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Abstract—To simplify the topology and control under medium-
voltage dc input, a novel partial power dc transformer (DCX)
based on gate voltage self-balancing supercascode power switches
(GVSB-SCPSs) is proposed. The front stage of DCX is constructed
by GVSB-SCPSs, which realize the medium-voltage dc input of a
single module and a fixed voltage ratio. The closed-loop stabilized
voltage output is achieved through the proposed partial power
processing circuit, which handles a small portion of the output
power. In the proposed converter, the high-frequency operation
process of GVSB-SCPSs and the unique gate switching pattern
during the dead time are analyzed. Based on this, the boundary
condition of soft switching in the proposed converter is derived.
Under this condition, the loss of the proposed converter is analyzed,
and the dead time is optimally designed. Based on the proposed
topology, a partial power converter experimental prototype is built.
The prototype is constructed through the designed GVSB-SCPSs,
which have been tested at 10 kV and demonstrate outstanding
switching characteristics. The experimental results of the partial
power converter prototype show that all the GVSB-SCPSs realize
a ZVS soft switch at 4 kV, 20 kHz. Furthermore, the closed-loop
stabilized voltage output is achieved, verifying the feasibility of the
proposed PPP and DCX circuit.

Index Terms—DC transformer (DCX), dead time, partial power
processing (PPP), soft switch, supercascode power switch (SCPS).

1. INTRODUCTION

OWER electronic converters for medium-voltage (MV) are

widely used in MVdc distribution networks, undersea dc
power distribution systems, high-speed train power systems,
etc., [11, [21, [3], [4], [5], [6], [7], [8], [9]. However, the limited
rated voltage of devices makes dealing with high input voltages
difficult, while the topology and control of converters become
complex. Utilizing devices in series to construct converters
becomes the most direct and effective way to solve this problem
[10], [11], [12], [13], [14].
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However, the issue of voltage imbalance exists in the series-
connected devices, which needs various active and passive drive
methods [15], [16]. Compared with other drive methods, the
supercascode driver is very attractive due to its simple control,
only one driving signal, and easy to achieve voltage balancing
[171, [18], [19], [20], [21], [22], [23]. According to the device
composition, supercascode power switches (SCPSs) can be clas-
sified into two primary configurations: the MOSFET and JFET
hybrid configuration, as well as the fully normally-off device
configuration.

For the MOSFET and JFET hybrid configuration, a super-
cascode topology is proposed in [18], where a 5-kV SCPS
is constructed using five JFETs and one low-voltage MOSFET.
The balancing network in [18] is improved by replacing the
bottom low-voltage MOSFET with a SiC MOSFET in [ 19], enabling
uniform voltage distribution across all devices. The SCPS con-
structed in [19] is further tested in boost and DAB converters in
[20]. Another supercascode topology and control of the device
voltage distribution are proposed in [21], while the overvoltage
issue on the top JFET is analyzed.

For the fully normally-off device configuration, there is a
better static voltage balance due to smaller leakage current than
JFETs, and a 7.2-kV SuperMOS is reported in [22]. However,
due to the problem of gate voltage drop in normally-off devices,
the number of devices in series is limited. To solve the problem,
a supercascode topology with gate voltage adaptive closed-loop
regulation is proposed in [23], which also suppresses gate volt-
age overshoots and further expands the number of devices in
series.

Both configuration topologies of SCPSs show outstanding
switching characteristics and potential for MV applications,
especially the topology proposed in [23], where the gate voltage
closed-loop regulation is impressive. However, the devices in
SCPSs have a unique switching process, which has a significant
impact on the soft-switching realization of converters in the dead
time. Due to limited research on SCPS-based converters, it is
necessary to study the soft-switching realization methods and
operation characteristics further.

Utilizing SCPSs to construct resonant converters not only
simplifies the topology and control in MV conversion, but also
achieves high efficiency [24]. The resonant converters achieve
the highest efficiency when operating at the series resonant point
and are widely used as DC transformers (DCXs) [25], [26],
[27]. However, the output voltage of DCXs cannot be adjusted.
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Fig. 1. Proposed PPP converter topology based on GVSB-SCPS.

To solve this problem, a two-stage scheme is proposed [26],
[27].

The regulation of output voltage is realized by a front or post
regulator module added. However, the added regulator module
needed to handle the full load power, resulting in a complex
circuit and heat dissipation design, while sacrificing converter
efficiency.

This article proposes a novel partial power converter based
on the GVSB-SCPSs and the proposed partial power processing
(PPP) circuit. The front stage of the DCX employs the GVSB-
SCPSs to achieve direct high-voltage input, which simplifies the
topology and control of MVDC converters. The post stage of the
DCX realizes stable voltage output and high efficiency in a wide
input voltage range through a proposed PPP circuit.

The rest of this article is organized as follows. In Section II,
the working principle of the proposed topology, high-frequency
operation process of the GVSB-SCPSs, unique gate switching
pattern during the dead time, soft-switching conditions of the
proposed converter, and the losses combined with the dead time
of the proposed converter are analyzed. In Section III, the gate
voltage self-balancing results and switching performance of the
constructed 10 kV GVSB-SCPS are introduced. Based on this, a
partial power converter prototype is built, and the soft-switching
test, PPP test, and operation test are carried out. The experimen-
tal results verify the effectiveness and feasibility of the proposed
topology and analysis. Finally, Section IV concludes the article.

II. TOPOLOGY AND OPERATION PRINCIPLE
A. Working Principle of the Proposed Partial Power Converter

Fig. 1 shows the proposed partial power converter topology
based on the GVSB-SCPSs and the proposed PPP circuit. Vpc,
veps Vout, and 1, are the input voltage, the output voltage of
the front stage, the output voltage of the post stage, and the
output current, respectively. vaop and i, are the resonant voltage
and resonant current. vp, ir,,, and i,z are the primary voltage,
exciting current, and secondary current of the transformer 7',
respectively. The turns ratio of 7' is N:1. vy, is the input voltage
of the dede module DC;. Ry, is the load. D is the duty of DC; .
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Fig.2. Simplified schematic of the proposed topology.

The front stage of the proposed converter is a full-bridge LLC
topology operating at the resonant frequency, acting as a DCX
to achieve a fixed voltage ratio. The post stage is the proposed

PPP circuit, which realizes the stable output of the converter.
Fig. 2 shows the simplified schematic of the proposed topology.
P ¢ is the active power processed by DCy, and P,,1+P,2 is the
active power unprocessed by DC;. Since the front-stage LLC
operates at the resonant frequency point, the output voltage of
T, is determined by the Vpc/N. In addition, the voltages across
C, and C, 2 are clamped at vaop/2, which equals the Vp/(2N).
According to the configuration shown in Fig. 2, there are

{ Vin = vcp — Vout

v 1
Vow = %2 (1 + M) M

where M is defined as (Vout-ven/2)/(vep/2). The voltage gain
M ¢ of DC; is defined as (Voui-ven/2)/(vin), which is related to
D.

Combined with (1), the relationship between M; and M - can
be obtained by

M; =2Mc - (1 — NM) 2)

Where M is the total gain of the converter and is defined as
Vout/Vpc. By combining (1) and (2), the relationship between
M and M - can be obtained
_ Vout o 1 + M 1

Vbe 2N

~1+2Mc
T 2N (14 Me)’

M 3
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Fig.3. Relationship between variables when N = 10. (a) M and M ¢ (b) k and
Mc. (c) k and M. (d) ntotal and M.

Assuming that the efficiency of DC; is 7p, the relationship
between P and P+Py,; can be obtained by
_ ke 1D Vin
Po+ Pui npvin+ Vouw —vep/2)”
Combined with (1), (3), and (4), the relationship between P ¢
and Po+Pyy in Fig. 2 is
_ 2np (1 — NM) _ "D (5)
2np (1= NM)+ (2NM - 1)

k1 “)

k1

np + M¢'

Assuming that the total output power of the converter is Piota1,
which equals Pc+P,,1+P,2, the relationship between P and
Piotal can be obtained by combining (2), (3), and (5)

o Po kM, _ npMc ©)
Plotal 1+ M, (1 + 2MC) (UD + MC)
where k is the power ratio of P, and can also be obtained by
combining (3) and (6)
B np (2NM —1) (1 — NM)
NM [(2np —1)+2(1 —np) NM]

When k>0, the range that M needs to satisfy is 1/2N<M<1/N.
According to (3), (6), and (7), the relationship between M, k, and
M ¢ is shown in Fig. 3(a)—(c). The efficiency of the P,,1+P2
component in the total input power P;,, of the converter is defined
as a. As a result, the relationship between the total efficiency
Ntotal Of the converter and « can be obtained by
PC + Pnl

P, P

(7

PTLQ «

1-k ®

Ttotal =

According to (7) and (8), the relationship between 71 and
M is depicted in Fig. 3(d). As shown in Fig. 3, the output power of
DC; only accounts for a small portion of the total output power
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Fig.4. Proposed GVSB-SCPS topology and turn-ON steady state. (a) Proposed
topology including two SiC MOSFETs. (b) Turn-ON steady state.
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Fig. 5. Turn-ON process of the GVSB-SCPS. (a) Turn-ON state during the

Miller plateau stage. (b) Theoretical turn-ON waveforms.

of the converter. Furthermore, as the power proportion processed
by DC; in the total output power decreases, its impact on the
efficiency of the converter is correspondingly reduced. When k
=0, Ntota1 €quals the efficiency of the front-stage DCX.

B. Principle and High-Frequency Operation Analysis of the
Gate-Voltage Self-Balancing Super-Cascode Power Switch

Fig. 4(a) shows the proposed gate voltage self-balancing
SCPS (GVSB-SCPS) topology including two SiC MOSFETS.
Fig. 4(b) shows the simplified equivalent model of GVSB-SCPS
in the turn-ON state. The blue lines represent the current paths of
capacitors, and the red lines represent the external driving current
paths. Q; (j>1) is the SiC MOSFET. N, is the N-channel depletion
MOSFET. C; is the capacitor for dynamic voltage balancing. R; is
the resistor for static voltage balancing. The operation principle
of the topology in Fig. 4 has been explained and verified in [23].
In GVSB-SCPS, Nj, Ryj, Rgj, and Cy; form a gate voltage
closed-loop circuit (GVCRC), which is used to closed-loop
regulate Vg to keep it consistent and stable through Vpgn ;. The
principle of GVCRC has been explained in [23]. This article will
focus on the switch operation of GVSB-SCPS.

Fig. 5(a) shows the turn-ON process of the GVSB-SCPS
during the Miller plateau stage, where the load current iz, has
been established, and C; is discharging to Q;. Fig. 5(b) shows
the theoretical turn-on waveforms, where the dashed and solid
lines, respectively, indicate the turn-ON process with and without
the discharge currents iy and ico. tyis the Miller plateau time,
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Fig. 6. Turn-OFF process and equivalent model of GVSB-SCPS. (a) Theoret-
ical turn-OFF process. (b) Detailed parameter model of the drive branch.

which is also the turn-ON time of device. Vg mitler is the Miller
plateau voltage and remains constant during fy, indicating that
GVCRC has little effect on 77, which is mainly impacted by i¢;.
Before tf, V1 is approximately equal to Vpc/n due to voltage
sharing, where Vpc is the total drain-source voltage of GVSB-
SCPS. Considering that C; and Cs need to be fully discharged
during the #; stage, the released charge can be expressed as

Vbe N
QC1—T'C1—thle- )
j=1
According to Fig. 5, the current ip; flowing through Q; is
equal to iz +ic1+ico, and the f; can be obtained by

ty = (Voc-C1)/[n(ip1 —iL)].

During the ; period, Q; is in the saturation region, where
ip1 is controlled by Vgs miner. Consequently, when Vg minter
remains constant, ip; also remains unchanged. According to
(10), when Vpc and iy, are constant, ¢y will be affected by C;.
Furthermore, the larger the value of Cy, the longer ; will be.

Fig. 6(a) shows the turn-OFF processes of GVSB-SCPS. When
GVSB-SCPS is driven by Vgg to turn OFF, Q; turns OFF in
sequence, while the current flows through the body diode of N;.
Fig. 6(b) shows a detailed parameter model of the drive branch
when Vg4 rises. Fig. 7(a) shows the theoretical waveforms
during the turn-OFF process. Fig. 7(b) shows the varying turn-OFF
start points and turn-OFF time waveforms with the load current
iy, changes. Fig. 6(b) corresponds to the Aty period in Fig. 7.
Cysj» Ceaj» and Cqg; are the gate-source capacitor, gate-drain
capacitor, and drain-source capacitor of Q;, respectively. Cqas,
Capj, and D y; are the gate-source capacitor, gate-drain capaci-
tor, and body diode of N;, respectively. During turn-OFF process,
the moment when Vg starts to rise is the start turn-OFF point,
which depends on the time of entering the Miller plateau.

Due to the sequential turn-OFF, the turn-OFF starting point of
Q; varies and is related to the load current i;,. Assuming the
difference in the turn-OFF start points between Q; (1<i<n-1)
and Q(i41) is At;, the sum of At; can be obtained according to
Fig. 6

(10)

n—1

n—1
> At = ;E'EE:kXi+1)
=1

i=1

1D
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Fig. 7. Turn-off waveforms of the GVCB-SCPS. (a) Theoretical waveforms

during the turn-OFF process. (b) Varying turn-OFF start points and turn-OFF
time waveforms with the load current changes.

Where k(; 1) is the constant related to the driving branch of
Q(i+1), and can be obtained by KVL and KCL

k(i+1) = (Cossi [Ceq(iv1) + Ci] / Ci + Ceqig1y) - |AVgs(izr112))|
Where C,gs; is the output capacitor of Q,; and equals to
Cgaj+Casj. AVgyi41) is the difference between the Miller
plateau voltage and the gate steady-state voltage of Q(;y1).
Ceq(i+1) in (12) is

Ceq(i+1) = Ciss(i+1) + Cni - Ciss(i+1)/ [Cni + Crss(i+1)]
(13)
Where Cigg; is the sum of Cgs; and Cgq4, Crsg; is the sum of
Casiand Cgq;. From (11), (12), and (13), it can be known that
At; will increase as i, decreases, as shown in Fig. 7(b).
During the At(l) period, the change of Vg4 for Oy is

Ci + Ciss2 Cn2Chss2
4 Cy (Cna + Cigs2)
(14)

AVvdsl = _AVgSZ '

However, V52 remains unchanged during this period since i p
discharges the Cjsg2 instead of charging the Cygg2. Furthermore,
the changes of Ciss2 and Crggo are related to AV,g, which is
associated with Qs itself. Therefore, the changes of Cisso and
Ciss2 are decoupled from the Vpc and ip. According to (14),
AV is also decoupled from the V¢ and i p. Combining (12)
and (13), since the change of Cys51 Within At;isrelated to AVyg,
it can be inferred that k(2) does not change with Vpc and ip. As
aresult, the 37" k(;; 1) does not change with Vpc and ip.

Since i p discharges the Cigs(i41) of O(;41) instead of charging
the Coss(i+1) of Q(i+1) within the At; period, the total turn-OFF
time 7, include At; and can be expressed as

Voc [Cossn (Vbe/n) +Cr] 1 nd

t, (Voc) = paes i ; Kit1)

(15)

where C,ss,(Vpc/n) is the output capacitor of Q,, at Vg, =
VDc/n.

Since i p charges Cossy, and C,, after Q,, enters the Miller plat-

form, the equivalent output capacitance of Q,, can be obtained
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by the sum of Cyss,, and C,,

Cequal(n) = Cossn + Ch. (16)

Due to the series relationship of C;and KCL, (16) only applies
to Q... Combined with (15) and (16), the total equivalent output
capacitance of GVSB-SCPS can be obtained by

n—1
Coss eq — M + i Z k(i+1)- (17)
B n Vbe P

C. Switching Mode Analysis of the GVSB-SCPS Switching
Cell During the Dead Time Under Soft-Switching Conditions

Based on the GVSB-SCPSs configuration with two devices
in series, Fig. 8 shows the switching cell when the high-side
devices achieve ZVS soft turn-ON during the dead time. Q3 and
Q, are the high-side devices, while Q; and Q- are the low-side
devices. SW is the switching node. The blue lines represent the
load current paths, and the green lines represent the current path
for C; discharging to the gate of device. ip g and ip j, are the
currents flowing through the high-side devices and the low-side
devices, respectively. Fig. 9 shows the theoretical waveforms.

As shown in Fig. 8, when the low-side devices are turned
OFF, the voltage at the SW node rises, and i7, flows into the SW
node. For the low-side devices, iy, will charge Cys1, Cas2, Cgdi,
Cga2, C1, and Co, resulting in the rise of V4s; and Vgs2 and the
decrease of Vg1 and V. For the high-side devices, iz, will
discharge Cqs3, Cgsa» Cgas, Cgda, C1a, and Ca,. During this
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Fig. 9. Theoretical waveforms of high-side switch during soft turn-ON.

period, Vg3 is clamped by Vg2, while Cq, charges the gate of
Q4 and Vg4 rises. However, once Q4 turns ON, Vg3 will increase
as Vg4 decreases, causing Vg4 to drop again. As aresult, before
Cas3 and Cqg4 are fully discharged, Vg4 will remain close to the
turn-ON threshold Vg; ¢, as shown in Fig. 9. When Vg3 and
Vas4 decrease to the minimum values, Vg4 will continue to rise
to the steady-state value, causing Q4 to be turned ON before Q3.
i1, eventually flows through the body diode of Q3 and the channel
of Q4, creating the ZVS turn-ON condition of high-side devices.

During #,—t,4 period in Fig. 9, the current flows through the
channel of Q4 rather than its body diode. Since the conduction
voltage drop of the channel is much smaller than that of the body
diode, it will help to reduce the dead-time loss. Assuming that
the conduction voltage drop of the body diode and the ON-state
resistance of Q; are Vp,; and Ry, respectively, the dead-time
loss reduced by GVSB-SCPSs compared with the conventional
series-connected devices is

ta n n
. .2
Plossfreduce = / § VDrj ‘YD H — § Rdsj ‘"D H dt.

b\ j=2 j=2
(18)
The conclusion of (18) is also suitable for the cases where
n>2. When n rises, GVSB-SCPS has smaller dead-time losses
compared with the conventional series-connected device.
However, the GVSB-SCPS has an additional At(l) related
to the load current. To ensure reliable turn-OFF of the low-side
devices, the dead time should be greater than z,-. At the same time,
iz, should fully discharge the output capacitance of high-side
devices to create the condition of ZVS turn-ON.

D. Boundary Conditions for Soft Switching Realization of
GVSB-SCPSs in the Proposed Converter

Since the efficiency of DCX is the highest when operating at
resonant frequency, the analysis will be based on this condition.
The conditions of the ZVS soft-switch for S;-S; should be
satisfied as follows.

1) The inductive input impedance exists in the resonant cav-

ity, where the voltage changes direction before current.

2) Resonant current achieves complete charging and dis-

charging of the output capacitors of devices during the
dead time.

3) Resonant current cannot change the direction during the

dead time.
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under the resonant point.

Since 1) is naturally satisfied at the resonant point, the real-
ization of ZVS soft-switch is considered during the dead time
as follows.

Fig. 10 shows the theoretical waveforms for ZVS realization
in the proposed converter at the resonant point. f,, represents
the normalized frequency and equals 27 fs+/ L, /C,., where f
is the switch frequency. The P state is defined as the stage
when vp equals the Nvcp and iz, is greater than iy,,. In
Fig. 10, when the OFF-state current iog ¢q during the dead
time is smaller, the turn-OFF time will be longer, as shown in
Tdamin1—Tdmin3- The turn-OFF time includes not only the time
for charging the equivalent output capacitor of devices, but also
the time difference when devices enter the Miller plateau, as
shown in At(1)_1—At(1) 3. According to the previous analysis,
At(1)_1-At(1)_3 is also related to iy ¢q and increases with the
decrease of iog tq. According to Fig. 1 and KVL, iyg ¢q could
be obtained by

Nwep
ALy fr

Toff td = (19)

Where f,. is the resonant frequency of L, and C,, and equals
1/2m+/L,C,.. Assuming that the dead time is T and S1-S4 has
the same parameters, since completely charge and discharge of
the equivalent output capacitor Cequal(n) in S1—S4 during Ty
period should be achieved, there is

n—1

) Vbe

foff 1d (Td -3 AtiliL_i(,M> > 2Cequaltn) "~ (20)
i=1

Assuming that the minimum value of T iS Tymin, there is

20@ wal(n VDC i,
Tigmin = ——220 =~ At; 21
dmin = N+ doff + Z |LL Goff 1d” ey

Different from the conventional LLC topology, the Tqpi, in
(21) contains the time difference of turn-off starting points of
each device and is related to i,g q in the dead time. However,
when the T is too large, iog tq Will cross zero in advance and
reverse charge and discharge the Cequal(n) again, resulting in the
loss of the ZVS condition. Therefore, the maximum dead time
should be limited. According to Figs. 1 and 10 and periodic
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symmetry, the expression of excitation current and resonance
current in P state can be obtained'

{iLmP (t) = -t
iLr_P ( ) — ILT‘ _pk sin (27Tt fs/fn - od)

Where 6,4 is the angle of i;,,. from the separation of resonance
current and excitation current to just resonance to zero. Iz, i
is the peak value of i7,,.. Assuming that the efficiency of the post
stage is 1), the average current on the primary side of 7). and the
total output current /,, should satisfy

(22)

fn/ (2fs)
2, / i (£) — iz (8)] dt = I Vou/ (mpNveo)-
0

(23)
Since LLC only transfers energy in the P states, (22) can be
brought into (23) to obtain

P,r Tioff d  TINVCD [
27]pNUCDfn 2 8me9

Where P, is the total output power. Moreover, according to
the period symmetry, i, and iy, are approximately equal at ¢
=0:

IL’I" _pk COS (Hd) (24)

im_p (t)];—g = Irr_pk sin (—04) = —ioft - (25)

Combine with (24) and (25), 04 can be obtained as

04 = arctan
) Py Tioff td . TINVCD [

) _ Thoft_ .6

|:Zott_td / <277p Nueo T 5 + SL.. 7. (26)

Assuming that the maximum 7 to satisfy the i,g q Without
changing direction i Tqmax, Tdmax can be obtained according
to (21) and (26)

2C(equal (n) Vbc

Tdmax - : (27)
TV - Toff td

n—1 0
d
+ Z Ati|iL:ioff,ld + W
i=1 T

Combined with (11), (15), (21), and (27), to ensure the real-
ization of S1—S, soft switching, the dead time 7’4 should satisfy

2C Vi
Td > equal(n) YDC + Z At | o
- n lon td 1L =Toff 1 (28)
Cequal(n) Vb 04
Ta S N doff td + Z At |ZL:iorud + 27 fr

E. Power Loss Analysis and Dead Time Design

In order to study the effects of T; and Z?;ll At; on the
loss of the proposed converter, it is necessary to obtain the
relationship between these parameters with the iy,. Since the
RMS value I,,s , and the peak value I, px of ir, satisfy
iLr pk = V2 Iims_p, it can be obtained according to (19), (23),
and (25)

TP,

2v2nNvep

NAvdon?
Ar2L2 P2f2f2 +4

According to (29), the I,,s_, decreases with L,, increases,
which is beneficial to reduce the conduction loss. However, the

I rms_p —

(frTa+ f277)+1. (29
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Fig. 11. Relationship between the switching loss, conduction loss, primary
total loss, Vpc, and dead time of converter. (a) Turn-OFF simplified model.
(b) Switching loss. (¢) Conduction loss. (d) Primary total loss.

selection of L,, requires making iy, achieve complete charging
and discharging of the output capacitors of devices during T4
period. Combining with (19)—(21), and Vpc = Nvcp at the
resonant point, the range of L,, can be obtained by

n—1

Ly <n (Tdmin - Z AtiiL—iof“d> / (8Cequal(n)f7‘)-

i=1 (30)

Fig. 11(a) shows the simplified model when S turns off during

Tq, where i, and icequal are the channel current of §; and

the current flowing through the equivalent output capacitance

Cequal, respectively. To simplify the analysis, it is assumed that
icp 1s linearly turned off during this period, and there is

Gch () = tor a (1 — £/ Tmin) - 3D

Assuming that Plogs sws Ploss_on»> and Pjoss are the switching
loss, conduction loss, and primary total loss of the converter,
there is

-Ploss_sw = 4fs OTdmin iq (t) Vas (t) dt= 'L?ﬂ o Tﬁ““ fs/ (1QCoss_eq)
]Dloss_on - Irzms_des ) .
Ploss = -Ploss_sw + ]Dloss_on

(32)
According to (19), (21), and (32), the relationship between

Ploss_sw»> Ploss_ons Ploss> Td» and Z;:ll At; can be obtained, as

shown in Fig. 11(b)—(d). The reference of Rqs, N, Coss_oq» and f

are 0.25 2, 20, 190 pF, and 20 kHz, respectively. It can be seen

from (32) and Fig. 11(b) that as Vp¢ increases, the switching loss
gradually increases, conduction loss gradually decreases, while
the primary total loss Pjoss has a minimum value. According to

(13), (21), and (32), if Vpc, iof td, and f; remain unchanged,

adding T4 larger than Ty, does not change the Pjogs sw. AS
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Fig. 12.  Turn-off transient waveforms in a double pulse tester when m = 2.

Fig. 13.

Picture of the designed 10 kV GVSB-SCPS.

shown in Fig. 11(c), since Pjoss_on decreases with the reduction
in Ty, it is beneficial to reduce the conduction loss when 74
decreases. Therefore, Ty = Tqmin Was selected as the optimal
dead-time control coordinate in the dead-time design.

However, obtaining the Tqy,i, and selecting appropriate L,,
in (30) require to know Z?;ll At;. According to (11), (12), and
(13), 3207 At is related to S0} k(i+1), which contains the
voltage dependent junction capacitance of devices. According
to the analysis in Section II-B, Y7~} K(i+1y will not change
with Vpc and ip. Therefore, Tqmin can be predicted through
Z?:_f K(it1)-

Combing with (11) and (21), Tqmin can be expressed as

n—1

Tamin = QCequal(n)VDC/n+Zk(i+1)‘|/ioff_td' (33)

i=1

As shown in Fig. 12, through m double pulse tests under
different i 1qxS and same Vpci, 2?2—11 k(i+1) can be obtained
as

(34)

n—1 m .

k o Zzzl Zoff_tdedminx - onssn (VDC1/7L)
S ki = =
1=1

Where Q,ssn(Vpci1/n) is the equivalent output charge of Q,,
at Vpc1/n, which can be obtained by combining (15) and (16)

VDCl [Oossn (VDCl/n) + Cn]
n

Qossn (VD01/n) - (35)

III. EXPERIMENTAL RESULTS

To construct the proposed converter, a 10 kV GVSB-SCPS
prototype based on the GVSB-SCPS topology is built using five
SiC MOSFETs (WM2AO050330L) in series, as shown in Fig. 13.
The key experimental parameters of the designed GVSB-SCPS
are listed in Table I.
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TABLE I
PROTOTYPE PARAMETERS OF THE DESIGNED GVSB-SCPS

Variable Symbol Values
N-channel depletion
MOSFETSs N, IXTH16N50D2
Avalanche diodes D; 51?16004
(two 1in series)
Resistors for static Ri—Rs 34 MO
voltage balancing
Capacitors for static Ci—C [1.5nF, 1.2 nF, 1 nF, 850 pF,
voltage balancing 73 800 pF]
ReR [386.2, 398.3, 386.1,
NITLIN5
Feedback resistances 376.5, 388 Q]
Roi-Ros 1522.1Q

=“3

Vs = 50V
Vs = 40V Vs = 40V
Vos = 30V B Vs = 30V
[ Vst = 15V P
! Viss = 15V
D es————

Fig. 14.  Experimental waveforms of gate-source voltages for SiC MOSFETSs
in the designed 10 kV GVSB-SCPS under varying driving voltages.
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Fig. 15.  Waveform test results of the designed 10 kV GVSB-SCPS in the DPT

at 10 kV. (a) Schematic of DPT. (b) Waveform test results under two pulses.
(¢) Turn-OFF waveforms. (d) Turn-on waveforms.

A. Experiment Results of the 10 kV GVSB-SCPS Prototype
Designed as the Main Power Device in the Proposed DCX
Converter

Fig. 14 shows the experimental waveforms of gate-source
voltages in the designed GVSB-SCPS under varying driving
voltages. The experimental results demonstrate that the Vg1
and V5 remain stable at 15 V under Vg changing from 30
to 50 V. The gate voltage self-balancing function has been
verified.
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Fig. 16. Experimental prototype of the partial power converter based on the
designed GVSB-SCPSs.
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Fig. 17.  Simplified equivalent model of the proposed converter topology.
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Fig. 18.  Experimental results of DCX in the constructed converter. (a) Steady-
state operation waveforms. (b) Turn-OFF transient waveforms.
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Fig. 19.  Experimental results of gate voltages in the constructed converter.
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Fig.20. Experimental results of the constructed converter. (a) Vout, VAB, i Lys
and Vpg. (b) vep, Vout, Vs, and 14.
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Fig. 21.  Startup waveforms of the constructed converter at 4 kV.
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Fig. 22.  Voltage and current waveforms under the condition of total input
voltage Vpc variation. (a) The Vpc drops from 4kV to 3.5kV. (b) The Vpc
rises from 3.5kV to 4kV.

Fig. 15 shows the waveform test results of the designed 10-kV
GVSB-SCPS in the double pulse tester (DPT) at 10 kV. The
input capacitor Cq. is 30 uF, and the input inductor L is 32
mH. Multiple series-connected Schottky diodes are connected in
parallel at L to act as a freewheeling diode. The external driving
signals are two pulses that last 20 and 10 ps, respectively, with
an interval of 15 ps. Vy(4)s(1) is the voltage difference between
the drain of Q; and the source of Q1. I35 is the current flowing
through the designed GVSB-SCPS.

Fig. 15(c) shows the turn-OFF waveforms of the designed
10-kV GVSB-SCPS at 10 kV input. The drain-source voltage
rises from O to 11 kV in 900 ns at 4.5 A, while the dv/dt is
12.2 kV/ps.

Fig. 15(d) shows the turn-ON waveforms of the designed
10-kV GVSB-SCPS at 10 kV input. The drain-source voltage
falls from 10 kV to O in 200 ns at 19.5 A, while the dv/dt is
50 kV/ps. There is a 14 A current spike, which is caused by
the reverse recovery current of the freewheeling diode and the
charging current of the parasitic capacitors due to the fast dv/dz.

According to the experimental results from Figs. 14 and 15,
the excellent performance of GVSB-SCPS has been verified.

B. Experiment Results of the Proposed Partial Power DCX
With the GVSB-SCPS Prototype Designed

Based on the proposed converter topology, an experimental
prototype of the partial power DCX utilizing the constructed
GVSB-SCPSs is developed, as shown in Fig. 16. The key
experimental parameters of the designed converter are listed in
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TABLE IT
PROTOTYPE PARAMETERS OF THE DESIGNED CONVERTER
Variable Symbol Values
Input voltage Vbe 4kV
Total output voltage Vout 120V
Switching frequency s 20 kHz
Resonant capacitance C; 40.8 nF
Resonant inductance L, 1.577 mH
Excitation inductance L 14.04 mH
Transformer turns ratio N 20:1

Table II. The PPP unit is constructed by a flyback converter,
as shown in Fig. 17. I is the current flowing through the main
switch S,,1, and Vpg is the drain-source voltage of S,1. vi, is
the input voltage of the Flyback.

Fig. 18 shows the operation results of the built converter at
4 kV, 20 kHz. iy, is the resonant current and vcp is the output
voltage of the front-stage DCX. Vg(5y5(1) is the total voltage
(over Q1—Q5) across the drain and source of the GVSB-SCPS,
while V4(3)s(1) is the voltage across the first three devices (over
01-03). Itis experimentally verified that the V 4(3) (1) is three-
fifths that of V4(5)s(1), achieving a good voltage sharing. It can
also be observed that when the turn-OFF current iog ¢q during
the dead time is 3.2 A, the corresponding turn-off time is 1.2 s,
and the difference time Af(;) between the turn-off start points is
400 ns. The sequential turn-OFF mechanism has been verified.

Fig. 19 shows the test results of the gate voltages in the
constructed converter during the dead time 7;. When the drain-
source voltage V(5)s(1) drops, the gate voltage V2 of the upper
device first rises due to the discharge of the capacitor Cy, but
is clamped below the threshold voltage. When V4(5) (1) drops
t0 0, Vg2 continues to rise to the steady-state value. During the
dead time, Vg is clamped to a low level by the external drive
voltage Vas. When the dead time Ty ends, Vg rises as the
Vas increases. The experimental results in Fig. 19 verify the
analysis of the unique gate switching pattern during the dead
time. Since Vi1 turns ON after Vg(s) s(1) drops to 0, italso verifies
the realization of ZVS soft switching of GVSB-SCPSs.

As shown in Fig. 20, under the conditions of an input voltage
of 4 kV and a switching frequency of 20 kHz, vep and V¢ are
185 and 120 V, respectively, while stable operation is achieved.
At the same time, the operating frequency of the flyback is 96
kHz. The startup waveforms of the constructed converter at 4
kV are shown in Fig. 21. In this process, the output voltage
Vout reaches and maintains a stable 120 V following a soft-start
period lasting approximately 2.56 s.

As shown in Fig. 22, to test the voltage regulation function
of the proposed PPP circuit, the total input voltage Vpc is
varied between 3.5 and 4 kV. The experimental results show
that when Vpc varies, vap, i, and the drain-source voltage
Vps of the S,,1 in the flyback also varies accordingly. However,
due to the closed-loop regulation of the proposed PPP circuit,
the total output voltage V,,,; remains stable at 120 V. The voltage
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Fig. 23.  Efficiency test results of the post-stage PPP circuit.
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Fig. 24.  Efficiency test results of the DCX circuit.

closed-loop regulation function of the proposed PPP circuit is
verified.

In addition, the efficiency of the converter prototype under
different output powers when Vpc = 4 kV is tested, as shown in
Figs. 23 and 24. As shown in Fig. 23, the efficiency of the flyback
converter is around 83%, while the efficiency of the proposed
post-stage PPP circuit reaches around 98%, with an increase
of about 15%. As shown in Fig. 24, the efficiency of the DCX
increases as the output power increases, reaching 99.07% when
the output power is 3.42 kW.

C. Performance Comparison of the Proposed Topology and
Method With Other State-of-the-Art Technologies

The comparison of the proposed topology and method with
other state-of-the-art technologies is summarized in Table III.

In comparison with the topologies and methods proposed in
[26], [28], [29], [30], and [31], the proposed method achieves
a smaller number of driving signals and transformers, a higher
voltage conversion ratio, and a higher test voltage on the basis
of PPP, while the control strategy is very simple. The proposed
topology adopts a two-stage architecture. The DCX achieves
a fixed voltage ratio and soft switching for all devices, while
the post stage uses the proposed PPP circuit for output voltage
regulation. Based on the center-tapped design of the transformer
and the PPP structure, most of the output power is directly
transferred to the load, with only a small portion of the power
processed by PPP, minimizing the power loss of the two-stage
architecture. The proposed topology only requires four drive
signals to drive the GVSB-SCPSs, enabling a single module to
handle MV dc input. The converter uses PWM control on the
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TABLE III
COMPARISON OF THE PROPOSED TOPOLOGY AND METHOD WITH OTHER STATE-OF-THE-ART TECHNOLOGIES
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Comparison of the Proposed Topology and Method with Other State-of-the-Art Technologies

Technologies Ref. [28] Ref. [26] Ref. [29] Ref. [30] Ref. [31] Proposed
Tonolo Half-bridge Full-bridge Full-bridge Full-bridge Half-bridge Full-bridge
POIOEY DCX DCX+boost | DCX+buck | DCX+DAB | DCX+buck | DCX+PPP
Architecture type Single-stage Two-stage Single-stage Single-stage Quz.f;—gt:lo— Two-stage
Number of .
transformers 1 2 1 2(intergrate) 2 1%
Control strate Active Common- PWM Hybrid PWM PWM
&y clamping duty control control control control control
Number of drive 16 10 8 12 8 Sk
signals
Voltage conversion 10:3 20:7 48:1 12:1 100:3 100:3%
ratio
Output isolation Yes Yes No Yes Yes Yes
Testing Voltage 2kVdc 2kVdc 48 Vdc 60 V dc 400 V dc 4 kV dekx

low-voltage side for closed-loop regulation, without the need for
high-isolation sampling and greatly simplifying the control.

IV. CONCLUSION

This article proposed a novel partial power converter based
on the GVSB-SCPSs and the proposed PPP circuit. The GVSB-
SCPSs were utilized to construct the DCX, directly achieving
MVDC input of a single module. The proposed PPP circuit only
needed to handle a small portion of the output power, while
the high efficiency output of the converter was achieved. For the
GVSB-SCPSsin the DCX, the influencing factors during contin-
uous high-frequency operation were analyzed. At the same time,
considering the unique gate switching pattern of the GVSB-
SCPSs, the boundary condition for achieving soft switching
during the dead time was provided. Under this condition, the
loss of the proposed converter was analyzed, and the dead time
was optimally designed. To construct the proposed converter, a
10 kV GVSB-SCPS was built and demonstrated outstanding
switching characteristics in the testing results. Based on the
proposed converter topology and the designed GVSB-SCPSs, a
partial power converter prototype was built and stably operated
at4 kV, 20 kHz. The experimental results verified the realization
of soft switching of GVSB-SCPSs. Furthermore, the proposed
PPP circuit achieved closed-loop stability of the output voltage
under the condition of total input voltage variation. The efficacy
of the proposed topology and analysis was well verified.
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