — heghipr,
Zl Vi Pee, Vs hss, Ve hrg, Ko
x| - Pyt + tegls _tep ol heg Ko gy
Also,

LR, — IR, == Vag,-
Since Vg, € I,R,, the currents Iy and I, are nearly equal. Therefore,
A =~ Iy :%(Iz, + Ie)

~3 (B ).

i?m e, =I,+ I, + I, the base current I, of Q, is aporoximately given

Iy, ~

2/155 ( %, + Iz,) + g hes, Ib, +7f£' In, . @
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Assuming that
/lnz, >1,
7, z V2, < Vi
I, . K Vs,
and
Iy Ris<€ Vo,
the input voltage Vi to the voltage regulator is
Vi~ LR 4+ s+ Iy Re+ Vi + Vot o

pa
~ (e Ry R) o+ D5 2R,

R, + 2R,
-V (':LQE:Z 2 e+ Ve+ Ve
Stabilization factor:
From equation (23),
i . oWy
= =" =1 4 (frpg, B, + Ry) 237
Wop p AT Y vy
o R 2R, 2,
! 2 W
e R; + Ry | Ry -F2RN\ (1
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(23)
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1

R].O

—_ {155; hre e, 21 . . Aee, Brr, R
. (WRTI’; 5) (_/7::5, Ry + Ry) 7115,721; (s, Ry TR

TR
Ry
~ hFE,hFE;hFE; R;

Quitpur Impedance:,

@3

Substituting for I, and Ip, from equations (21) and (22) respectively

in equation (23) and replacingjzi in equation (21) by 1,
I 11 !
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hFE R1 + Rz Rl + 2_5" I, hpa -R1 ‘l‘ Rz
Vi N( 2z, ) r [( or
1
(7 * Ry ™ R R R

e tp fire, @FE) N QE&@EE; -
R R TR Vet Ve

- terms independent of ¥V and 7,.

where

fep Ry + Ry | R+ 7R )( Lo ey,
-7 B ' fre,

D= e
2Nz, Ry, Ry,

T TR A
R )+

or

Rig (Ri +R) _ R+ R,

Ry~ hFE,hFE;,hFEﬂRZ _ N

Temperature Coefficient:
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+ Ry »12— 2R2)

1l T ’]fg,l’ﬂs.hms + ﬁ@) _fee, R+ R

hzg,

eo)

In the analysis that follows, the temperature coefficients of the Zeners

only are considered.

From equation (23)

Iz,

Vor Vi— (s, Ry + R I, — Bt 2Re

— ¥y (1 + ;,}_21%‘2:52) — Vs

7
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o ((Rus R \ Vs Ry 4V,

SA\Ry T ke Ry) AT T hpe Ry AT
Ry dvi 1 dv,

T Ry dT TS AT - @

Since S is very large, the last term in equation (28) is negligible,

3. EXPERIMENTAL RESULTS

The theoretical values of stabilization factor, outputimpedance and tempe.
rature coefficient calculated for the circuit given in Fig. 1 are approximately
20,000, 0-52 and -+ 1 mV/°C respectively. The temperature coeff-
cient with 30 V zener in place of BEL 550A. (Fig. 1)is about + 250 mV/°C.
Experimentally it is found that due to the AC mains voltage variation from
170 V to 240 V (corresponding to a change of 200 V in the input DC
voltage to the regulator) the regular output varies by 0-05V. The output
impedance is less than 1 &£ and the drift in output voltage after warm up
period of 15minutes is less than 0-1%.

4. SqQuarREwAVE MODULATOR

For many laboratory experiments it is desirable to have AM micro-
wave power of constant frequency. However, both the power output and
frequency of areflex klystron vary with its reflector voltage. Therefore,
pure AM may be obtained only by using an on-off modulation ; that is, by
superposing a squarewave on the reflector DC voltage. The rise time of
the squarewave should be small to avoid frequency modulation. The

_circuit of the squarewave modulator is shown in Fig. 3.
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FIG. 3. Circuit diagram of the squarewave modulator.
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The frequency of the symmetric squarewave is varied by returning
the base resistors of the transistors Qs and @, to a variable DC voltage
{Vsr). The period of the squarewave is given by?

7 =28 (1 + V“;)

where V¢ is the collector supply voltage for the trenmsistors Q; erd @, and
Ry =R =R and C, =C; =C. The squarewzve amplitude may also
be varied using the potentiometer P,. For the circuit shown in Fig. 3 the
squarewave amplitude may be varied from 0V to 30 V and the frequency
may be vatied from about 900 to 1100 Hz.

5. PRACTICAL SYSTEM

The schematic diagram of the practicel klystron power supply system
is shown in Fig. 4. The beam voltage ard the reflecior voltage stpply
circuits employ similar solid state voltage regulators discussed above. The
beam voltage supply provides a beam voltage of 300 V and a maximum
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. 4 Schematic diagram of the practical system.
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beam current of about 40 mA. In the reflector voltage supply a load resis
tance R (=18 k&2, 10°W) is introduced as shown (the reflector hady
takes any current) to improve line regulation. The refiector voltage mey "
varied from © to — 300 V with the help of the * COARSE” and ° FINE
controls. A modulation switch SW, selects CW operatior, INTerne] of
EXTernal modulation of the klystron output. The CW operation i
indicated on the front panel by lighting uvp of the lemp L, Tk
monitor switch SW, permits the measuremert of the beam voltage (SW,
in position 1), the beam current (SW, in position 3), and the reflecty
voltage (SW, in position 5). From meter safety considerations, SW, i
made to select the alternate outlets.

The circuits are assembled on four 15cm X 10 cm printed circuit
boards and are fixed inside 2 25cm x 20 cm X 15 cm aluminium caing.
The complete klystron power supply system weighs about 4-8 kg and has
a power consumption of about 60 watts. A conventionzl klystron power
supply using vacuum tubes and having comparable characteristics his
30 em x 30 cm X 25 ecm overall dimensions and weighs about 10 kg and
has a power consumption of about 80 watts. A photograph of the system
is given in Fig. 5.

FiG,. 5, Photograph of the practical system,



facilities.

Solid State Power Supply for Klystrons 281

ACKNOWLED GEMENT

The authors are thankful to Prof. N. 8. Nagaraja, Chairman, Electrical
Commurication Engineering Departmenrt, for the facilities provided. They
are grateful to Dr. P. K. Murthy of R and M Lab. for providing the test

Mr. Shastry is elso thankful to the UGC for the award of

3 Research Fellowship to him.

L

"

3.

Schwartz, S.

Nowioki, J. R.

Millman, J. and Taub, H.

REFERENCES

Selected Semiconductor Circuits Handbook, 1960 John Wiley
and Sons, New York.

Power Supplies for Electronic Eguipment, 1971, Vol. 2,
Leonard Puablication, London,

Pulse, Digital and Switching Waveforms, 1965, McGraw-Hill,
Inc.



