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Abstract: The excitation pulse current used to drive the railgun needs to present very a high mag-
nitude (hundreds of kA) flat-top with very low ripple. At present, the main method to obtain this
current is to increase the number of the capacitive pulsed power supply (PPS) modules. However,
low utilization and massive volume of the railgun system would occur with this method, hampering
the application of railgun. Therefore, the utilization optimization technology of PPS is researched in
this paper. In order to obtain highly stable flat-top current, the control strategy of the capacitive PPS
is designed, and a new charging voltage configuration is proposed, which significantly decreases
the use of the capacitive modules. Besides, a miniaturization transformation scheme of capacitive
PPS is proposed based on the control strategy. The result shows that the flat-top current ripple
has the biggest influence on the PPS utilization, and the smaller the flat-top current ripple, the
lower the utilization. When the current with 200 kA magnitude and 0.75% flat-top current ripple is
achieved, an 81.9% decrease of volume and a 428.7% utilization improvement are achieved through
miniaturization transformation.

Keywords: pulsed power supply; utilization; low current ripple; miniaturization

1. Introduction

As a kind of ultra-high-speed kinetic energy weapon, the electromagnetic railgun
has the advantage of insignificant launch characteristics and great launch speed. It can
be applied in many fields such as long-range fire support, air defense, and anti-missile
when deployed on chariot or warship [1]. Since the excitation current of the railgun is
powerful, a PPS that is charged by the primary power supply and discharged by the railgun
at high power is essential. According to the core component of the railgun system, the PPS
generally takes the most space. The utilization optimization technology of PPS has become
an important factor restricting the application of railgun, especially under the situation
where the energy storage density of power supply is difficult to achieve a breakthrough [2].

The PPS applied in railgun system mainly includes a flywheel generator, inductive
PPS, and capacitive PPS [3]. The flywheel generator has the highest energy storage density
and can output strong current continuously. However, the low power density and powerful
rotational inertia make it unsuitable for mobile platforms such as chariots [4]. The inductive
PPS has the advantage of high energy density and small volume, and mainly adopts the
Meat Grinder circuit to improve the current [5]. Therefore, the inductive PPS is greatly
affected by the coupling coefficient. Besides, the high voltage impulse caused by the
shutdown of strong current is inevitable, which hinders the engineering of the inductive
PPS [6]. The capacitive PPS has been most widely applied due to the simple structure
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and strong stability. Compared with the two PPSs, the energy density of capacitive PPS is
much smaller, so it is used in the form of capacitor bank to power the railgun generally [7].
However, this also brings a new problem: the capacitor bank takes too much space, as
shown in Figure 1. Therefore, reducing the volume of the capacitive PPS is crucial to
promote its application in railgun.

Figure 1. The capacitive PPS of 32 MJ of Green Farm in America.

It is essential to carry out the miniaturization design of the capacitive PPS according
to the requirement of excitation current. Previous research has shown that the railgun’s
projectile is subjected to stable accelerating force with the excitation of stable current, which
is beneficial to reduce the transition, so the excitation current is always adjusted to a square
waveform [8]. To obtain ideal current waveform, the most commonly used method is
to design the trigger strategy of the capacitive PPS [9-12]. Some researchers adopt the
genetic algorithm to optimize the trigger sequence and use the global search ability of the
algorithm to obtain the optimal solution [13-15], and the flat-top current with a ripple of
1.24% is achieved. Other researchers adopt the iteration-based method to calculate the
optimal trigger sequence. Zhang et al. introduced a current control strategy to keep the
current peak in each pulse the same [16] and obtained a strong current of 414 kA /3 ms.
Liu et al. also introduced one that keeps the current trough in each pulse the same [17],
improved it later, and successfully restricted the current oscillation within 590 kA and
600 kA [10]. However, the above achievement is at the cost of more than 20 capacitive
modules. The reason causing such a huge PPS system is that the energy actually used is far
below the rated energy of the PPS system [18]. Besides, there exists a common point that
the above researchers all adopted the consistent voltage charging method (CVCM), which
is a restriction for giving full play to the capacity of capacitive PPS and leading to more
modules, low utilization, and bigger volume.

Therefore, according to the requirement of railgun excitation current, this paper de-
signed the control strategy of the capacitive PPS. A numerical simulation was conducted,
and a highly stable flat-top current was obtained. Besides, the miniaturization transfor-
mation scheme of capacitive PPS was proposed based on the optimization results. The
research results show that the capacitive PPS utilization is significantly improved.

2. The Obtainment of Highly Stable Flat-Top Current Based on Capacitive PPS

Powered by the capacitive PPS, the excitation circuit topology of the railgun is shown
in Figure 2.

As shown in Figure 2, the circuit topology consists of several pulsed forming units
(PFUs), including the capacitor C;, the thyristor switch TH;, the current limiter L;, and the
freewheeling diode. R; is the resistance of the current limiter, D; is the freewheeling diode,
Rs; is the on-resistance of D;, Ry,,4 and Ly, are the respective equivalent resistance and the
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inductance of the railgun, and I; is the current supplied by the i-th PFU. Line resistance and
line inductance are considered by adjusting the magnitude of L;, R;, and Rs;. During the
working process of the circuit, the high voltage charger is firstly used to charge i-th PFU to
a high voltage U;, and then the thyristor TH; will receive the trigger signal and conduct at
the moment ¢;. In this way, the sequence discharge of the capacitive PPS is achieved.
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Figure 2. The excitation circuit topology of the railgun.

2.1. The Mathematical Model of the Load Current

For a single PFU, depending on whether the capacitor voltage reverse, the discharging
process can be divided into two stages: the capacitive energy release stage and the free-
wheeling stage. The output current can be solved by the analytic method easily. However,
the discharging process of different PFU will overlap during the working process of the
whole capacitive PPS system, which causes difficulty in adopting the analytic method.
Previous research has shown that the numerical method is accurate and effective when
working on the complex circuit method. Therefore, based on the numerical method, this
paper developed the mathematical model of the discharging process. According to the
Runge Kuta algorithm, if the dI;,,;/dt is already known, the load current can be solved by
setting the appropriate time step.

Assume that n PFUs are in the freewheeling stage and m PFUs are in the capacitive
energy release stage at some point; then, the circuit can be simplified as Figure 3 shows.
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Figure 3. The simplified circuit.
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In Figure 3, each PFU will form a loop circuit with the load. According to the Kirchhoff
law, the general formula of the circuit loop formed by the PFU in the freewheeling stage
can be expressed as follows:

dI; dl .
Rsili + Li—2- + Rili + RigadToad + Lload% =0 (1<i<n) )
The general formula of the circuit loop formed by the PFU in the capacitive energy

release stage can be expressed as follows:

1t dI; K .
E/t Lidt + LiE + Ril; + Rioadliond + Lioad Frt Ui (n+1<i<n+m) )
1 i

The relationship between the branch current and load current can be expressed as follows:
m+n

Lioad = Z Ij 3)
i=1

Based on Equations (1)—(3), the equations of the circuit are developed and solved, and
the dljy,4/dt can be expressed as follows:

noo m+n
(Z T+ L {’.)
Aligea _ \i=1 ™ i=p1 ™
= (4)
dt m+n
T
i=1
The meaning of x; and y; are shown as follows:
x; = —(Rs;li + Rili + Ripaaliona) (1 <i< 1) @)
1 rt )
yi=U— 5/t Lidt — Ril; — Ripadliond (n+1<i<n-+m) (6)
171

The dl},,;/dt at any point can be calculated based on Equation (4). With an appropriate
time step, the current supplied by the capacitive PPS can be solved.

2.2. The Confirmation Experiments of the Mathematical Model

To verify the effectiveness of the mathematical models, three groups of experiments
were carried out. In the experiment, the PPS consists of 10 capacitive PFUs, the load
consists of two copper bars and a steel semicircle to simulate the railgun. The load current
is measured by the Rogowski coil. Besides, based on MATLAB, the mathematical model
is developed and run with the same charging voltage configuration and sequence for the
experiment. Finally, the comparation is made between the calculations and experimental
result, and the difference is analyzed. The experiment devices are shown in Figure 4.

Figure 4. The experiment devices. (a) The capacitive power supply and the charger. (b) The load in
experiments. (c¢) The connection of experimental devices.
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As shown in Figure 4, the output cables are all connected to the current confluence
device, and then supply strong current to the load. The Rogowski coil is fixed so that the
copper bar just passes through the center of the Rogowski coil. The circuit parameters

are shown in Table 1, and the charging voltage configuration and sequence are shown in
Table 2.

Table 1. Parameters of the circuit.

Component Meaning Quantity
Rioud Resistance of the load 8/mQ)
Lioaa Inductance of the load 2/uH

R; Resistance of the current limiter 3/mQ
L; Inductance of the current limiter 30/uH
C; Capacitance 2mF
Rs; On-resistance of Di 1/mQ
Umax Maximum charging voltage of PFU 9500/V

Table 2. The charging voltage configuration and sequence.

Experiment Charging Trigger Moment/ms
Number Voltage/V t ts ts ts ts te ty tg to 10
1 1000 0 0 0 0 0 0 0 0 0 0
2 3000 0 0 0 0 0.85 0.85 0.85 1.52 1.52 1.52
3 5000 0 0 0 0.64 0.64 1.27 1.27 1.87 1.87 247

Based on the above experimental platform and settings, the confirmation experiments
of the mathematical model were carried out, the comparison between the calculations and
experimental result is shown in Figure 5.

120
110
100
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Current (kA)

00 05 1.0 1.5 2.0 25 3.0 35 40 45 5.0
Times (ms)

Figure 5. The comparison of the load current between the calculations and experimental result.

According to Figure 5, with the charging voltage configuration and sequence shown in
Table 2, the calculations and the experimental result are basically consistent; however, the
former has stronger current. There are two possible reasons. Firstly, the charging process
will be automatically cut off when the maximum voltage of the capacitor bank exceeds the
set value, since the charging speed of each capacitive PFU is different slightly, the actual
energy charged is smaller than the set value. Secondly, the load resistance and inductance
are both measured by the RLC instrument under static conditions and affected by the
current skin effect, so the actual resistance will be larger in experiment.
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Although there exists deviation between the calculations and experimental result, the
trend and the magnitude are very consistent with each other. Besides, the error mainly
comes from parameters but not the mathematical model, it could be overcome by feedback
adjustment of the parameters. Therefore, the effectiveness of the circuit mathematical
model can be confirmed.

2.3. Control Strategy of the Capacitive PPS

At present, most capacitive PPS adopt CVCM, so all PFUs are charged to the same
voltage. CVCM is easy to implement but leads to many restrictions, such as the balance
between current stability and system volume. The charging voltage must be very low if a
highly stable flat-top current is required, which means more PFUs must be used to meet the
current magnitude demand. Therefore, to settle this problem, a diverse voltage charging
method (DVCM) and the corresponding control strategy are proposed in this section.

The DVCM adjusts the current waveform by controlling each PFU’s voltage. For each
current pulse, we must determine the least PFUs and the appropriate charging voltage that
just meets the demand. Calculating the trigger moment of each PFU is achieved by setting
the minimum value of current oscillation. The flow chart of the control strategy is shown
in Figure 6.

( Start ]

v
I1=0:,=0; U;=Up $=0
Set [ and I,

Calculate the load current from
powered by S PFUs with
charging voltage of Up,, and the
current PFU

Is the load current
stronger than the Z,,,?

Record the moment 7., that the load current
is equal to the I;; S=0

Does the flat-top pulse
width meet the demand?2

Figure 6. The flow chart of the control strategy.
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In Figure 6, i is the stage number of PFU and Imax and Iiyin form the oscillation range
of the flat-top current; the smaller the oscillation range, the stabler the current. The flat-top
pulse width (FTPD) is defined as the time interval from the first moment that the load
current is equal to the flat-top current to the last moment that the load current is equal to
the flat-top current. Besides, U is the initial iteration value of the charging voltage, AU
is the iteration step, and Umax is the maximum charging voltage allowed for the PFU. As
an intermediate parameter, S is introduced to calculate the number of PFUs discharging
simultaneously. The mathematical model is developed based on Equation (4) and Figure 6,
and automatic assignment of the trigger sequence and charging voltage optimization
is achieved.

2.4. Results and Analysis

The effectiveness of the mathematical model is confirmed in Section 2.2. Therefore,
the simulation experiment is mainly adopted to compare and analyze the performance
of the DVCM in this section, Liu’s current optimization model is also established. The
control strategy of the capacitive PPS in Liu’s model is similar to this paper, but the CVCM
is adopted in his research.

Target parameters and restrictions are necessary during the analysis. According to the
launching requirement of railgun, the flat-top current magnitude is set to 200 kA, and the
FTPD is set to 3 ms. Besides, the flat-top current ripple (FTCR) is defined to quantify the
stability of the current, and it can be expressed as follows:

Iload,t - Iflatftop
FTCR = mean x 100%(t € FTPD) @)
Iflatftop

To obtain stable flat-top current, the target of the FTCR is set to 0.4%. The circuit
adopted is shown in Figure 1, and the parameters of components are shown in Table 1.
Since the load in Figure 4 is consist of steel semicircle, the resistance measured will be
larger than the railgun, and the load resistance is set to 1 m() in this section. We run the
calculation after completing the above settings, and the results of the two models are shown
in Table 3.

Table 3. Calculation results based on the CVCM and DVCM.

CVCM DVCM
Number of PFUs 47 16
1— —9500; 2— —9500; 3— —8550);
Charging voltage 4— —3650; 5— —3650; 6— —3430;

(i-th PFU-value/V)

Trigger sequence
(Trigger moment/
ms-number of PFU)

2836 7— —3480; 8— —3600; 9— —4000;
10— —4200; 11— —4500; 12— —4600;
13— —4700; 14— —4700; 15— —4700; 16— —4700

0— —3; 0.45— —1,;0.78— —1;
1.05——1;1.29— —1; 15— —1;
1.71— —1,;1.93— —1; 2.14— —1;
2.34— —1;2.55— —1;2.75— —1;
295— —1;3.15——1

0——12;0.49— —3; 0.76— —2;
091——2; 1.09— —2; 1.00— —2;
1.36——2;1.5——2;1.74— —2;
1.88——2;2.08— —2;2.22— —2;
241— —2;2.55— —2;2.74— —2;
2.88——2;3.07——2;3.23— —2

As shown in Table 3, with the CVCM, the total PFU adopted in Liu’s model is 47, and
all PFUs are charged to 2836 V. Compared with the maximum charging voltage, the actual
charging voltage is very small, so 12 PFUs have to discharge simultaneously to meet the
flat-top current magnitude demand of 200 kA. Two PFUs are required to keep the flat-top
current in each pulse during the platform. However, the charging voltage of the first three
PFUs is so high in terms of the DVCM that the flat-top current magnitude demand can be
met with the three. Besides, other PFUs are charged to appropriate voltage individually
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according to Imax, so a single PFU is enough to keep the current in each pulse during the
platform. The contrast curve of current obtained with the two charging methods is shown
in Figure 7.

240 1 I U T 1 1 T T 1

00 05 10 1.5 20 25 3.0 35 40 45 50
Times (ms)

Figure 7. The contrast curve of current obtained with the two charging methods.

In Figure 7, the current waveforms obtained with the two charging methods are
basically consistent. Through data processing, the FTCR and the FTPW of the current
obtained with CVCM are 0.41% and 3.01 ms, respectively. The FTCR and ECPW of the
current obtained with DVCM are 0.43% and 3 ms, respectively. There is no significant
difference when evaluating the two charging methods from the performance of the current.
However, compared with 47 PFUs adopted in Liu’s model, only 16 PFUs are adopted with
the DVCM to obtain the current, which significantly decreases the volume and complexity
of the capacitive PPS. Define a parameter # to describe the utilization of the capacitive PPS,
and then 7 can be expressed as follows:

Wa
T= W, (8)

In Equation (8), W, is the actual capacity used of the capacitive PPS, and W; is the
rated capacity of the capacitive PPS. According to Equation (8), # is only 8.91% with the
CVCM but 33.28% with the DVCM. This is because the ability of each capacitor is brought
into greater play with the DVCM. Therefore, the DVCM can increase the utilization of the
capacitive PPS, thus decreasing the system volume.

3. Optimization and Improvement of the Capacitive PPS
3.1. The Stepped Charging Method

According to Table 3 and the DVCM, the charging voltage has many values. This is
not easy to implement because the capacitive PPS is generally charged with the parallel
method. Various charging voltage means more chargers and a more complex system. To
settle this problem, this paper proposed a stepped charging method (SCM) that combines
the advantage of DVCM and CVCM.

By analyzing the data in Table 3, it is easy to find that the energy magnitude stored
in the PFUs that triggers at the initial moment has the most effect on the flat-top current
magnitude, and the energy magnitude stored in other PFUs is generally small. Therefore,
two kinds of charging voltage can be adopted to charge the capacitive PPS, the higher
voltage Uy is used to charge the first several PFUs, and the lower voltage Uy is used to
charge other PFUs. Based on the SCM, the current with different stability is obtained. The
current curve is shown in Figure 8.
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Figure 8. The current with different stability obtained with SCM. (a) Generally stable current.
(b) Highly stable current.

Figure 8 shows that the SCM is excellent in increasing the stability of the flat-top
current. The smaller Uy, the smaller FTCR, but the more PFUs and the lower 7. Compared
with the CVCM, the SCM can use fewer PFUs to obtain a more stable current. Compared
with the DVCM, the SCM only uses two chargers, which is easier to implement. Besides,
according to the above research, in terms of the SCM, the trigger sequence interval between
adjacent PFUs will be consistent over time. This trigger interval is 221 us in Figure 8a and
80.3 us in Figure 8b. That is to say, the circuit is in a cycle state when each PFU discharges
in a specific time interval. It is beneficial to extend the capacitive PPS, because there is no
need to carry out complex calculations, just add PFU module at a specific time interval.

3.2. Miniaturization Transformation of Capacitive PPS

Although the PFUs used are significantly reduced by the SCM, the utilization 7 of the
capacitive PPS is still very low, and the rated capacity is far beyond the actual capacity
when the flat-top current requires high stability, which leads to a waste of space.

The rated capacity W, of capacitor can be expressed as follows:

W; = 0.5CU* ©)
C can be expressed as follows:
S
—e2 1
C=c¢ D (10)
Combine Equations (9) and (10).
eSU>  eE?
A T ()

In Equation (11), € is the dielectric constant of the capacitor, E is the breakdown field
intensity of the insulating medium, and V is the volume of the capacitor.

According to Equation (11), when the capacitor’s dielectric material remains un-
changed and the actual field strength approaches E, the closer the W; is to the W,, the
smaller the V' is. According to above research, energy stored in the first several PFUs
is always a lot, but energy stored in other PFUs is relatively less. Therefore, the hybrid
application of the large and small capacity capacitor is more reasonable. The diagram of
the miniaturization transformation of capacitive PPS is shown in Figure 9.
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400

100

Figure 9. The diagram of miniaturization transformation of capacitive PPS.

As Figure 9 shows, before miniaturization transformation, all capacitors are the same
and have a capacity of 90.25 kJ. After miniaturization transformation, the first several
capacitors charged to high voltage remain unchanged. Other capacitors are transformed
into some with smaller capacity according to the actual energy required. The parameter
Ry and Ry is introduced to describe the optimization performance of the miniaturization
transformation, and R can be expressed as follows:

Ma — b
R, = —= x100% 12
1 Ul 12)

Vy — Va)

Ry = ( x 100% (13)

b

In Equation (12), 77, and V, are the utilization and volume of capacitive PPS after
transformation, respectively, and #;, and V), are the utilization and volume of capacitive
PPS before transformation, respectively. For the requirement of current with different char-
acteristics, the performance of the miniaturization transformation R, and Ry are analyzed.
The result is shown in Figure 10.

100 T T T T T T T T T T

90 E
—=— 200 kA —a— 200 kA

—e—300KkA| 80 e 300kA| 1

70 b :
60 | :
50 F :
40 b 1
30 F :
J 20} J
10} :

! ! ! ! 0 ! ! ! ! ! ! L L L I

R (%)

1

2

3

4

Flat-top current ripple(%)

5 6 7 8 9 10 11 0 1 2 3 4 5 6 7 8 9 10 Il
Flat-top current ripple(%)

(a) (b)

Figure 10. The optimization performance of the miniaturization transformation. (a) Utilization
optimization performance. (b) Volume optimization performance.

As shown in Figure 10, the current with different magnitude and FTCR is obtained
based on the SCV. According to above research, the larger FTCR, the more energy is
required, and the performance of the miniaturization transformation is not significant.
With the settled maximum FTCR of 10% and current magnitude of 300 kA, the utilization
increases by 3.6%, and the volume decreases by 3.53%. However, for the highly stable
flat-top current, the performance of the miniaturization transformation is excellent. With
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the settled minimum FTCR of 0.75% and the current magnitude of 200 kA, the utilization
increases by 428.7%, and the volume decreases by 81.08%. Therefore, the miniaturization
transformation of capacitive PPS is more suitable for the small-scale railgun with highly
stable current requirement.

4. Conclusions

The utilization optimization technology of capacitive PPS applied in railgun was
mainly researched in this paper. The equivalent mathematical model of the capacitive PPS
is developed and solved based on the iterative method. The optimized charging voltage
configuration and trigger sequence is obtained as well. Based on the optimization results,
the key factors affecting the volume of capacitive PPS were analyzed, and the direction of
improvement was proposed. Our research conclusions are as follows:

(1) Compared with the CVCM, the DVCM can reduce the use of PFUs number, increase
the utilization of the capacitive PPS, and decrease the volume of the capacitive PPS.

(2) The SCM has an excellent performance in obtaining a highly stable flat-top current
without increasing the number of PFUs, and it is easier to implement than the DVCM.

(3)  As the stability of the flat-top current increases, the utilization of capacitive PPS will
decrease. When the current with 200 kA magnitude and 0.75% flat-top current ripple
is achieved, an 81.9% decrease of volume and a 428.7% utilization improvement are
achieved through miniaturization transformation.
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