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A Pulsed Power Supply Based on an Optimized
SFPFN Scheme Producing Large Currents With a
Flat Top on a Heavily Inductive Load

Peng E, Wenbin Ling ", Aaohua Mao

Abstract—A power supply able to generate a pulsed large current
(~26 kA) with a flattop period > 10 ms for a heavily inductive
load was designed based on the sequentially fired pulse forming
network (SFPFN) scheme with high-energy-transfer efficiency. To
overcome the high voltage stress on switching devices due to the
SFPFN scheme, a novel electrical circuit topology was developed.
In particular, the current changing rate (di/dt) on switching devices
is limited by new designs of crowbar branch and pulse-forming unit
(PFU). The assembled power supply is shown to provide an output
current of a flattop of 26 kA and 12 ms on a load of 40 ;«H and 4.24
m¢? with the predicted improvement in energy transfer efficiency.

Index Terms—Crowbar branch, flattop current, pulse-forming
unit (PFU), pulsed power supply, sequentially fired pulse forming
network (SFPFN).

1. INTRODUCTION

HE pulsed magnetic window is a novel technique to mit-
T igate the spacecraft communication blackout. To achieve
the goal, a pulsed magnetic field with a high-intensity flattop in
a large space is needed. For the power supply to generate such a
field, alarge space means that the load has a large inductance, and
a strong field means a large output current. Thus, it is critical
to investigate a pulsed power supply that can output a flattop
current with a high magnitude on a heavily inductive load [1].

A pulsed power supply with a current flattop can be achieved
in two ways, one with an open-loop control [2]-[14] and another
with a closed-loop control [15]-[24]. Even though the power
supply using a closed-loop control has good characteristics such
as high dynamic performance and low current ripple, its achiev-
able current level is limited by the high switching frequency
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of the power electronic devices. In addition, its structure and
control are more complex than that with the open-loop control.
Pulsed generators [15], [16], multistage pulsed current sources
[17]-[19], and power supplies achieved with the switched-mode
converters [20]-[24] are typical examples of closed-loop con-
trol power supplies. On the other hand, an open-loop power
supply can provide current with higher magnitude [2]-[14].
Furthermore, it has simpler structure and control strategy, which
makes electromagnetic interference less a problem. As a result,
we determined to use the open-loop control for our power
supply.

Traditionally, the capacitor bank [2]-[6] or lumped pulse
forming network (PFN) [7], [8] controlled in an open-loop
way has been used to generate pulsed flattop current with large
amplitude. However, these two schemes have an extremely low
energy transfer efficiency, which is defined as the ratio of the
effective energy possessed by the load during the flattop to the
energy storage of the power supply. Particularly, the bottom
width of the waveform driven by the capacitor bank is rather
large, which extremely limits the effective energy delivered to
the load. Whereas for the lumped PFN, a large amount of energy
is wasted on the auxiliary resistor, that is essential to the forma-
tion of the rectangular current waveform. Thus, the capacitor
bank and lumped PFN are not preferable to generate the pulsed
current flattop due to their low energy transfer efficiency.

With the advancement of high power electronics, the sequen-
tially fired pulse forming network (SFPFN) has been developed
to generate high-level pulsed current flattops [9]-[14], and the
energy transfer efficiency has been improved considerably. So
far, the SFPFN has mainly been applied to resistive loads, where
the di/dt of the switching elements is relatively low, leading to
a low reverse overvoltage and high threshold of the dynamic
avalanche. In addition, the switching loss is also small and the
thermal burden is low. As a result, the stresses of the switching
elements and their risks of destruction are low with a resistive
load.

However, applying the SFPFN to a heavily inductive load
remains a challenge, since the stresses on the switching elements
increase dramatically. The di,/dt (descending rate of current)
of the switching elements during the turn-OFF process will
rise substantially to boost the overshoot of the reverse voltage
[25], [26]. Furthermore, the increased di,/dt will intensify the
reverse current peak [27], causing a lower threshold of dynamic
avalanche [28]-[30]. Thus, the risk of overvoltage breakdown
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Fig. 1. Capacitor bank scheme.

increases significantly, which is further raised by the temper-
ature rise attributed to the increased switching loss [31], [32].
Meanwhile, for thyristors of the SFPFN, the risk of thermal
breakdown due to a high rising rate of the turn-ON current and
the risk of spurious triggering are also increased with a heavily
inductive load.

To overcome these issues, a novel power supply based on an
optimized SFPFN scheme was designed. The detailed design and
initial test results will be presented in this article. It is organized
as follows. In Section II, the traditional schemes for achieving
the design goal are analyzed with critical problems emphasized.
In Section III, the design of the novel power supply is presented
with details in addressing issues arising from a heavily inductive
load. Test results of the power supply are shown and analyzed
in Section IV. Finally, Section V concludes this article.

II. TRADITIONAL SCHEMES TO GENERATE A
FLATTOP CURRENT

A pulsed current with amplitude and flattop time larger than
26.6 kA and 10 ms, respectively, on a heavily inductive load
(40 pH, 4.24 m$?) is needed. In this section, the conventional
schemes to attain the target are introduced and analyzed.

A. Capacitor Bank

The capacitor bank is the simplest way to achieve the goal.
Fig. 1 shows its circuit schematic, where C and Uy are the
capacitance and voltage of the capacitor bank, T and D represent
the thyristor and diode, respectively, Rp is the resistance of the
crowbar, L, denotes the pulse forming inductor, and Ry and
Ly are the load resistance and inductance, respectively. In the
crowbar, a resistor Rp is used to dampen current resistively. The
capacitor begins to discharge into the load when the thyristor
turns ON. When the voltage of the capacitor starts to reverse, the
load current flows through the crowbar. The time interval during
which the current remains larger than 90% of its peak is defined
as the flattop width #q,¢. Thus, the flattop is not strictly flat and
has a ripple of 10%.

It is necessary to find the optimized C, Uy, L, and Rp to
minimize the storage energy W, ( = 1/2CUy?) of the power
supply. There are three constraints imposed on the optimization
problem. First, 74,4 must be equal to the required flattop time.
Then, the current peak I}, should be equal to the target value. At
last, the thermal burden H = [* (t)?Rodt of the load, where
i(t) is the current through it, should be smaller than its allowed
maximum H,(=68.7 kJ).
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Fig. 3. Lumped PFN scheme.

To perform the optimization, the Wy and H as functions
of the capacitance (C) and pulse forming inductance (L) are
computed and shown in Fig. 2. For any L,,, C can be in a range
of [Cinin, Cimax] to comply with the first and second constraints
by adjusting the value of Rp. Meanwhile, with C increasing from
Chin 10 Chax, H decreases but Wy increases. H is smaller than
H,, only for L, < 12 uH, but the corresponding Wy as well as
the capacitance (C) is too large to be acceptable, whereas if Wy
reaches the minimum, the thermal burden would be larger than
the value allowed for the load. In this situation, (Wy)m,in = 144
kJ for L,, = 100 H and C = 2.8 F. However, the capacitance is
still too large to be unfeasible. Considering the various factors, a
workable designis C = 18 mF, Uy =20kV, L, = 8 mH, and Rp
= 200 m{2 with the stored energy of Wy = 3.6 MJ. The effective
energy transferred to the load is about 18 kJ; thus, the energy
transfer efficiency is only about 0.5%, which is extremely low.

B. PFN

The lumped PFN, as shown in Fig. 3, can be used to generate
a long rectangular pulse. L, and C, are the inductors and
capacitors, respectively. To restrain the oscillation of the load
current, a matched resistor (R,,,) is connected to the main circuit
and switched ON ata certain time 7. A possible designis that L, =
215 pH and C,, = 560 uF, the discharge voltage Uy = 20 kV, the
number of modules n = 18, and 7 = 6 ms. The simulated current
under the abovementioned parameters is shown in Fig. 4. The
total energy needed for the PFN is 2 MJ, whereas the effective
energy coupled to the load is 20 kJ, and thus, the energy transfer
efficiency is very low (only 1%) since most of the energy is
dissipated on the R,,,.
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C. SFPFN

Fig. 5 depicts an SFPFN with two modules. C; and Cy are the
capacitors with charging voltages U; and Us, respectively. T
and T, are the thyristors with trigger times 71 and 5, respectively.
Dy and D5 are the crowbar diodes, while Rp; and Rp» are the
resistors in the crowbar branches with the same resistance as
Rp1 = Rp2 = Rp. Ly and Ly are the pulse forming inductors
with the same inductance as L1 = Lp2 = L,. Rg and Ly are,
respectively, the resistance and the inductance of the load.

The current waveform of the SFPFN is shown in Fig. 6, with
that for the capacitor bank and PEN as a comparison. The load
current is driven to reach the peak 7, by the Module 1, after which
it descends flowing through the crowbar. When it decreases to
2Ip—I,, the Module 2 is triggered to make it reach I}, again.
Afterwards, it begins to flow through the crowbar again. To
sustain a flattop width of 7,4, more modules should be used
to repeat the process of the Module 2.

As seen from Fig. 6, the area of the current waveform for the
capacitor bank is extremely large. Thus, a large amount of energy
is wasted on the load, leading to a low energy transfer efficiency,
whereas for the PFN and SFPEN, the energy dissipated on
the load is small and basically equivalent. In addition, since
a matched resistor of the PFN is not needed in the SPFFN, the
energy efficiency of the SFPFN is significantly high compared
with the capacitor bank and PFN.
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However, the SFPFN has been mainly applied in the short-
circuited or slightly inductive load with low stress on the switch-
ing devices, which rapidly increases with the larger inductivity
of the load. The loads with Ly >> L, are defined as slightly
inductive, while the loads with Ly << L, are heavily inductive.
The performance will be demonstrated by the circuit simulation
as follows. To obtain the target flattop, it is necessary to adapt
Ly and Ly to match the load. Namely, when the parameters
of capacitors and the load are given, the sum of the L;, and Lo
must be a constant. In accordance with our power supply, the
parameters of the SFPFN are set as follows in the simulation:
Ci=96mF, Co=24mF, Uy =Us;=25kV, 11 =0, 15 =
2.5ms,Rp =1 m{, L, + Ly =42 pH, and Ry = 4.24 mQ).

Fig. 7 shows how the current of diode D, varies with Ly. When
tequals 1 ms or so, the diode D; switches, and the freewheeling
begins. Until + = 2.5 ms, the T is triggered and D; goes into
the turn-OFF process. For the slightly inductive load, such as
Lo = 1 pH, the Dy does not reversely recover when reenters the
freewheeling period. While for the heavily inductive load, such
as Ly = 40 pH, the D; turns OFF before starting freewheeling
again. Remarkably, the current changing rate di/dt of the D;
current in the turn-OFF process increases sharply with an increase
in Ly. Fig. 8 plots the dependence of the di/dt on Ly. Thus, we can
conclude that a heavily inductive load is detrimental to the power
supply. An Ly beyond a certain threshold would lead a large
increase in the current changing rate, and as a result, the reverse
voltage overshoot of the diode will increase considerably, which
would damage the diode. In addition, a high di/dt also increases
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the switching loss, which also may damage the freewheeling
diode.

Another risk relevant to the high voltage stress of the diode D
is as follows. For a heavily inductive load, the high voltage on the
D; during the turn-OFF process will be exerted on the cathodes
of the thyristors. Before discharging, the anodes of the thyristors
have the same voltages as the charging levels of the capacitors.
Thus, the high forward voltage exerted in the thyristors may
increase their risks of erroneous triggering.

Fig. 9 shows the current waveform of the thyristor Ty as Ly
increases. It can be clearly seen that when Ty is triggered, its
current rising rate and the current magnitude increase signif-
icantly as the load becomes more inductive. It is known that
when the current rising rate di/dt surpasses a certain threshold,
the thyristor could be damaged by local thermal concentration.
On the other hand, it can be also seen in Fig. 9 that the descending
time of the Ty current is basically constant with respect to
different Ly. Thus, the di/dt of To during its turn-OFF increases
as Ly increases, and there will be a larger overvoltage during its
reverse recovery. Therefore, we can see that its di/dt, voltage,
and thermal stresses increase substantially as the load is more
inductive.

In addition, under the condition of the heavily inductive load,
if the electric insulation of the thyristor T; did not recover
when the T is fired, the capacitor of the second module would
discharge into the capacitor of the first module, resulting in a
failure to form a pulsed current flattop. Thus, it is urgent to use
the thyristor with fast recovery in the case of a heavily inductive
load.

In summary, when the SFPFN works under the condition of
a heavily inductive load, the stresses of the switching devices
heighten considerably, and further improvement of the scheme
is needed in order to incorporate it in the power supply design.

III. STRUCTURE AND KEY TECHNOLOGY OF THE

PULSED POWER SUPPLY
A. Structure and Principle of the Pulsed Power Supply

The structure of the novel power supply based on the SFPFN
scheme is shown in Fig. 10. The pulsed power supply consists
of n modules discharging successively. The nth module with
capacitance C, discharges at the time ?,. Different from the
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Fig. 10.  Structure of the proposed pulsed power supply.

SFPEN in Fig. 5, all modules share one pulse forming inductor
L and one crowbar branch (D and Rp ), making the power supply
more cost-effective and compact.

Without considering the resistances for simplification, the
parameters of the flattop current can be derived from the energy
conservation equations as follows:

1 1

E01U02 = §(LPJFLO)(IMJFAI)2 (1)
1 2 1 2 1 2
5CnU8 = 5(Lp + Lo) Ly + AD? = 2 Lo(Luy = AD? (2)

where [, is the mean of the maximum and minimum of the
flattop current, and Al is the difference of the maximum and
the mean. Through (1) and (2), I,,, and Al can be expressed as
follows:

1 & Cci—-C,
Ly, AT = 20y [ 4 +,/ .
* 2" ( L, + Lo Lg )

For the first and nth (n>1) module, the time of the current
increasing from 1,,-Al to I,,+Al can be obtained through

B [ Iy— AT
Ty = /(Lo + Lp)Cy arcsin <IO+AI) %)
0
T = /(Lo + Lp)Cn (5 — 0) 5)
0 = arctan fo — A1 (6)
U/ C,, (Lo + Lp)

It assumes that the current commutates from the thyristor to
the crowbar transiently, and the time of the current decreasing
from I,,+Al to I, —Al in the freewheeling period satisfies

I, + AT Lo
T3 =In .
I..,. —AI) Ro+ Rp
Thus, to achieve a flattop current with the width of #q,4, the
number n of the modules should be
thar — 11 + T

(N

8
T Ts ()

And, the trigger time of the modules should be
t1:O,tn:tT+T3+(n—2)(T2+Tg),n>2 )

where #,. is the peak time of the current driven by the first module.
Then, the parameters of the power supply, namely C,,, n, and ,,,
can be obtained through (1), (2), and (4)—(9). Since the stray
parameters are neglected, C,, and n may be lower than that are
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really needed, which can be corrected through the experiments.
The parameters of the power supply are finally identified as the
capacitance C; = 9.6 mF, Co = - - - = C,, = 2.4 mF, the module
number n = 6, the discharge voltage Uy = 2.6 kV. The trigger
time of the first module is set to be #; = 0 and other modules are
triggered at t,, = [2.5+2.1(n—2)] ms.

To predict the di/dt of the thyristor and the crowbar diode
during the turn-OFF process, the turn-OFF current i, is assumed
to linearly decrease from I, to zero and the current of the load
is supposed to be constant. Thus, the fall time 71 p (T and D
means the thyristor and diode) of the current should satisfy the
following:

1 1 (Te o NP1
2C(UC0—C/O ’Lcdt> _§CUCO

Tr p 1
+ (Re + Rp) / i 2dt £ §LPI§V =0 (10
0

where the final term is added for the thyristor and subtracted
for the crowbar diode. R, is the stray resistance of the turn-OFF
loop except for the crowbar branch. U is the voltage of the
capacitor when the switch begins to turn OFF. For the thyristor
and the crowbar diode, U, is expresses as follows:

L
UCOT = Iav <Rc - pRO) (11)
Lo

Ucop = Up. (12)

Through solving (10), the descending rate of the current is

dir Iav
i _ 13
< dt >T,D Trp (1
B Ro+Rp  Ucor
Trp= —40 < 3 21, )
Rc+Rp  Ugr\]®

+24/ |2 - +1,C.

\/{ C( 3 21y ﬂ n¢
(14)

And the voltage of the capacitors when the turn-OFF current
of the thyristor or the diode reduces to zero is

LTt p
20

Then, the revere overshoot voltage of the thyristor and the
diode can be approximated as follows:

Ucit,p = Ucor,p — (15)

diy

Uptp = cT 0Ly (dt) +Uarp (16)
T.D

where c¢T and c¢p are the ratios of the maximum di/dt in the
second portion of the reverse recovery to that in the first portion
for the thyristor and diode, respectively. The zero di/dt is used
to distinguish two portions of the reverse recovery. Before the
time at di/dt = 0, the current is in the first portion and its slope is
negative, while after the time, the current is in the second portion
and its slope is positive.
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B. Reliable Operation of the Thyristors

During the successive discharging of the modules, it is very
critical to isolate the subsequent modules from the former dis-
charged module. The key point for the safe isolation is that the
thyristor of the prior module must recover to the reverse blocking
state before the subsequent module discharges. Otherwise, the
subsequent module would discharge through the prior module,
and the current may be extremely large to destruct the thyristors.
Therefore, thyristors that recover fast must be used in the power
supply. Furthermore, the triggering time delay between the
modules should be larger than the sum of the thyristor recovery
time and its time of forward conduction.

The recovery time of the thyristors has been tested under
the condition of the proposed power supply with C; = Cy =
300 uF, Uy =3kV,Rp = 1 m2, Ly =2 uH, and Ry = 2 m{2. The
test circuit is shown in Fig. 11. Ty and T are the same thyristors
and T is the thyristor being tested. The trigger time of the two
modules 77, 5 is set to be 0 and 410 us, respectively. Fig. 12
shows the voltage and current waveforms measured in the test.
Note that when Ty is triggered, there is no current injected into
T;, meaning that T; must have recovered before Ty starts work.
Since T, begins reverse recovery at time #3 (117 us), its time
of recovery must be less than 75—#3 (293 us). For the proposed
power supply, the recovery time of the thyristor should be much
shorter than 1.3 ms, which is the span between the time at which
the turn-off current of the former thyristor reaches zero and the
triggering time of the next thyristor. So, the tested thyristors
satisfy the requirement and can be applied.
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In addition, it is of great importance to ensure that the thyris-
tors do not break down during its turn-OFF phase. Fig. 13 shows
the turn-OFF loop of the thyristor and current paths in its failure
mode, i.e., when it is broken down or fails to recover electric
isolation. The turn-OFF loop is highlighted with the red line,
while the fault current paths are marked in green and blue. When
the voltage of C; reverses, the crowbar diode starts freewheeling
and the current of thyristor T; begins to decrease. After the
current approaches zero, it reverses to continue to sweep out the
minority carriers and the thyristor enters the process of reverse
recovery [33]. When di/dt reaches a maximum on the second
stage of the reverse recovery, an intensive voltage overshoot oc-
curs on the thyristor due to inductance. This large reverse voltage
spike may damage the thyristor T; and make it short-circuited.
If this situation were to occur, the electric isolation between the
first module and other modules would be broken. As a result,
when the another module (for instance the second module) starts
to discharge, the first module with extremely low impedance
relative to the load would have a large discharge current from
the second module flowing into it, while depleting the current
needed in the load. Note that the current /1 may be large enough
to damage the thyristor of the second module.

It has been shown that if the di,./dr of the turn-OFF current of
the thyristor is large, the overshoot of the reverse voltage that it
can endure would decline dramatically [28], [29]. The reason is
that the high di,/dt would decrease the voltage threshold (V)
of the dynamic avalanche of the thyristor considerably.

It is found that V,, satisfies

) ()

(

where M is the constant for the ionization coefficient as a
function of an electric field, and M = 1.8 x 10 c¢cm®- V7 for
the Si semiconductor at the room temperature. e is the electron
charge. ¢ is the permittivity of silicon. N.g is the effective density
of the space charge in the N region of the thyristor, and

3
1

1
Vav = 5

8

M

eNef-f
£

a7

Negt = Np + Pex (18)

where Np is the doping concentration, pey is the density of the
holes and is written as follows:

Irp/Aj

19
€Vsat (D) (19

Pex =

where A; is the conducting area of the thyristor, and vg,.(p) is
the saturation velocity of the hole.
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A large di,/dt would lead to a high reverse current peak /,,,,
and their relationship can be expressed as follows:

L [PrIedidn
R S+1

where 7 is the lifetime of the carrier, I is the forward current,
and Sis the snappiness. Thus, according to (17)—(20), the voltage
threshold V,, of the dynamic avalanche decreases remarkably
[28], [29] for the proposed power supply with a large di,/dt and
a high forward current.

For the supply, the thyristor HIOOKMR from TECHSEM is
used. Based on the parameters of Lutz ez al. [28], the relationship
of V,y and I, is shown in Fig. 14 with the curves of di,/dt versus
I, from the user manual. It is seen that if di,/dt of the reverse
current is larger than 0.2 kA/us, V,, is smaller than 2.5 kV.
Higher temperature causes a larger I, further reducing V.
Since the voltage of the proposed power supply is 2.6 kV, it
is extremely important to increase V,, by decreasing di,/dt to
avoid overvoltage destruction.

A pulse forming inductor L, is used [34] to reduce di,/dt,.
According to (13)—(16), the di,/dt and the reverse voltage over-
shoot can be obtained for the thyristor and the diode, as shown
in Fig. 15. The coefficients ¢t and c¢p in (16) are determined
experimentally, as introduced in Section IV. For the thyristor,
with L, increasing, di,/dt decreases but the overshoot of reverse
voltage increases. For L,, = 3 pH, di,/dt is about 0.09 kA/us.

(20)
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Fig. 16.  Turn-OFF loop of thyristor T; with snubber circuit.

Thus, according to Fig. 14, the threshold voltage of the dynamic
avalanche is about 2.8 kV, which is larger than the voltage over-
shoot (1.2 kV). It is noteworthy that the actual allowable voltage
may be much lower than the theoretical limit for the voltage
since the thyristor was destructed under the reverse voltage
spike as about 1 kV in one test. The reason for the destruction
may be the inner defect and the inhomogeneity of the thyristor,
which would result in a local intensive current density. Thus, the
voltage stress must be further mitigated through increasing the
dynamic avalanche threshold or reducing the voltage overshoot.
However, L, cannot be increased too much to increase the
dynamic avalanche threshold due to the increasing energy of
the power supply. So, other measures must be adopted to reduce
the overvoltage.

Then, two thyristors are connected in series to alleviate the
reverse overvoltage imposed on them. The characteristics of the
voltage sharing are tested and given in Section I'V. In addition,
the snubber circuits paralleled to all the thyristors are applied
to reduce the overvoltage. The snubber circuits and the current
paths when the thyristor Ty starts to support a reverse voltage
are shown in Fig. 16. Remarkably, when any thyristor turns OFF,
all the snubbers start to work in parallel. So, the parameters for
each snubber are Cy = nCg, Ry = Ryt/nas Cs¢ = 1 pFand Ry =
10 Q. When the thyristor is in the second portion of the reverse
recovery, the di/dt of L, is decreased effectively by the snubbers.
Then, the voltage spike of the thyristor is weakened. Since only
a small amount of energy is absorbed by the snubbers compared
to the energy of the power supply, the energy transfer efficiency
is not influenced. In addition, the turn-OFF loss of the thyristor
is also decreased. Thus, the increase of di,/dt due to the rising
temperature is also prevented.

Furthermore, L, can also limit the ascending rate of the
turn-ON current of the thyristor. When the thyristor turns ON,
the current commutates from the diode to the thyristor tran-
siently, with the load current being a constant. Thus, the current
ascending rate of the thyristor is the same as the descending
rate of the turn-OFF current of the diode. It can be seen from
Fig. 15 that the ascending rate of the turn-ON current is reduced
with L, increasing. For L, = 3 p1H, the ascending rate is about
0.55 kA/us, which is much smaller than the allowable maximum
3 kA/ps. Thus, the thermal breakdown due to the local current
concentration is avoided.

In addition, to avoid the spurious triggering of the thyristors
due to the high forward voltages caused by the reverse over-
voltage of the crowbar diode in the turn-OFF process, the pulse
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forming inductor L, is designed to isolate the thyristors from
the crowbar diode. Meanwhile, the inductance should be small
enough to do not influence the load current. In our design, an
inductance of 3 pH is applied.

Moreover, there is a high magnetic field around the pulse
forming inductor, thyristors, and diode assembly. Since the flat-
top width of the current is about 12 ms and the rise time is about
1ms, the field mainly contains the low-frequency components.
The strong magnetic field may interfere with the trigger circuits.
If the interference occurs, the thyristors may be erroneously
triggered. Then, all the capacitors of the modules with spurious
triggered thyristors discharge into the regularly working module.
Thus, the current through the module becomes extremely large
and the thyristor in the module may be damaged. So, the elec-
tromagnetic interference must be restrained. The most effective
measure is to reduce the distance between the object and the
interference source to decrease the magnetic field. So, the layouts
of the thyristors and their trigger circuits are optimized. The key
point is that the trigger circuits cannot be assembled with the
thyristors or close to the pulse forming inductor and the diode
assembly. The power supply is organized into a rack with three
layers. The pulse forming inductor and the diode are located on
the left half of the middle layer, and the trigger circuits are placed
on the right-hand side of the top layer, as shown in Fig. 19. The
distances between them are more than 1.5 m. A series of tests
validated the design of the electromagnetic compatibility of the
power supply.

C. Reliable Operation of the Crowbar Diode

The crowbar diode is working under a complex and harsh
condition. As one module starts to discharge, the crowbar diode
enters the turn-OFF process. Fig. 17 shows the turn-OFF loop
(marked in red) and the current paths when the diode fails to
turn OFF. When the diode is in the failure mode, the current of
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the module is labeled as i; and the currents through the short-
circuited diode and load are labeled as iy and i1, respectively. A
huge reverse voltage overshoot may occur on the diode due to the
stray inductance in the turn-OFF loop. Meanwhile, a large di,/dt
of the turn-OFF current may weaken the ability of the diode to
sustain the reverse overvoltage. Once the diode is broken down
due to the overvoltage, the current of the later module (i;) will
mainly flow through the crowbar diode (iq) rather than the load
(i1,), leading to the sharp decrease of the load current.

Another challenge to the diode is the high repetition rate of
the turn-ON and turn-OFF operations with a frequency of 1 kHz.
The diode conducts a large forward current, leading to a great
conduction loss and sustains an intensive reverse voltage during
the turn-OFF process, resulting in a great turn-OFF loss. Due to
the high repetition rate, the heat deposited on the diode cannot
dissipate into the environment in time and is accumulated, then
makes the temperature of the diode rise rapidly, which increases
the lifetime of minority carriers leading to the increased reverse
current peak [34] and the reduced threshold of the dynamic
avalanche. Then, the ability of the diode to support the reverse
voltage is also significantly weakened.

Several measures have been taken to reduce the stresses on
the diodes. A pulse forming inductor Lj, is used to limit di,/dt of
the turn-OFF current of the diode, and the di,/dt is decreased
to about 0.55 kA/us for L, = 3 pH, as shown in Fig. 15.
Furthermore, the diode assembly is applied, which consists of
two parallel branches with three diodes connected in series in
each one. The current through the diode assembly is divided
equally into two parallel branches; thus, the reverse current
through each diode is reduced by half. Therefore, the current rate
di,/dt is also reduced by half, and then the reverse voltage spike
is weakened. Meanwhile, the diodes with same characteristics
in each branch equally share the reverse voltage, leading to the
decreased voltage stress on each diode. In addition, a snubber
circuit with Cgq = 10 uF and Ryq = 1 € is designed for the
diode assembly to further limit the reverse overvoltage. Thus,
the turn-OFF loss of each diode is also decreased due to the
reduced reverse voltage and current. Meanwhile, the conduction
loss is also decreased by the parallel connection. In summary,
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adopting a diode assembly with the snubber circuit can reduce
the di,/dt and switching loss, and limit the reverse overvoltage
effectively.

D. Control and Protection of the Pulsed Power Supply

The pulsed power supply uses an open-loop control. A se-
ries of trigger pulses for the thyristors generated by a field-
programmable gate array (FPGA) are converted to the light
pulses, which s transmitted to the trigger circuits of the thyristors
through the optical fibers, and then are converted back to the elec-
tric pulses before triggering the thyristors. So, the conduction
interference can be eliminated by the optical isolation. Mean-
while, an isolation transformer is used for the triggering circuit to
isolate the primary terminals of weak signal from the secondary
terminals of the strong driving current. The primary weak signal
is converted from the light pulses and the secondary terminals are
connected to the triggering electrode and cathode of the thyristor.
The time intervals between the trigger pulses can be adjusted to
obtain the required waveform of the output current. In addition,
the controller is put in a shielding aluminum box to reduce the
spatial high-frequency electromagnetic interference.

Moreover, a protection circuit is adopted to prevent the failure
expanding, which is manifested by the intensive overcurrent. The
overcurrent of the thyristor may occur when the diode assembly
is broken down, the load is short-circuited, one of the other
thyristors is short-circuited or fails to turn OFF, and so on. And
if the thyristor is short-circuited or fails to turn OFF, its current
would exceed the negative threshold. If the thyristors are trig-
gered spuriously leading to more than one module discharging
simultaneously, the current of the pulse forming inductor surges.
In addition, if the diode assembly breaks down or the load is
short-circuited, the current of the pulse forming inductor also
exceeds the normal value.

In the proposed power supply, the positive and negative
current thresholds of the protection circuit are 35 and 2 kA,
respectively. As shown in Fig. 18, six current probes are used
to monitor the current through the thyristors of No. 2-6 and
the pulse forming inductor. The current through the thyristor
of No. 1 can be monitored by the probe for the pulse forming
inductor. If an overcurrent occurs, the corresponding channel of
the protection circuit will output logic 1, and logic 0 otherwise.
The results of the “or logic” of all channels is sent to the con-
troller. Once the current of any channel surpasses the threshold,
the controller receives logic 1 from the protection circuit and
stops triggering the subsequent thyristors to reduce the risk.

IV. TEST RESULTS

The pulsed power supply based on the abovementioned de-
signs has been constructed and tested. The practical pictures of
the power supply and its components are shown in Fig. 19. In the
test, the voltage and current are measured by the high-voltage
probe of Tektronix P6015A, the Pearson current transducer,
respectively.
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Fig. 20.  Output current, the voltage of the cathodes of the thyristors, and the

voltage of the diode assembly for two loads.

A. Characteristics of the Output Current and Voltage

The power supply has been tested on two loads, labeled load
Iwith Ry = 4.2 m2, Ly = 40 uH and load II with Ry = 6.5 m{2,
Ly = 32 pH. The operating voltage is 2.6 kV. Fig. 20 shows
the waveforms of the output current, the voltage of the cathodes
of the thyristors, and the voltage of the diode assembly. For the
load I, the minimum and maximum of the flattop current are
23.8 and 27.8 kA, respectively. Thus, the mean current is about
26 kA, which is slightly lower than the required 26.6 kA due to
the stray parameters in the power supply. The flattop width is
about 12 ms, which meets the design requirements.

For the load II with a smaller inductance, the current excited
by the first module rises more sharply and reaches a higher
level. Meanwhile, the voltages of the cathodes of the thyristors
and the diode assembly also descend faster. However, since the
resistance of load II is larger, the current in the period of the
freewheeling through the diode assembly decays more rapidly,
and the peak value of the current successively excited by each
module declines gradually. In fact, the descending rate of the
current in the freewheeling period depends on the characteristic
time of the freewheeling loop, which has a negative correlation
with the ratio of the loop inductance to loop resistance. Thus,
the output current is rather sensitive to the load resistance and
the layout of the diode assembly has been optimized to reduce
the resistance of the freewheeling loop as much as possible.

It can be seen from Fig. 20 that the voltages of the cathodes
of thyristors and the diode assembly are almost the same for the
load I and 1II after the first module is discharged. It is because
that the voltages mainly depend on the period of current ascent,
which s less sensitive to the load parameters. The reverse voltage
overshoot of the thyristors and the diode assembly are 1.33 and
3.1 kV, respectively, as a result of different di,/dt and different
voltages of the capacitors when they are in the second period of
the reverse recovery.

Fig. 21 shows the current through the switching devices
and the corresponding di/dt during the turn-OFF process of the
thyristor and the diode assembly with the operating voltage of
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process of the (a) thyristor and (b) diode assembly.

1 kV. The descending rate di,/dt of the thyristor and the diode
assembly is about 0.034 and 0.16 kA/us. And for the operating
voltage of 2.6 kV, the descending rates di,/dt are about 0.088 and
0.42 kA/us obtained by multiplying a coefficient of 2.6, which
agrees well with the predicted values of 0.088 and 0.55 kA/us,
as shown in Fig. 15.

To obtain the coefficients cT and cp in (16), it is noteworthy
that the di/dt through L, during the turn-OFF process of the
thyristor (diode assembly) is di/dt during the turn-ON process
of the diode assembly (thyristor). So, ¢t for the thyristor can be
obtained according to the current through the diode assembly
and vice versa for cp. Through calculations, it is found that
ct = 1 and cp = 0.2, and the voltage overshoot can be obtained
through (16), as shown in Fig. 15. For the thyristor and the diode
assembly, the overvoltage is 1.25 and 3.16 kV, respectively,
with the operating voltage of 2.6 kV, which conforms with the
estimated result. Thus, the method to calculate the di,/dt and the
reverser voltage spike is applicable.

B. Voltage Sharing of the Thyristors Connected in Series

The characteristic of the voltage sharing of two thyristors
connected in series has been tested. The power supply with three
modules has been applied to test the thyristors with an operating
voltage of 500 V. Fig. 22 shows the voltage of the thyristors
and the current through the load. The reference direction of the
voltage is from the cathode to the anode. The typical times of
the voltage waveforms are as follows.

t1: The second module starts discharging.
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to: The turn-ON transient of the thyristors in the second module
causes the voltage overshoot.

t3: The voltage spike of the diode assembly during the reverse
recovery is exerted on the thyristors.

t4: The thyristors of second module turns OFF with a voltage
overshoot.

The [t5—t5] is the same procedure during the third module
discharging as the [t;—-#4] of the second module. The inactive
thyristors share a static voltage, while working thyristors share
a dynamic voltage. For the static voltage and the dynamic
voltage overshoot, the deviations from the average voltage of the
thyristors are within 6.8% and 16.7%, respectively. Therefore,
the voltage stress of one thyristor can be reduced by half through
using two thyristors connected in series.

C. Current Through the Diode Assembly and the
Voltage Sharing

The performance of the diode assembly consisting of two
branches connected in parallel with three diodes in each branch
has been tested with the operating voltage of 1 kV. Fig. 23 shows
the diode assembly. The three diodes are labeled as Dy, Do, and
D3 from the anode up. Figs. 24 and 25 show the waveforms of
the current through the diode assembly and the voltage of each
diode. The reference direction of the voltage is from the cathode
to the anode. The currents through the two branches of the diode
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assembly are different due to the different impedance of the
two branches. The current through the first branch rises sharply
compared to the second branch when the diode assembly begins
freewheeling. Also, the current of the first branch descends more
rapidly than the second branch while the crowbar begins to
turn OFF. However, during the forward conduction, the currents
through two branches tend to approach the same. The current is
basically shared by two branches, and the conduction losses of
them are almost equivalent.

The overshoot of the reverse voltage on the diode assembly
is about 1265 V. For the diodes of the first branch, the overshoot
voltages are 484 V for Dy, 431 V for Dy, and 350 V for D3. As
to the second branch, the overshoots are 431 V for Dy, 487 V
for Dy, and 350 V for D3. The voltage overshoot of the diode
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TABLE I
COMPARISON WITH RELEVANT PULSED POWER SUPPLY

Scheme Load I/kA VAV Flattop/ms Energy/kJ n Element number Control Application reference
Multistage Converter I mH 2 2.5 2 7.86 12.7% >20 Closed-loop Particle accelerator [17]
. .. . Particle accelerator,
Switched-mode Resistive or highly 30 10 unlimited >90 per module Closed-loop MRI and HVDC [24]
converter (conceptual) inductive 20 modules A
circuit breaker
Pulsed generator 4.16mH, 13.2mQ 13 6.9 100 20%10° 5.1% >17 Closed-loop Pulsed magnet [15]
Capacitor bank 2.06mH, 177mQ 0.68 0.45 10 6.19 7.7% >37 Closed-loop Pulsed magnet [51
7 per module .
3 0, -
SFPFN 3.2uH, 8.5mQ 150 10 1.5 1.2x10 3% 24 modules Open-loop Electric gun [9]
SFPEN 15.6uH, 11mQ 5 03 8 14 1.4% >20 per module Open-loop electromagnetic [10]
8 modules launcher
Proposed 40 pH, 4mQ 30 2.6 12 110 12.3% 32 Open-loop Pulsed magnet

assembly is basically shared by the three diodes in each branch
with a deviation less than 17%. Therefore, the voltage stress on
one diode is considerably decreased.

From #1, the diode assembly enters the turn-OFF process, and
the current through the first branch reverses at 75 and the diodes
in the first branch start reverse recovery. Until 73, the carriers
at the ends of the N~ region of the diodes in the first branch
are depleted and the reverse current starts to descend. After 73,
the di;/dt of the first branch becomes positive abruptly. Since
the voltage of the capacitor in the turn-OFF loop (see Fig. 17)
cannot vary discontinuously, the voltage and di/dt of the Ly
also cannot change suddenly. Then, the total di/dt of the diode
assembly should change continuously, leading to the magnitude
of the DIo/DT of the second branch increasing instantly. Until 74,
the diodes in the second branch go into reverse recovery. With
the carriers swept out as the increasing reverse current, the diode
assembly begins to sustain a reverse voltage after time #5. Then,
the di/dt of the second branch in the second portion of the reverse
recovery reaches the maximum at 7g, when the voltage overshoot
occurs. At last, the diodes in the diode assembly recover to the
reverse blocking states after time 7. It is noteworthy that the time
to sustain a reverse voltage is determined by the branch that has a
smaller di,/dt. Before the slower branch starts to burden a reverse
voltage, the voltage of the assembly is clamped to the sum of the
conduction voltage of the diodes in the second branch; however,
the current through the first branch changes.

D. Comparison With Other Relevant Pulsed Power Supplies

The total stored energy of the proposed pulsed power supply
is about 110 kJ. The effective energy that is coupled to the
load is just 12 kJ, leading to an energy transfer efficiency of
about 12.3%. Comparison with other relevant power supplies
reported in [5], [9], [10], [15], [17], and [24] is tabulated in
Table I including the load characteristics, the current, the oper-
ating voltage, the flattop, the stored energy, the energy transfer
efficiency, the number of elements, the control method, and
the application fields. Even though the power supplies with a
closed-loop control have a higher energy-transfer efficiency,
their current capabilities are limited and structures are more
complex. This is especially true for the power supplies achieved
by the power electronic converters. The power supplies with
an open control can overcome the shortcomings. Remarkably,
compared with the capacitor bank, the pulsed generator, and
the two SFPFNs, the energy transfer efficiency of our proposed
power supply is obviously improved, which implies that the

stored energy can be considerably reduced. In addition, from
Table I, it is shown that the inductance of the load used in
previous SFPFNs are obviously smaller than that used in our
pulsed power supply, which reduces the difficulty to realizing
the flattop current analyzed in Part C of Section II. Therefore,
our pulsed power supply has obvious advantages for the heavily
inductive load. Besides, the flattop current sources with a heavily
inductive load are extensively applied in the fields, such as
pulsed magnet, particle accelerator, high-voltage direct current
(HVDC) circuit breaker, magnetic resonance imaging (MRI),
and electric gun.

V. CONCLUSION

A pulsed current with a flattop (~26 kA, 12 ms) has success-
fully realized in a heavily inductive load by a pulsed power
supply based on an optimized SFPFN scheme. The crowbar
branches and the inductors in each pulse-forming unit (PFU)
are removed, and a new crowbar branch and an inductor placed
between the new crowbar branch and the modified PFU to limit
the maximum current capability of the switches are shared by
all modified PFUs. The structure and the key technologies of the
proposed power supply based on the optimized SFPFN scheme
are introduced. Furthermore, the models to predict the di/dt
and the reverse voltage overshoot of the switching devices are
presented. To make the power supply operate reliably, some key
technologies are taken.

1) The thyristors with fast recovery are used to ensure the
electric isolation between the modules. A pulse-forming
inductor is used to limit di/dt of the turn-OFF and turn-ON
currents of the thyristors to avoid the breakdown caused
by the dynamic avalanche and the local current concen-
tration. Also, the thyristor assembly with a snubber circuit
is adopted to further reduce the reverse voltage spike.
The thyristors are isolated from the diodes to prevent
the erroneous triggering. In addition, the layout of the
trigger circuit of the thyristor is optimized to reduce the
interference of low-frequency magnetic field.

A pulse-forming inductor is utilized to limit the di/dt of the
diode toreduce the risk of dynamic avalanche. Meanwhile,
a diode assembly with a snubber circuit is applied to
restrain the voltage stress and the thermal stress exerted
on each diode.

An open-loop control with optical isolation based on
FPGA is used to reduce the electromagnetic interference.

2)

3)
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An overcurrent protection circuit is designed to monitor
the failure and protect the power supply.

The proposed power supply is tested and the results indicate
the availability. Compared with other relevant power supplies,
the number of the pulse forming inductor is reduced to get a
more compact power supply, and the energy transfer efficiency
is improved remarkably.

(1

[2]

[3]

[4]

(51

(6]

(71

(8]

[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

REFERENCES

W. Ling, E. Peng, X. Ma, H. Li, Z. Yu, and F. Xu, “Construction of a pulsed
magnetic field system for regulating strongly dissipative plasmas,” IEEE
Trans. Plasma Sci., vol. 47, no. 4, pp. 1808-1817, Apr. 2019.

Y. Kohama and K. Kindo, “Generation of flat-top pulsed magnetic fields
with feedback control approach,” Rev. Sci. Instrum., vol. 86, no. 10,
Oct. 2015, Art. no. 104701.

F. Jiang et al., “Design and test of a flat-top magnetic field system
driven by capacitor banks,” Rev. Sci. Instrum., vol. 85, no. 4, Apr. 2014,
Art. no. 045106.

F. Weickert et al., “Implementation of specific-heat and NMR experiments
in the 1500 ms long-pulse magnet at the Hochfeld-Magnetlabor Dresden,”
Meas. Sci. Technol., vol. 23, no. 10, Oct. 2012, Art. no. 105001.

A. N. Roy Choudhury and V. Venkataraman, “A 10 tesla table-top con-
trolled waveform magnet,” Rev. Sci. Instrum., vol. 83, no. 4, Apr. 2012,
Art. no. 045103.

S. Zhang, Z. Wang, T. Ding, H. Xiao, J. Xie, and X. Han, “Realization
of high-stability flat-top pulsed magnetic fields by a bypass circuit of
IGBTs in the active region,” IEEE Trans. Power Electron., vol. 35, no. 3,
pp. 2436-2444, Mar. 2020.

S. Mohsenzade, M. Zarghany, M. Aghaei, and S. Kaboli, “A high-voltage
pulse generator with continuously variable pulsewidth based on a modified
PFEN,” IEEE Trans. Plasma Sci., vol. 45, no. 5, pp. 849-858, May 2017.
J. Clementson, K. Rahbarnia, O. Grulke, and T. Klinger, “Design of a,
b, and ¢ pulse forming networks using the VINPFN application,” IEEE
Trans. Power Electron., vol. 29, no. 11, pp. 5673-5679, Nov. 2014.

E. Spahn, G. Buderer, and W. Wenning, “A compact pulse forming
network, based on semiconducting switches, for electric gun applications,”
IEEE Trans. Magn., vol. 35, no. 1, pp. 378-382, Jan. 1999.

T. G. Engel and W. C. Nunnally, “Design and operation of a sequentially-
fired pulse forming network for non-linear loads,” IEEE Trans. Plasma
Sci., vol. 33, no. 6, pp. 2060-2065, Dec. 2005.

W. C. Nunnally, S. M. Huenefeldt, and T. G. Engel, “Performance and
scalability of MJ sequentially fired pulse forming networks for linear and
nonlinear loads,” IEEE Trans. Plasma Sci., vol. 35, no. 2, pp. 484-490,
Apr. 2007.

J. Dong et al., “The 100-kJ modular pulsed power units for railgun,” /IEEE
Trans. Plasma Sci., vol. 39, no. 1, pp. 275-278, Jan. 2011.

H. Zhang, G. Cheng, W. Guo, Z. Su, and T. Zhang, “A lumped parameter
model and its code for capacitor-based railgun with arbitrary number of
PFUs,” IEEE Trans. Plasma Sci., vol. 42, no. 8, pp. 2098-2103, Aug. 2014.
F. Lu, Z. Yan, H. Deng, and Y. Wang, “Asynchronous discharge of an
eight-module superconducting pulsed power supply for driving an electro-
magnetic railgun,” IEEE Trans. Appl. Supercond., vol. 29, no. 2, pp. 1-5,
Mar. 2019

H. Ding et al., “Testing and commissioning of a 135 MW pulsed power
supply at the Wuhan national high magnetic field center,” IEEE Trans.
Appl. Supercond., vol. 24, no. 3, pp. 1-5, Jun. 2014.

R. Khosravi and M. Rezanejad, “A new pulse generator with high voltage
gain and reduced components,” IEEE Trans. Ind. Electron., vol. 66, no. 4,
pp. 2795-2802, Apr. 2019.

E. Penovi, R. Garcia Retegui, S. Maestri, G. Uicich, and M. Benedetti,
“Multistructure power converter with H-Bridge series regulator suitable
for high-current high-precision-pulsed current source,” IEEE Trans. Power
Electron., vol. 30, no. 12, pp. 6534-6542, Dec. 2015.

N. Wassinger, S. Maestri, R. G. Retegui, J. M. Cravero, M. Benedetti,
and D. Carrica, “Multiple-Stage converter topology for high-precision
high-current pulsed sources,” IEEE Trans. Power Electron., vol. 26, no. 5,
pp. 1316-1321, May 2011.

Y. Xu, K. He, C. Lu, and H. Ding, “A new three-structure repetitive
pulse magnetic field power supply system,” IEEE Trans. Appl. Supercond.,
vol. 28, no. 3, pp. 1-5, Apr. 2018.

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 36, NO. 10, OCTOBER 2021

H. Xiao, L. Li, H. Ding, T. Peng, and Y. Pan, “Study on a highly stabi-
lized pulsed power supply for high magnetic fields,” IEEE Trans. Power
Electron., vol. 26, no. 12, pp. 3817-3822, Dec. 2011.

X. Huang, X. Ruan, F. Du, F. Liu, and L. Zhang, “A pulsed power
supply adopting active capacitor converter for low-voltage and low-
frequency pulsed loads,” IEEE Trans. Power Electron., vol. 33, no. 11,
pp. 9219-9230, Nov. 2018

X. Zhu, X. Su, H.-M. Tai, Z. Fu, and C. Yu, “Bipolar steep pulse current
source for highly inductive load,” IEEE Trans. Power Electron., vol. 31,
no. 9, pp. 6169-6175, Sep. 2016

X. Wang, Y. Huang, W. Shen, F. Wu, and D. Gao, “Analytic modeling
optimal control of pulsed power supply for accelerator magnet,” /EEE
Trans. Ind. Electron., vol. 67, no. 7, pp. 5657-5665, Jul. 2020

G. Tsolaridis and J. Biela, “Flexible, highly dynamic, and precise
30-kA arbitrary current source,” [EEE Trans. Plasma Sci., vol. 46,
no. 10, pp. 3382-3392, Oct. 2018.

Y. Luo, E. Xiao, B. Wang, B. Liu, and Y. Xia, “A voltage model of p-i-n
diodes at reverse recovery under short-time freewheeling,” IEEE Trans.
Power Electron., vol. 32, no. 1, pp. 142-149, Jan. 2017

S. Jahdi et al., “An analysis of the switching performance and robustness
of power MOSFETs body diodes: A technology evaluation,” IEEE Trans.
Power Electron., vol. 30, no. 5, pp. 2383-2394, May 2015.

S.Jahdi, O. Alatise, L. Ran, and P. Mawby, “Accurate analytical modeling
for switching energy of PiN diodes reverse recovery,” IEEE Trans. Ind.
Electron., vol. 62, no. 3, pp. 1461-1470, Mar. 2015.

M. Domeij, J. Lutz, and D. Silber, “On the destruction limit of Si power
diodes during reverse recovery with dynamic avalanche,” IEEE Trans.
Electron Devices, vol. 50, no. 2, pp. 486—493, Feb. 2003.

J. Lutz et al., “The nn+- Junction as the key to improved ruggedness and
soft recovery of power diodes,” IEEE Trans. Electron Devices, vol. 56,
no. 11, pp. 2825-2832, Nov. 2009.

K. Nakamura, F. Masuoka, A. Nishii, S. Nishizawa, and A. Furukawa,
“Freewheeling diode technology with low loss and high dynamic rugged-
ness in high-speed IGBT applications,” IEEE Trans. Electron Devices,
vol. 66, no. 11, pp. 4842-4849, Nov. 2019.

H. Luo, W. Li, and X. He, “Online high-power P-i-N diode chip tem-
perature extraction and prediction method with maximum recovery cur-
rent di/dt,” IEEE Trans. Power Electron., vol. 30, no. 5, pp. 2395-2404,
May 2015.

H. Luo, Y. Chen, W. Li, and X. He, “Online high-power p-i-n diode junction
temperature extraction with reverse recovery fall storage charge,” IEEE
Trans. Power Electron., vol. 32, no. 4, pp. 2558-2567, Apr. 2017.

A. T. Bryant, L. Lu, E. Santi, P. R. Palmer, and J. L. Hudgins, “Physical
modeling of fast p-i-n diodes with carrier lifetime zoning, part I: De-
vice model,” IEEE Trans. Power Electron., vol. 23, no. 1, pp. 189-197,
Jan. 2008.

L. Lu, A. T. Bryant, E. Santi, P. R. Palmer, and J. L. Hudgins, “Physical
modeling of fast p-i-n diodes with carrier lifetime zoning, part II: Parameter
extraction,” IEEE Trans. Power Electron., vol. 23, no. 1, pp. 198-205,
Jan. 2008.

Peng E received the B.E., M.E., and Ph.D. degrees
from the Harbin Institute of Technology, Harbin,
China, in 2002, 2004, and 2009, respectively.

He is a Professor with the Harbin Institute of Tech-
nology, and is also the Head Of the “Space Plasma
Environment Simulation and Research System” of the
national major science and technology infrastructure
“Space Environment Simulation and Research In-
frastructure.” His current research interests focus on
plasma flow control and its application, data analysis
and processing, etc.

Wenbin Ling received the B.S. and M.S. degrees in
electrical engineering in 2015 and 2017, respectively,
from the Harbin Institute of Technology, Harbin,
China, where he currently working toward the Ph.D.
degree.

His research interests include pulsed magnet de-
sign and controlling of plasma by pulse magnetic
field.



Aohua Maoreceived the B.E. and Ph.D. degrees from
the Dalian University of Technology, Dalian, China,
in 2007 and 2014, respectively.

She is currently an Associate Professor with the
Harbin Institute of Technology, Harbin, China. Her
current research interests focus on the interaction
between plasma and magnetic field, data analysis and
pulse power supply, etc.

Jian Guan received the B.S. degree in information
engineering from the Jilin University, Changchun,
China, in 2010, and the M.S. degree in marine en-
gineering from the Harbin Engineering University,
Harbin, China, in 2017. He is currently working to-
ward the Ph.D. degree with the Harbin Institute of
Technology.

His research interests include pulsed power tech-
nology and applications.

Xun Ma received the M.S. and Ph.D. degrees from
Graduate School, China Academy of Engineering
Physics, Mianyang, China, in 2008 and 2015, respec-
tively.

Since 2007, he has been an Associate Professor
of pulsed power with the Institute of Fluid Physics,
China Academy of Engineering Physics. His current
research interests focus on pulsed power technology
and its application.

E et al.: PULSED POWER SUPPLY BASED ON AN OPTIMIZED SFPFN SCHEME PRODUCING LARGE CURRENTS 11233

Hongtao Li received the M.S. degree from the Fac-
ulty of Communication Science, China Science and
Technology University, Hefei, China, in 1998, and the
Ph.D. degree from the Faculty of Accelerator Physics,
Graduate School, China Academy of Engineering
Physics, Mianyang, China, in 2003.

Since 2007, he has been a Professor of pulsed
power with the Institute of Fluid Physics, China
Academy of Engineering Physics. His current re-
search interests focus on pulsed power technology
and its application.

ZhiGuo Yu received the B.S. degree from the Uni-
versity of Electronic Science and Technology, China
in 2000.

Since 2012, he has been a Senior Engineer with
the Institute of Fluid Physics, China Academy of
Engineering Physics, Mianyang, China. His current
research interests focus on applied electronics tech-
nology.

Mingjun Ding, photograph and biography not available at the time of publica-




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


