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Abstract

This research proposes a pulse power supply circuit
method that can output relatively long pulse and low ripple
voltage waveforms for the purpose of accelerator applica-
tion. In this study, firstly, based on the theoretical calcula-
tion and the principle of the circuit, the determination
method of the parameters of each component in the circuit
is discussed. Then, based on the standard of the pulsed
power generator for klystron currently on the market, the
parameters of each element of the test circuit were set, and
the simulation was performed using LT Spice. After con-
firming that this circuit is theoretically feasible by simula-
tion, we made a test circuit of one unit and evaluated its
operating characteristics. As the result of conducting a
demonstration experiment at a switching frequency of 50
kHz, it was confirmed that the ripple at an output voltage
of 400 V, an output current of 80 A, and a pulse width of
0.5 ms was about 1.5%. From the experimental process of
this research, it was confirmed that there are problems that
the magnetic field coupling phenomenon due to the current
change in the charging circuit and the discharge capacity
discharge rate affect the output in the task of further reduc-
ing the ripple. Further, since the circuit increases and de-
creases periodically, there is a possibility that the ripple can
be further reduced by controlling the phase between the
multi-stage pulse power circuits.

INTRODUCTION

The International Linear Collider (ILC) will use a 10
MW multi-beam klystron as the microwave source. As
shown in Table 1, the power supply of the multi-beam klys-
tron is required to have a high-precision and long-pulse
power supply as compared with a general high-voltage
pulsed power generator. The output pulse is required to
have a voltage of 120 kV (&£ 0.5%), a current of 140 A, a
pulse width of 1.7 ms, and a repetition rate of 5 pps. When
a pulse transformer is used as the power supply, it is neces-
sary to use a large core, which increases both the size and
cost and slows down the start-up. As a method that does
not use a pulse transformer, a method that uses a Marx gen-
erator is useful [1-3]. The ILC plan shows us the demand
of the next generation accelerator for long pulse and low
ripple pulsed power generator, so it is very meaningful to
develop a pulsed power generator that can meet such re-
quirements. This may not be for the needs of the ILC plan,
but to adapt to the development of accelerators. Therefore,
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We propose a new pulsed power circuit to realize the re-
quirements of long pulse and low ripple as an another
choice.

Table 1: Specification of Pulsed Power Supply [4]

Output Voltage -120kV
Output Pulse Flat-top <=+0.5%
Output Current 140 A
Pulse Width (flat-top) 1.65 ms
Pulse Repetition Frequency 5Hz
Rise time and Fall time <0.1 ms
Energy deposited into klystron during <201

a gun spark

CIRCUIT METHOD FOR REALIZING
LOW RIPPLE AND LONG PULSE HIGH
VOLTAGE POWER SUPPLY

Structure and operation of the proposed circuit

Figure 1 shows the circuit of pulsed power generator of
one unit proposed by us. The idea of the circuit is to dis-
charge every two stages alternately in Marx pulsed power
generator, and then charge one stage during the period
when it is not discharged, so as to compensate for the volt-
age drop caused by capacitor discharge. In the circuit dia-
gram, we regard the two-stage Marx power supply circuit
and their common charging circuit as the pulse power cir-
cuit of one unit proposal. The common charging circuit is
composed of charging capacitor, switch, current limiting
inductance and Compensation Diode. The charging switch
uses PWM control signal to ensure that the amount of
charge consumed by C1 and C2 each discharge is accu-
rately supplemented in each charging. The charging and
discharging process of the circuit is also shown in Fig 1.
The green line indicates the charging process, and the red
line indicates the discharging process. The capacitors C1
and C2 are continuously discharged and charged alternately,
and the current waveform of long pulse and low ripple is
output to the load. The magnitude of the ripple is theoreti-
cally determined by the voltage drop caused by each dis-
charge of C1 and C2. Figure 2 is the waveform diagram of
the theoretical output voltage.

The technical topics of the circuit system include main-
taining the continuity and stability of the output voltage
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during capacitor interactive discharge, and controlling the
speed and accuracy of pulse charging.
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Figure 1: Circuit diagram of the proposed pulsed power
circuit of one unit.
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Figure 2: Theoretical output of the proposed circuit.

Structure and operation of the proposed circuit

1) Design of capacitance C1 and C2
In general, the capacity of capacitor C1 and capacitor C2
and the switching frequency are determined by the size of
the target ripple. Theoretically, the ripple is the ratio of the
voltage drop generated by each discharge of the capacitor
to the output voltage. It can be predicted that there are more
factors causing larger ripple in practice, so the theoretical
ripple size in the design stage is better than the target ripple.
For example, when the ripple size below + 1% is required,
the voltage drop caused by each discharge of the capacitor
shall be less than 2% of the output voltage. If the design
voltage drop is 1%, the relationship between the capaci-
tance and the switching frequency can be determined by
the following formula.
_Yr
(1—1%)Uy = Uy X e RC (D
Where UO is the voltage at the beginning of each dis-
charge of C1 and C2, f'is the switching frequency, R is the
size of load resistance, and C is the capacity of C1 and C2.
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When the switching frequency is high, the capacity of the
required capacitor can be reduced, but it is still necessary
to ensure that the charging can be completed during the non
discharge period of the capacitor, which requires the charg-
ing switch to bear more current.
2) Design of charging circuit

Compared with the design of discharge capacitance, the
calculation of charging circuit design is much more com-
plex. The voltage difference between capacitor C0O and ca-
pacitor C1 or capacitor C2 and the size of current limiting
inductance will affect the charging current. Moreover, the
voltage difference between capacitor CO and capacitor C1
or capacitor C2 will continue to decrease with the dis-
charge process, and the decreasing speed is related to the
capacity of CO0. In addition, the charging time is limited to
the period when the capacitor is not discharged and the
charging current shall not exceed the rated range of the
switch. Figure 3 shows the waveform of theoretical charg-
ing current. The circuit equation of the charging circuit is
also shown in the figure.

L
: Ia V==
| | Ip(l) ........

VO'I C Vi | G Ip(Last) """" dl v,
1st - E = T

ar_Vo—Vvy | Last

dt L

At(Last) t

Figure 3: Theoretical charging current.

For the current waveform of the last discharge, the fol-
lowing equation can be listed. Since there is a compensa-
tion diode in the circuit, the amount of charge supple-
mented for each charge does not come entirely from CO.
Assuming that half of it comes from CO0, the relationship
between the amount of charge compensated for each time
q and the charging time and peak current is shown in the
following formula.

1 Last
EIIE IpapLast) — q )

The relationship between CO voltage VO and C1 or C2

voltage V1 and charging time, peak current and inductance

L is shown in the following formula.
LIIELaSt) LI;)Last)

+ — At(LaSt) 3
VO(LQSt) _ V1 Vl ( )

Similarly, for the current waveform of the first charge,
the following relationship can be listed.

(1st) (1st)
LI, L,
Vo(lst) _ V1 1’4

= At(lSt)

1st

1§
Where L is the inductance, is the peak current during the
first charging, is the voltage at CO at the beginning of the
first charging, V1 is the voltage of C1 or C2, and is the
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total time of the first charging process. The relationship be-
tween and is shown in the following formula.

Q
Vo(lst) — %(LaSt) + Z_CO (5)
Where Q is the amount of all charges consumed by dis-
charge on the load, and CO is the size of capacitor CO.
Through the relationship of the above formula, the relation-
ship between the voltage difference between CO and capac-
itor C1 or capacitor C2, the inductance, the amount of
charge consumed by each discharge and all charges con-
sumed by discharge on the load can be obtained when the
charging time is limited to the period when the capacitor is
not discharged and the peak current does not exceed the
rated current of the switch. The specific optimal parameter
selection should judge which parameter has high priority
according to the actual situation, and even decide with the
help of a large number of calculations by computer.

SIMULATION RESULTS OF TEST CIR-
CUIT

We designed a prototype pulsed power circuit with the
goal of ripple £ 1%, pulse width of 500 ps and output cur-
rent of 80 A when the switching frequency is determined to
be 50 kHz. While completing the verification experiment,
try to realize the commercial standard ripple size and sub
era standard pulse width on the prototype circuit.

Considering the energy loss in the circuit, we temporar-
ily selected the CO size 220 pF method, the charging volt-
age 750V, the load resistance 5 Q and the inductance size
5.33 pH to make the prototype circuit.

Before the experiment, the feasibility of the proposed
circuit is analyzed by simulation. For the selection of sim-
ulation software, It spice software is selected for circuit
simulation. Figure 4 shows the circuit diagram used for
simulation. Considering the large output current and seri-
ous overvoltage caused by excessive filter capacitor, a fil-
ter inductance of 5 pH and a filter capacitor of 10 nF are
selected to further reduce the ripple.

€3 ~Rload

mj 5

Figure 4: Circuit diagram for simulation.

Figure 5 and 6 is the result of the simulated output volt-
age waveform. As shown in the figure, the ripple of the
output voltage waveform in the simulation is slightly less
than 1%, which is consistent with the result of about 1%
theoretical ripple in the theoretical calculation in the circuit
design stage. Since the charging speed is not carefully ad-
justed, the voltage waveform is not very smooth.
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Figure 5: Output voltage waveform of simulation.
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Figure 6: Amplified Output voltage waveform of simula-
tion.

Figures 7, 8, 9 and 10 respectively show the voltage
change of C1, the corresponding charging current wave-
form, the switch signal and the voltage change of CO, in a
charging and discharging cycle. From the figure, the work-
ing condition of the capacitor is consistent with the idea put
forward in the circuit conception stage. After one discharge,
capacitor C1 is pulse charged through CO and restored to
the voltage before discharge.
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Figure 7: Voltage change of C1 of simulation.
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Figure 8: Charging current of simulation.
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Figure 9: Switch signal of S3 and S1of simulation.
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Figure 10: Voltage change of CO of simulation.

TYPICAL EXPERIMENTAL RESULTS OF
PROTOTYPE CIRCUIT

Typical output of the test circuit

The typical output of the test circuit is shown in Fig. 11
and 12. As shown in Fig. 11, the shape of the output voltage
waveform of the trial circuit is basically consistent with the
simulation results. It has the characteristics of fast rising
speed and falling speed of long pulse power generator.
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Figure 11: Typical output voltage waveform of test circuit.
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Figure 12: Amplified typical output voltage waveform of
test circuit.

PASJ2021 WEP014

As shown in Fig. 12, the ripple of the waveform is about
1.5%, but some places have large noise due to the influence
of electromagnetic coupling, which may act on the probe
or directly on the discharge circuit. It has also been tried to
use C1 and C2 with larger capacity to reduce the ripple size,
but even if the capacity is doubled, the effect on ripple re-
duction is still small. As just mentioned, the reason why the
ripple can not reach the level of the simulation of the circuit
is mainly due to the influence of electromagnetic coupling
and capacitor discharge speed. Simply increasing the ca-
pacity can not solve the above problems, so the trial circuit
encountered difficulties in the experiment of further reduc-
ing ripple.

Although the problem of capacitor discharge speed is not
so easy to solve without greatly increasing the volume, the
problem of electromagnetic coupling can be expected to be
solved. Secondly, because the shape of the output wave-
form is periodic and similar to sinusoidal waveform, the
ripple can be reduced by phase control when forming a
multistage circuit. If successful, this will be expected to
achieve a ripple size of + 0.5%.

Efficiency of test circuit

By measuring the waveform of the output current and the
waveform of the capacitor CO, then integrating the charg-
ing current and calculating the change of the energy stored
on CO through the change of CO voltage before and after
the whole discharge process, and finally their ratio is the
efficiency of the test circuit. Figures 13 and 14 show the
waveform of output current and the waveform of CO volt-
age change respectively. The final calculated circuit effi-
ciency is about 72.8%. The energy loss of the circuit is
mainly composed of the loss caused by switching and the
resistance of the conductor.
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Figure 13: Typical output current waveform of test circuit.
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Figure 14: Typical output voltage waveform of test circuit.
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CONCLUSION

In this study, a new pulse power circuit for realizing long
pulse and low ripple is proposed and studied. Through the-
oretical calculation, software simulation, making test cir-
cuit and experiments, the following conclusions are ob-
tained.

Firstly, by discharging the two capacitors alternately and
then charging them during the period when they are not
discharged, the drop of output voltage generated in long
pulse capacitor discharge can be effectively suppressed.

Secondly, in the verification experiment, when the
switching frequency is 50 kHz, the output with current of
80 A, pulse width of 0.5 ms and ripple of about 1.5% is
realized.

Finally, the efficiency of the trial circuit was measured
to be about 73%.

Although the circuit still has some difficulties in further
reducing the ripple, it can be expected to obtain a more
practical ripple output by improving the magnetic field
shielding and phase control between multiple units. At the
same time, the voltage drop compensation of long pulse is
realized. Such long pulse low ripple voltage is likely to
play a role in the development of accelerator in the future,
so the further research of this circuit is also meaningful.
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