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Abstract

Objectives. The ever-increasing demands on the technical parameters of microwave radio transmission devices
necessitate a search for ways of improving their efficiency and reliability, as well as means for reducing their weight
and size parameters. Since such requirements largely relate to secondary power supplies, the present work set out
to develop secondary power supplies for the cathode heating and bias circuits of a floating-drift multibeam klystron
capable of operating at a high potential of the klystron cathode and providing stable voltage in all operating modes.
Methods. In order to calculate the parameters of the resonant circuit, the first harmonic approximation method is used.
Results. Approaches for designing secondary supplies are described along with the method for developing the
cathode heating and bias supplies for a floating-drift multipath klystron. The calculation method used for testing
the design of the transformer windings is presented. The design avoids the use of chokes as separate elements
by integrating them inside a magnetic system and providing isolation by high potential of the secondary winding.
The results of testing the power supply using complex test bench waveforms are given along with the main obtained
parameters. The operation of the power supply is demonstrated in switching mode at zero voltage for the minimum,
nominal, and maximum input voltages in the range of the inductive resistance of the circuit when the voltage phase
precedes the current phase.

Conclusions. The calculated efficiencies of the presented cathode heating and bias supplies are 85% and 92%,
respectively. The developed supplies, which have smaller dimensions than their transformer analogues, allow
a stable output voltage to be maintained when the input voltage varies, while the use of the soft start method allows
the life of the klystron to be extended.
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Pe3iome

Llenu. MocTosiHHO pacTylime TpeboBaHNS K TEXHUYECKUM NapameTpam paamnornepesaroLmx CBepPXBbICOKOYaCTOT-
Hbix (CBY) yCcTpOMCTB BbI3bIBAIOT HEOOXOAMMOCTb MCKaTh CNOCOObI MNOBLILLEHUS X 3PPEKTUBHOCTU U HAAEXHOCTU,
a Takke yMeHbLUEeHNs MaccorabapuTHbIX nokasartenen. 9tn TpedoBaHns B 3HAYMTENbHON MEPEe KacalTcst UCTOY-
HWKOB BTOPWYHOIO aiekTponuTanus. Llenbio gaHHo paboTel sBnseTcs padpaboTka MCTOYHUKOB BTOPUYHOIO 3N1eK-
TpONUTaHUS Lenen Hakana u CMeLeHNs Ans NPOoSeTHOro MHOMOY4EeBOro KIMCTPOHA, CNOCOOHbLIX paboTaTb Nnog,
BbICOKMM MOTEHLMANIOM KaToa KNMCTPOHa 1 obecneynBaTb CTabubHOE HanpsiXXeHe BO BCEX PabOoUnX pexmmax.
MeToabl. [1ns pacyeTa NnapaMeTpoOB PE30HAHCHOI0 KOHTYPA UCMOJIb30BaH METOZ, annpokcuMaLLMy nepeoii rapMo-
HUKN.

PesynbTaTtbl. OnNncaH MeTof paspaboTky MICTOYHNKOB BTOPUYHOMO 3N1EKTPONUTaHUS, pa3paboTaHbl MICTOYHWKM M-
TaHWS Hakana 1 CMeLLEHMS 1St NPOSIETHOrO MHOIONY4EBOro KNncTpoHa. MNMpeacTaBneH MeTos pacyeTa 1 anpobu-
poBaHa KOHCTPYKLUMS 0OMOTOK TpaHchopmMaTopa, NO3BONSOLLME 0TKAa3aTbCs OT MUCMOJIb30BaHUS ApPOCCeNel Kak
OTAEJbHbIX 3JIEMEHTOB MYTEM UX MHTErpauumn BHYTPY OOHOM MarHUTHOW CUCTEMbI M 06EeCnevnTb Pa3BA3Ky Mo Bbl-
COKOMY MOTEHLMaNy BTOPUYHON 0OMOTKN. [poBeaeHbl UCMbITAHNSA UCTOYHMKA MUTAHUS B COCTaBe KOMIMJIEKCHOIO
ncnbITaTeNIbHOr0 MOAENINPYIOLLEro CTEHAA, NOJyYEHbI OCLIMNONPaMMbl OCHOBHbIX NapameTpos. MNokasaHa pabo-
Ta UCTOYHUKA MUTAHUS B PEXMME NEPEKIIIOYEHMNS NMPU HYIEBOM HaNPSXXeHUN O MUHUMAbHOIro, HOMUHANBHOIO
N MaKCUMasnbHOro BXOLHOIrO HanpskeHns B 061acT ¢ MHOAYKTUBHBLIM COMPOTUBAEHNEM KOHTYpa, koraa dasa Ha-
npsxeHus onepexaeT ¢asy Toka.

BbiBoabl. KOadbdunumeHTbl NOAE3HOrO AENCTBUSA UCTOYHUKOB Hakana 1 cmewenua coctasmnm 85% n 92% coort-
BETCTBEHHO. Pa3paboTaHHble NCTOYHUKM UMEIOT MEHbLUNE rabapuTbl MO CPABHEHMIO C TPAHCHOPMATOPHLIMU aHa-
ioramm 1 No3BONSIOT NOAAEPXKNBATL CTAOUNIBHOE BLIXOOHOE HAMPSXKEHWE MPU USMEHEHUM BXOAHOMO HaMNpsiXeHs,
a 1cnonb30oBaHMe MeToAa NJIaBHOMo Nycka No3BOIUT NPOAJINTL CPOK CNYXObl KIMCTPOHA.

KnioueBble cnoBa: npeobpa3oBaTeslb HaMNpsKeHWsi, Pe30HaHCHbIM npeobpa3oBaTesb, 3NIEKTPONUTaAHNE
CBY-ycTpoiicTB, MMNYNbCHBIM TpaHCcHOPMaTop, KIIMCTPOH
* Moctynuna: 11.02.2024 » flopa6oTaHa: 14.06.2024 ¢ MpuHaTa kK ony6nukoeaHuio: 11.12.2024

Ona untnposanusa: Xadpuszos [.P., Jlobos W.H., ®etucos JI.lO. Pe30HaAHCHbIN WUCTOYHMK SNEKTPOMNUTaAHUSA O
MOLLHbIX CBEPXBbICOKOYACTOTHbLIX YCTPOWCTB. Russian Technological Journal. 2025;13(1):103-114. https://doi.
org/10.32362/2500-316X-2025-13-1-103-114, https://elibrary.ru/UORVPM

Mpo3payHocTb GMHAHCOBOW AEATENIbHOCTU: ABTOPLI HE UMEIOT PUHAHCOBOW 3aMHTEPECOBAaHHOCTM B NPEeACTaBNEH-
HbIX MaTepuanax uam meTogax.

ABTOPbI 3a9BNSIOT 06 OTCYTCTBUM KOHMMKTA MHTEPECOB.
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INTRODUCTION

Klystrons and travelling wave tubes are powerful
amplifying microwave radio transmission devices
that convert electron flux into microwave oscillation
energy [1]. These devices are used as output power
amplifiers in radio transmitting equipment [2—4]. The
ever-increasing requirements for the specifications of
microwave radio transmission devices necessitate the
search for ways to improve their efficiency and reliability,
as well as to reduce their weight and size parameters.
These requirements are largely related to the secondary
power supplies.

Today, power supplies for microwave equipment
use network transformers operating at frequencies
of 50 and 400 Hz. The major disadvantage of such
power supplies is their large overall size, as determined
by the size and weight of the power transformer, filter,
and voltage stabilizer components. Voltage stabilizers
are used to maintain high stability of the output voltage
in the secondary circuit with some reduction in the
efficiency of the source.

The most commonly used devices are pulsed power
supplies in which voltage stabilization is provided
by the control circuit to regulate the power transfer to
the transformer on the primary side. The use of high
frequency pulse transformers, which can operate at
frequencies above 10° Hz, allows the overall size of the
device to be reduced; as compared to a mains transformer
having the same total transformer core power, the weight
and size of a pulse transformer is significantly less.

Pulse-width modulation (PWM) converters are used
as the basis for switching power supplies that convert
the rectified mains voltage into a square-wave pulse
voltage allowing the output voltage to be regulated by
changing the duration of the pulses. PWM converters
are characterized by abrupt changes in current and
voltage, which cause high switching losses and limit
the upper operating frequency of the converter. On the
other hand, large rates of change in current and voltage
cause electromagnetic interference in a wide range of
the spectrum, thus precluding the use of pulse power
supplies for high power microwave devices [5].

The aim of the present work is to develop secondary
power supplies for the cathode heating and bias circuits of
a floating-drift multibeam klystron capable of operating
at high klystron cathode potentials of about 25 kV.

RESONANT POWER SUPPLIES

A resonant converter power supply, whose output
voltage is almost sinusoidal due to the use of an LC circuit
in the converter, avoids the disadvantages described
above by reducing the noise level in comparison with
PWM converters [5, 6]. At the same time, the use of

resonant circuits makes it possible to implement the
zero-voltage method for switching transistors when
the in-phase circuit current lags behind the voltage to
significantly reduce switching losses [7]. While resonant
converters have various topologies, they are all based on
a similar operating principle [8].

A series-parallel LLC converter is described in [9].
The series-parallel resonant converter is a preferred
topology in the design of high voltage power supplies
due to its ability to smoothly switch over a wide range
of operating frequencies [10]. The circuit diagram of
a half-bridge resonant LLC converter is shown in Fig. 1.

The circuit contains the input voltage source V,,
transistors VT1 and VT2 connected by a half-bridge
circuit, resonant capacitor C, series inductor L,
transformer T with ratio »n and shunt parallel
inductor L. In practice, the parallel inductance can
be eliminated from the circuit as a separate physical
element. This can be achieved by using the intrinsic
magnetizing inductance L of the transformer, whose
value is achieved by introducing an air gap in the
transformer core as discussed later. The secondary
voltage is rectified by diodes VD1 and VD2 and then fed
to a capacitive smoothing filter formed by capacitor C1
and resistor R1 as an equivalent output load. For high
secondary current values, synchronous rectifiers with
field MOSFETs' are used as voltage rectifiers. Due
to the low resistance of the drain-to-source channel,
these rectifiers are more efficient than diodes [11]. The
soft-start method is used to limit the inrush current at
switch-on [12, 13].

VT1
c L T VD1
H Control - —bt
circuit Ly, th R
l 2 (L) 35" vD2

Fig. 1. Circuit diagram of a resonant half-bridge
LLC converter. Here and in the following figures,
the designations of the circuit elements correspond
to those adopted in GOST 2.710-812

In the resonant circuit, the current lags behind the
voltage. This allows transistors to switch at zero voltage
while current flows through the antiparallel diode of the
transistor [14]. The sinusoidal voltage is applied to the
load via the transformer. The output voltage is adjusted
by changing the operating frequency of the transistors,

I Metal-oxide—semiconductor.

2 GOST 2.710-81. Interstate Standard. Unified system for
design documentation. Alpha-numerical designations in electrical
diagrams. Moscow: Izd. Standartov; 1985 (in Russ.).
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thus changing the operating mode of the converter. Due
to the presence of both series and parallel components,
the converter has a lower and an upper resonant
frequency [15]. The lower frequency is determined by
the elements L and C, together with the value L _, while
the upper frequency is due to the elements L_and C..

RESONANT CIRCUIT CALCULATION

The cathode heating power supply parameters
are calculated using the first harmonic approximation
method [16]. The power supply is fed from the
220V £ 10% mains at a frequency of 400 Hz. The
output voltage of the source is (13 £ 0.5) V, while the
nominal current is 12 A, and the maximum current
does not exceed 15 A. The transformation ratio n at the
nominal input voltage is determined when the transfer
coefficient M of the circuit is equal to one.

V. /2
n=M-0_"=12, (1)

out

where nominal input voltage V, = 311 V and output
voltage V=13 V.

The equivalent alternating current resistance R, is
defined in the following way:

8n2V .
=——L =126 Ohm. )

T Iout

ac

The following expressions are used to determine
the maximum and minimum values of the transmission
coefficients:

nl :
M. = out_ min _ 0.87, (3)
e Vin_max /2
nV
out _max
=———=1.15, @)
e Vin_min /2
where Vout_min =125V, Vout_max =135V, Vin_min =279,
Vin max 341 V.

The resonant frequency of the circuit is determined
by the following equation:

1
S = 2n\L.C, ' )

The operating frequency of the power supply
which is chosen on the basis of the specifications for
the design of the source for the radar station, must not
exceed 100 kHz.

The resonance frequency value 1is chosen
such that the resonance capacitor capacitance 1is
equal to or a multiple of the standard value, e.g.,
E24 series. The resonance frequency chosen is
/=80 kHz.

The following equation determines the capacitance
value of capacitor C.:

1

C. =——=22nF, 6
" 2nQfR,, ©

where the quality factor (Q factor) of the circuit is
0 = 0.7, while the switching frequency is /= 80 kHz.

The O value is selected on the basis of the
maximum and minimum transmission coefficient. This
is done by plotting several transmission characteristics
with different O values on the same graph. On this
graph, horizontal lines are drawn corresponding to
the maximum M_, and minimum M, transmission
coefficients. The transmission coefficient curve
is selected from those plotted that intersects both
horizontal lines in the selected frequency range is
selected.

High QO wvalues reduce the peak transmission
coefficient. However, a reserve of approximately 15%
of the peak transmission coefficient is required to
ensure zero voltage switching over the entire operating
frequency range. The optimum value is therefore
0=0.7.

The inductance L is calculated using the following
equation:

1
L =——=181pH. 7
T i (7
To simplify inductance calculations, L and L,

are combined into a total inductance parameter. Total
inductance is defined as follows:

L
[ ="m, )
n Lr

The L, value is selected by plotting the circuit
transfer coefficient curves for different L values. As
L, decreases, the peak transfer coefficient increases
along with a decrease in the magnetizing inductance
and increase in the magnetizing current; therefore, the
optimum value of L, = 3..7. In the calculations, the
value L, = 3 and the value of the magnetizing inductance
L. =543 pH are used.

The following expression can be used to analyze
changes in the transfer characteristic when the resonant
circuit parameters are changed:
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| LyJ3 |
M — nJsn ,
(L, + D f2 =11+ JI(f2 -1/, 0L, |

)

where f is the ratio of switching frequency f to the
circuit resonant frequency f,

Jo= (10)

L
,

With known values L, C, and R, the circuit

O factor is defined as follows:

L. 1 C
Q=%- an

ac

ac’

The transfer characteristics of the converter are
plotted for different circuit O factors using the above
equations (Fig. 2).

M
1.4

1.2
1.0
0.8

0.6
o4 oos —a-o7|
02| M e

el - Miax — Main

ok
0.25 0.50 0.75 1.00 1.25 1.50 f

Fig. 2. Circuit transmission coefficient as a function
of the circuit Q factor (current frequency normalized
to the resonant frequency)

Depending on the region of the transfer characteristic
in which the converter operates, different switching
modes can be implemented: at zero current and at zero
voltage [17]. If the operating frequency of the converter
is to the left of the peak factor M, the converter operates
in the region where the capacitance of the converter is
primary. However, when operating with a capacitive
load, the current in the circuit is ahead of the voltage
and the zero-current switching mode is implemented.
Operating in this region results in high losses due to
the transistors switching under harsh conditions. If the
operating frequency of the converter is to the right of
the peak factor M, the inductive impedance is dominant.
However, when operating in the inductive region,
the voltage in the circuit is higher than the current.
Therefore, it is in this operating region that the zero-
voltage switching mode is implemented, allowing the
transistors to switch with minimum loss. Consequently,
the optimum operating region of the converter is to the
right of the peak factor M.

INTEGRATED MAGNETIC SYSTEM

The resonant circuit consists of three electromagnetic
components comprising a transformer T, parallel
inductor Ly, (L), and series inductor L. Although each
of these components is manufactured on a separate core
(magnetic core), it would be more rational to integrate
them in a magnetic system based on a transformer.
The possibility of integrating the components within
a magnetic system is justified by the equivalent circuit
of a two-winding transformer in which the output load is
reduced to the primary winding [18]. The inductance L,
can be replaced by the scattering inductance Lg, of
the primary winding while the parallel inductance L,
can be replaced by the transformer magnetizing
inductance L_ [19].

For correct operation of the circuit while preserving
the possibility of implementing switching at zero voltage,
the magnetizing inductance should be within (3...8)L..
This can be achieved by introducing a nonmagnetic
gap in the transformer. The core used in the calculation
is the Epcos core N87 (size ER 42/22/15, magnetic
permeability p = 2200, and saturation induction
B,=0.49T).

The magnetizing inductance for gap transformers is
defined as follows [20]:

2
I = HesrHo VTS
m Z 4
av

(12)

where g is the effective magnetic permeability; p, is
the magnetic constant; N, is the number of turns of the
primary winding; S, is the cross-sectional area of the
magnetic core; [, is the length of the central line of the
magnetic core.

The effective magnetic permeability is the magnetic
permeability of the core material with a gap, which is
defined as follows:

(13)

where p is the magnetic permeability of the material,;
/ . is the length of the nonmagnetic gap.

The number of turns of the primary winding is
determined by the following equation:

= o V), (14)
2frninA/[minBSc

where the direct voltage drop across the rectifier diode
V= 0.6V, the minimum operating frequency f, . = 72 kHz,
and the value of maximum induction B=0.4T.
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The minimum operating frequency /., is determined
from the graph (Fig. 2).

The value of the maximum induction is determined
from the value of the core saturation induction using the
following equation:

B=08B,=04T. (15)

Taking into account the transformation ratio, the
number of secondary winding turns N, = 2.

Substituting (13) into (12), the value of the
nonmagnetic gap is calculated to obtain the required
magnetizing inductance, as follows:

2
_ NS, oyl 0.11 mm

/ 16
\ e (16)
where the cross-sectional area of the magnetic core
S, =170 mm?, and the length of the center line of the
magnetic core /,, = 99 mm.

The scattering inductance of the primary winding is
that part of the inductance which is not connected by the
common magnetic flux to the secondary winding and the
magnetic core, while the magnetic flux is short-circuited
through the air. For /- and U-shaped magnetic circuits, the
scattering inductance can be calculated using the following
equation for an inductor without a magnetic core:

lVLONIZSi.s.
h

W

Ly = , (17)

where the area of inductive system S,  is the effective
area covered by the current, excluding the magnetic core
area; h,, is the winding height.
The effective area is determined by the following
equation:
S =1 )

1.s. wl_av-wl?

(18)

where lwule is the average primary winding turn length;
d,,; is the distance from the average primary winding
turn to the magnetic core.

Fig. 3. Winding arrangement
of the cathode heating transformer

Equations (17) and (18) show that in order to increase
the scattering inductance, it is necessary to separate the
primary and secondary windings on the transformer
frame by increasing the number of turns of the winding
and its thickness, as well as reducing the length of the
winding on the magnetic core.

The scattering inductance close to the calculated
value can be obtained by using the sectional winding
method shown in Fig. 3. Unlike the winding method,
where the primary and secondary windings are
layered along the entire length of the frame, the
sectional method gives the highest value of scattering
inductance.

Once the transformer has been wound, it is necessary
to check that the inductance of the primary winding is
equal to the value of the total inductance L + L. If it
differs from the calculated value, the difference can be
compensated by adjusting the core gap. The next step
is to check that the value obtained for the scattering
inductance is within 10% of the calculated value. This
is done by short-circuiting all the output windings and
measuring the inductance of the primary winding. If the
measured value differs from the calculated value by more
than 10%, the transformer should be remanufactured.
If all parameters match the calculated values, the
transformer is suitable for use.

While the primary and secondary sectional
winding method is suitable for achieving relatively
low output voltage levels, it is not suitable for
achieving the high voltages required by bias sources
where output voltages can range from units to tens
of kilovolts and ensuring electrical robustness is of
paramount importance.

For high voltage levels, a U-shaped core is used
with the primary and secondary windings separated by
a certain distance. The primary and secondary windings
are fixed on opposite core bars, while the secondary
winding is divided into separate sections. After winding,
the transformer windings are filled with insulating
compound (Fig. 4).

Fig. 4. Example of high voltage transformer layout
for powering the klystron bias circuit
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TESTING THE DEVELOPED SOURCE

The cathode heating and bias power supplies for the
floating-drift multibeam klystron are designed according
to the described method.

The source of the cathode heating circuit has
the following parameters: cathode heating voltage
U, pihheat = 13 Vs nominal cathode heating current
I pih heat. = 12 A; resonance capacitor capacity C, = 22 nF;
resonance inductance L =182 uH; and resonance
frequency f =80kHz. The soft start method is
implemented in the source to extend the life of the klystron.

Theklystron bias source provides voltage U, ;, =6 kV
at a current not exceeding than ,;, = 100 mA, resonant
frequency f, = 80 kHz, resonant capacitor capacitance

C. = 68 nF, and resonant inductance L = 58 pH.

The development of such a source is complicated by
the electrical robustness of the transformer at the high
potential of the secondary winding, which is below the
cathode potential of about 25 kV. This is achieved by
filling the transformer with a compound. For the cathode
heating transformer, the secondary winding is made of
high-voltage conductive wire with combined insulation
to increase the electrical strength. The electrical strength
of the insulation between the primary and secondary
windings is tested at 30 kV on an electrical breakdown
system. The source parameters are measured. Waveforms
showing the klystron cathode heater operation are
presented in Figs. 5 and 6. Waveforms of the converter
operating at the nominal input mains voltage are shown
in Fig. 5; here, the yellow line (/) represents the voltage
at the current sensor with a resistance of 0.51 Ohms (the
vertical line is the voltage on a scale of 1 V/div), the green
line (2) represents the voltage at the resonance capacitor
(the vertical line is the voltage on a scale of 150 V/div),
while the red line (3) represents the drain-to-source
voltage of the upper transistor VT1. The horizontal line
shows the time on a scale of 5 ps/div. It is clear from
the waveforms shown that the voltage phase is ahead of
the current phase and that the circuit is operating in the
inductive region. Since the mains input voltage is stable,
the converter operates close to the resonance frequency
/= 80 kHz, which corresponds to the calculated values.
In this mode, there is no need to change the operating
frequency since the inverter parameters do not depend
on the power consumption.

The transistor switching waveforms and the current
sensor voltage at the input mains voltage of 198 V are
shown in Fig. 6. The red (/) and yellow (2) lines represent
the drain-to-source voltages of the upper VT1 and
lower VT2 transistors, respectively (vertically, the
voltage is on a scale of 200 V/div). The green line (3)
shows the voltage at the current sensor (vertical is the
voltage on a scale of 2 V/div). The horizontal line shows
the time on a scale of 5 ps/div.

Fig. 5. Waveforms of the converter operating
at rated input voltage

_J;fiﬁm

Fig. 6. Transistor switching waveforms
at minimum input voltage

Similar to Fig. 6, Fig. 7 shows the inverter operating
at maximum input voltage, which is 242 V.

Fig. 7. Waveforms of the inverter operating at maximum
input voltage

The zero-voltage switching mode is always
implemented; the output voltage is maintained at the set
level when the inverter is operated with different input
voltages.
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The operation of the converter can be divided into
the following four stages:

1. Transistor VT1 is opened, the transformer primary
current /; flows through the resonant circuit, and
resonance occurs. When the resonance ceases, the
current drops to the magnetizing current /_.

2. Transistor VT1 is closed. The magnetizing
current [ continues to flow through the body diode
of transistor VT2.

3. Transistor VT2 is opened, the energy stored in
capacitor C, generates current /; in the reverse
direction, and the magnetizing current [ crosses
the zero point and increases in the reverse direction.
Resonance occurs. When the resonance ceases, the
current drops to the magnetizing current /.

4. Transistor VT2 is closed, and the magnetizing
current /| continues to flow through the body diode
of transistor VT1. Transistor VT1 opens and the
process is repeated.

In step 2, current flows through the body diode
of transistor VT2, then the transistor opens when its
drain-to-source voltage is close to zero (zero voltage
switching). Similarly, transistor VT1 switches at zero
voltage in step 4.

The measured efficiencies of the cathode heating
and bias sources are 85% and 92%, respectively.

The prototype model of the resonant power supply
is tested in the laboratory as part of the complex test
simulation test bench for the radio transmitter of the

multifunctional radar station. The functional scheme of
the test bench is shown in Fig. 8.

In the initial state, a bias voltage of —6 kV
is applied to the CE klystron via the R2 resistor
assembly, and the klystron is locked. The voltage at
the CE with respect to the collector =30 kV is the
sum of the voltages of the cathode and bias supplies
connected in series. After the control pulse in the
modulator opens the start-up channel, the klystron
opens and amplifies the input microwave signal.
The voltage at the CE with respect to the collector
is =24 kV. At the end of the control pulse, the start
channel closes, the breakdown channel opens,
a voltage of =30 kV is applied to the CE with respect
to the collector, and the klystron closes. This process
is shown in the waveform in Fig. 9.

The red (bottom) line shows the voltage at the CE
relative to the klystron collector (vertically, the voltage
is on a scale of 5 kV/div). The violet (top) line shows the
envelope of the microwave output signal (vertical is the
voltage on a scale of 5 V/div). The horizontal line shows
the time on a scale of 2 ps/div.

From the depicted waveforms, it can be seen that,
when the klystron is locked, the voltage at the CE
is —29.75 kV and stable at the specified level. The
microwave output power of the klystron, which is
also stable, meets the specified nominal power. It can
therefore be concluded that the developed sources are
suitable for use in prototype radio transmitters.

: 24 kV
6 kV bias voltage source Modulator
VT1 VD1
T X 7 Start-up
C L * 4 channel | 1
+Vin |Control ! r % : HH — -
circuit L & 3 Micro-
12 (LSh) wave
m
[ (1 VD4 Control output
| X & circuit R1 D
d R VL1
1n ‘zs i Jg
Breakdown E
. channel R2
Cathode heating voltage source
VT1
v Control C, L, T VD1
* Vin ontro ~r — bt
circuit L ; l
o =S
VT2 (L) 38
e weel| |
] n:1

Fig. 8. Functional scheme of the test bench.
CE is the control electrode; H is the heater; HC is the heater-cathode; C is the collector; VL1 is the klystron;
R1 is the current limiting resistor assembly; R2 is the bias pull-up resistor assembly;
U, is the power supply voltage of the klystron cathode
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N1/AX = 165.02kHz

) Nlode ) Source Q) Cursors
Manual X2

WAY{(") = 29.6250kV

Y1: -29.7500kV
Y2: -125.00V

Fig. 9. Klystron operation

CONCLUSIONS

In the present work, a method for designing
secondary power supplies for a vacuum microwave
amplifier is proposed. The theory and calculation method
of the resonant LLC source is presented. A method for
calculating and carrying out transformer winding is
discussed and tested. This method avoids the use of
inductors as separate elements by integrating them into
a magnetic system and providing decoupling by the high
potential of the secondary winding.

The power supply is tested as part of a radio
transmitter test bench complex. Waveforms of the

cathode heater converter at minimum, nominal, and
maximum input mains voltage are obtained. It is shown
that the source operates in switching mode at zero
voltage in the inductive region. The efficiencies of the
cathode heating and bias sources are 85% and 92%
respectively.

The developed power sources are smaller than
transformer analogues and can maintain a stable output
voltage when the input voltage changes, while the use of
a soft start-up can help to extend the life of the klystron.
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