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Abstract—This article presents a compact inductive power trans-
fer (IPT) based wireless energy pick-up system (WEPUS) coupled
gate-drive for medium-voltage power devices in modular direct
current (dc) solid-state circuit breakers (SSCBs). There are two
major contributions. First, an LCL-S compensated IPT system
with constant voltage outputs is applied as auxiliary power supply
to power ten submodules in SSCBs, which is advantageous in
terms of load independence. Second, a compact modular WEPUS is
integrated as part of a power electronics building block (PEBB) to
provide modularity in SSCBs. A WEPUS prototype is implemented
for ten loads to test power transfer performance, which achieves a
peak dc-to-dc efficiency of 88.2% at 47.1 W and 230 kHz frequency.
Then, the WEPUS is installed on a real SSCB prototype with
ten parallel PEBBs. A 400 A/1 h dc continuous test and a 2 kA
fault interruption test powered by the WEPUS are performed,
which validate the proposed WEPUS to support SSCBs in both
steady-state and transient interruption working modes. This article
is accompanied by a slide as multimedia material demonstrating
the contributions of the presented work.

Index Terms—Inductive power transfer (IPT), modularity,
power electronics building block (PEBB), solid-state circuit
breaker (SSCB).

I. INTRODUCTION

ODERN direct current (dc) power system has been wit-
M nessing rapid development for the sake of efficiency [1],
[2], [3], power density [4], and renewable penetration [5], which
is of great significance for carbon neutrality. However, due to
the nonexistence of natural current zero crossings and low fault
impedance, dc circuit breakers are required to achieve reliable
and fast protection [6].
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Recently, solid-state circuit breakers (SSCBs) can realize
fast response and arc-free breaking features compared to tra-
ditional mechanical or hybrid circuit breakers [7], which is
superior for aerospace, navy vessels, electric vehicle charging
stations, and solar farms [8]. With the development of medium
voltage wide bandgap devices, new opportunities for SSCBs
are promising with high ratings and efficiency. However, due
to the semiconductor on-state resistance compared to a metal
contactor, it is necessary to package multiple devices in par-
allel [9]. Modular design concept [10] has been proven as an
effective solution to achieve high current rating and efficiency.
Realizing modular auxiliary power supply (APS) for gate drive
is a major technical challenge. As the enhanced operation rating
of modern medium-voltage power devices, it is motivated to
develop new technologies of isolated APS for gate-drive designs
to achieve better modularity, robustness, safety, and reliabil-
ity, thence facilitating the development of the oriented SSCB
applications.

Domino-type inductive power transfer (IPT) relay system has
been investigated to provide constant current (CC) or constant
voltage (CV) outputs [11], [12], [13], [14], [15], [16], [17], [18].
Different compensations from simple series/parallel to high-
order T- or 7-type networks [19] have been proposed. Cheng
etal. [11] presents an S-SP compensated IPT relay system with
six CV outputs using asymmetrical coils. A five-stage double-
output IPT system with CV outputs is proposed in [12], which
features cylindrical solenoid couplers for insulator applications.
Chen et al. [13] proposes a bilateral excitation based a domino
IPT system with eight outputs to improve load independence
and efficiency.

However, there are drawbacks in the domino IPT solutions.
As shown in Fig. 1, the configuration of the last receiver unit
is different from others [14], [15], [16], [17], [18], affecting
modularity in mass production. To reduce cross couplings be-
tween non-adjacent units while maintaining main couplings, a
relatively large bipolar double-D coil layout is usually used,
which reduces power density. Besides, there is an output volt-
age drop in each relay unit due to inevitable parasitic resis-
tance, which limits the maximum number of power transfer
units.

Single-transmitter-multiple-receiver APS is a mainstream
solution. Existing designs in [20], [21], [22], [23], and [24] adopt
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Network Domino repeaters distribute power to multiple gate drives

M

Fig. 1.  Existing domino IPT system for gate drives, achieving load indepen-
dent CV outputs, but losing modularity and consistency with cross couplings.

Receiver unit # 2 Receiver unit # 3 Receiver unit # N

Receiver unit # 1

Fig. 2. Existing CT-based APS, which lacks investigations on output number,
efficiency, load-independent CV outputs and modularity.

similar schemes, which use a large primary coil and multiple
smaller receiver coils. However, cross couplings and magnetic
field uniformness between receivers are critical concerns.

Fig. 2 shows a general configuration of current transformer
(CT) based APS. The authors in [25], [26], and [27] adopt it
to supply power to gate drivers. However, maximum output
number and efficiency are not optimized in these designs, neither
the load-independent CV characteristic is investigated. The idea
of modular design is still not realized in these standalone APS
systems.

To overcome the technical gaps, this article proposes a novel
CT-based wireless energy pick-up system (WEPUS) for SSCB
APS applications. It features high efficiency and low voltage
regulation over a wide load range. There are two major contri-
butions.

1) A single-transmitter multireceiver LCL-S compensated
IPT system with ten CV outputs is implemented for real
SSCB gate drivers for the first time.

2) Good compactness and complete modularity are achieved.
Identical APS pick-up units are installed into each power
electronics building block (PEBB) submodule, realizing a
modular SSCB.

For the sake of disambiguation, it must be noticed that the

efficiency of the proposed WEPUS APS is different from the
SSCB efficiency in this article.

II. PROPOSED WIRELESS ENERGY PICK-UP SYSTEM
A. System Description

Fig. 3 shows the proposed WEPUS system with N outputs.
An LC compensation network is applied to achieve a CC in the
primary track, which consists of an inductor L; and a capacitor
C;. All pick-up units receive power from the same track, which
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has an inductance of L,. A series compensation C, is used at the
secondary side to achieve load independent CV outputs. With n
= 1,2, ..., N, the mutual coupling between the primary track
and pick-up coils is M,,, the pick-up coil inductance is L, the
compensation capacitor is Cs,,, and the load resistance is Rp,,,.

B. Circuit Working Principle Analysis
In Fig. 3, the coupling coefficient k,, is defined as

n:Mn/,/L,,LS,n=1,2,-.-N. )

Fig. 4 shows the equivalent circuit of the proposed WEPUS
with N loads. The input voltage Vi,, input current /3, track
current /,, and pick-up current /,, are also provided. The input
voltage Vj, is given as

Vin = 2v2Vge /. @)

Quality factors of coils are defined as

Q1 :UJLl/Tlv Qp ZWLp/Tpa Qsn ZWLsn/Tsna n=12,....N

3

r1, rp and 7, represent parasitic resistances, the angular fre-
quency is defined as wy, and resonances are expressed as

woli =woLp=1/woC1,woLsn=1/woCsp,n=1,2,...,N.
“)
The pick-up unit impedance Z,, are described as
an - jWLsn + 1/]&)0(;” + Tsp + RLnan = 17 27 B 7N'
)
Based on Fig. 4 and (5), the reflected impedance of each unit
Z,y, and total reflection impedance Z,, at the primary side are

N
=3 ZpZpn = (an)z/an,n —1,2,....N. (6)

The input impedance of the system is depicted

1

JjwL, —|—rp—|—Z) @

Zin =11+ jwli + 1/(jw01 +

At resonance, Z;,, becomes resistive, as described in (8). It
means the proposed WEPUS achieves zero phase angle (ZPA)

Zin =1+ (WL) [ (rp + Zp). ®)

The input current /1, track current /,,, and pick-up unit current
I, are depicted as

_ I 1/ijl
p 11/jw01+ijp+'rp+Zp ) (9)

L I
Iy, = jwMy1,/Zg,n=1,2,...,N

At resonance, the currents can be simplified as

I = r1+( le)Vm/(errz I = rl(rpf;f)ﬁ:}m)z (10)
Ly = g iatos n= 1,2, N
The induced voltage on the pick-up unit is derived as
Vi — JwMpI,Rry, _ w2 Ly M, Viu R0,
Font Rin (rgt Run) [r1(rp+ Zy)+ (L)’
(11)
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Fig. 3.

Proposed WEPUS system with LCL-S compensation, powering N loads.
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Resistance R;, (Q2)
Fig. 5. Calculated output voltages versus load resistance Ry, at different

numbers of output N (k=0.2, 01=0,=50, and Q,=100).

Assuming parasitic resistances of L; and L, are negligible,
the track current /,, and output voltage V7, are derived as

Vi M,
L)~ —,|Vin| = — - Vin.
5| le’l ] L, "

12)

It reveals that the primary track has a CC, which helps to
induce CV on the pick-up units. By tuning parameters to achieve
M, =My = --- = M, the consistency of outputs can be realized.

C. Sensitivity Analysis of Voltage Outputs

In the following calculations, the dc input voltage Vi is
set as 18 V, the frequency selected as 230 kHz, primary track
inductance L, = 3 pyH, and receiver inductance L, = 140 pH.
Identical inductances, and load resistances are used, namely L
=Lyo ==Ly, My =My =+-=Mp,and R,; =Ry =
--- = R n. Compensation capacitors are calculated according to
4).

Fig. 5 shows the variation of output voltages with load Ry,
which is calculated based on k = 0.2, Q1 = Q, = 50, and Q,,
= 100. As the WEPUS supplies more units, the output voltage

Behavior sources based equivalent circuit model of the proposed WEPUS system with N loads, including parasitic resistances of coils.

S
T
=)
8
G
>
1
50 100 150 200 250 300 350
Quality factor Qs
Fig. 6. Calculated output voltages versus quality factor of receiver coils Q at

different numbers of output N (k=0.2, Q1=0,=50, and R1,,=100 ).

decreases. For example, when Ry, = 100 €2, the output voltage
reduces from 21.66 to 21.36 V as N increases from 1 to 10. It is
because the increased total reflected impedance Z,, based on (6)
can lead to a voltage reduction based on (11). It also explains
that the load-independent CV characteristic is impacted as N
increases.

Fig. 6 shows the variation of output voltages with Qg,,, which
is calculated based on k = 0.2, 01 = Q, = 50, and Ry,, =
100 Q. As Qg, increases, the voltage drop on the parasitic
resistance reduces, and output voltages increase. It also indicates
thatkeeping increasing Q s, becomes less effective. For example,
when N = 10, the voltage increment is 0.62 V as Q,, increases
from 50 to 200, which is much more significant than that of only
0.09 V as Q, further increases from 200 to 350.

Regarding the oriented application, it is desired to achieve
modularity of the SSCB gate-drive, which means that it needs
to be acceptable to adjust total number of output units N (SSCB
submodules) without changing any design parameters including
the WEPUS system. It gives better flexibility to facilitate the de-
sign process of SSCBs targeting different application situations.
Specifically, Figs. 5 and 6 show the simulated performance of the
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N.

Maxwell-simulated coupling coefficient k versus output unit number

WEPUS system at number of output circuits spanning from N =
1 to N = 10 while keeping same circuit parameters. It indicates
that the desired CV outputs is achieved even with the output
number N varying in such a wide range.

D. Output Efficiency Analysis

Fig. 7 shows the Maxwell-simulated coupling coefficient k at
different output units number N. The coupler design details will
be demonstrated in Section III-A. It indicates that k decreases as
N increases due to the increment of primary track inductance L,,.
Specifically, when N = 10, k = 0.241 which drops significantly
compared to k = 0.344 at N = 1.

In a traditional one-to-one IPT systems, reduction of k means
decreasing of efficiency, as shown by (13) revealed in [28]

1
L+ ar Y egaen ar

sn

Tcoupler(1tol) = 1 ’
or +ar +2)

RLoad
Ts '

oy = (13)

However, for a one-to-N system in this article, based on Fig. 4,
the coupler efficiency (coil to coils) is provided as

NI?2 Rp,
I;Tp—i-NIQ Tsn+NI RLn

= ! : (14)

2
() it + 7+

Defining a receiving side load coefficient as au;, = Ry, /Tsp,
the system efficiency can be further derived as

Tcoupler(1toN) =

NRL

Tcoupler(1toN) = 1 1 ! 1
1+a+m(a+0&[l+2)
(15)
It can be further simplified as
1
Teoupler(1toN) = 1 1 1 )
1*@*%(@*‘”*2)

keq=VN -k

keq is defined as the equivalent coupling coefficient that relates to
N.Equation (16) is similar to (13), implying intrinsic similarities
between single-load and multiload systems. It indicates that

(16)
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Fig. 9. Calculated AC-to-AC efficiency versus normalized load resistance at

different numbers of output N.

the efficiency depends on the quality factor and the equivalent
coupling coefficient k.

Fig. 8 shows calculated equivalent coupling coefficient ke
based on Maxwell simulated results in Fig. 7. It implies that k¢
increases as N increases with a reduced slope.

The maximum coupler efficiency and corresponding optimal
load resistance are then derived as shown in

k& QpQsn

2
<1+\/k3quan+1)
VN -wM, Tf—"

v 7

The parameter normalization is used to normalize load re-
sistances. In [28], the base value is defined as below. The
normalized load resistance is defined as Ry,,,/Rpase

Tlcoupler_max =
17
RLn_optimal =

Rigse = VN - wM,,. (18)
The optimal normalized load is then derived as
RLn?Oplimal/Rbase =/ Tsn/rp- (19)

Equation (19) can be used as a design guidance to match the
gate-drive load in real applications for the sake of simplicity.

Fig. 9 further shows the MATLAB calculated ac-to-ac effi-
ciency with normalized load by impedance analysis as

2
MpT = @ncoupler(ltoN)v Z = @, Zo = Zp+1p (20)
|Zin| ZQ

where Zi,, Z1, Z», and Z, are resistive according to (5)—(8).
As the load increases, the efficiency first increases and then
decreases. When the number of output unit N increases, the
maximum efficiency and the optimal load increase. Specifically,

when N = 10, the maximum ac-to-ac efficiency is 94.69% at
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Fig. 11. Conceptual configuration of the magnetic coupler structure.

TABLE I
DIMENSIONAL PARAMETERS OF MAGNETIC COUPLERS

Primary coil Secondary coils
l 1 w1 12 w2 d 1 dz
0.8 m 0.2m 130 mm

16 mm 8 mm 8 mm

4.4 W output power for each unit, which is sufficient to power
a gate drive of a power device.

Fig. 10 summarizes the calculated ac-to-ac maximum effi-
ciency and optimal normalized load. As N increases, the maxi-
mum efficiency and optimal load resistance increase.

III. DESIGN OF A WEPUS WITH TEN OUTPUTS
A. Magnetic Coupler Analysis

Fig. 11 shows the magnetic coupler configuration. The pri-
mary transmitter track is coupled with coaxially distributed
pick-up receiver coils through the center, which are consistent
for the sake of simplicity. The track length /; is relatively longer
than its width w;. Each toroidal pick-up coil has an identical air
gap d; to the central track. The distances between adjacent coils
are also identical, denoted as airgap d>. Reference directions of
currents (cyan and red lines for primary and secondary coils)
and magnetic flux are labeled.

All pick-up coils are fabricated using toroidal ferrite with Litz
wire. For compactness, components are integrated on a printed
circuit board (PCB), including receiver coils, capacitors, and
rectifiers, as shown in Fig. 12. Based on the coupler dimensions
in Table I, a three-dimensional (3-D) model of ten receivers is
shown in Fig. 13.
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Fig. 12.  PCB layout of a compact power pick-up unit, including receiver coil,
compensation bank, output rectifiers and DC loads Rpn (4c) (Gate Drive).

Lo

Fig. 13.  Maxwell simulated model of the magnetic coupler with ten receivers.

TABLE 1T
MAXWELL SIMULATED COUPLING COEFFICIENTS

Main couplings (ki~kio)
0.24075-0.24079 |

Cross couplings
4.96x107'2-2.41x107

TABLE III
CROSS-COUPLING COEFFICIENT WITH VARYING DISTANCE

Distance d, 40 mm 60 mm 80mm | 100mm | 130 mm
Maximum 7.42 2.38 8.19 5.60 241
cross-coupling | x10¢ x10° %107 x107 x107

The main couplings between L, and Ly1 ~L,1 are represented
by kj~ky. Table II gives coupling coefficients extracted from
Maxwell. The main coupling coefficients are around 0.241.

Cross-coupling is an important factor that affects the CV
characteristic of the IPT system. In this design, due to the
utilization of toroidal ferrite ring in each pick-up unit, the flux
is concentrated in each individual core which can significantly
reduce the cross-coupling. To further explore the effect of coil
distance on the cross-coupling, more simulations are conducted
in Maxwell at different distances from 40 mm to 130 mm, whose
results are given in Table III. It indicates that even if the distance
is reduced to 40 mm, the maximum cross-coupling coefficient
is still only 7.42 x 107, which is ignorable compared to the
main coupling coefficients around 0.241. The influence of cross
couplings is therefore negligible in the circuit analysis.

Meanwhile, it is worth noting that the actual coil distance in
this design is regulated by the size of each SSCB submodule
instead of the IPT requirements, which will be demonstrated in
Section V-A.

Moreover, it also needs to be emphasized that the magnetic
core saturation needs to be considered in practical design. The
receiving side current of each pick-up unit should not exceed
a particular value to prevent magnetic core saturation. For the
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TABLE IV TABLE V
SYSTEM PARAMETERS FOR LTSPICE SIMULATION DESIGN PARAMETERS OF THE WEPUS APS PROTOTYPE
Parameter Value Parameter Value Parameter Value Parameter Value
Vdg 18V C1 159.6 nF Vdc 18V k1~k]() 0.22
N 10 C~Ciio 3.42nF f 230 kHz O 65

f 230 kHz ki~kio 0.241 L, 3.36 uH 0, 102

L 3 uH O 50 Cy 129.3 nF 0a~0Os10 450

L, 3 uH 0, 50 L, 3.25uH N 10
Lﬂ’“Lﬂo 140 ],J.H QA'[NQA'IO 100 le 145 ]J,H CSI 3.22nF
Lo 145 pH Cq 3.25nF
5 . , . . . . . 90% Ly 140 uH Cg 3.39 nF
S  gghov, $839% 88516 Ly 141 uH Cy 3.32nF
g2 T3 g ‘.'_2‘.7'-0 3\;;8%_5 Les 144 uH Cs 329 0F
e 86,14% . @ Ky TN 2680y 2693V 7 i Ly 143 pH Cis 3.25nF
E 2 84.95%, .7 == ey 2G4V 1 SG%E L 142 uH Cy 3.29 nF
S R, a Ly 139 uH Css 3.39nF
g 2 229/0\/ ’ Dc output V(_)ltage regulation is below 8.6%, i_mplying 1 84% 2 Ly 140 ]J,H Cy 339 nF
5 83.15% I . a gooclI 10ad—mdelpendem CIV output &‘:hamctensflc Sﬂ) Lo 139 HH Cuo 339nF

) 50 60 70 80 90 0 10 120
Resistance Ry g (Q)
VieMax=V,.=18V I, RMS =3.261A
Fig. 14.  LTspice-simulated results of DC output voltages and system AC-to-

DC efficiency, validating load-independent CV output characteristic.

Fig. 15.

WEPUS APS system prototype with ten outputs.

APS application, it is usually not a serious concern since the
output current is very low due to the low power consumption of
gate drivers.

B. Circuit Simulation Results

Table IV gives the parameters for a circuit simulation in
LTspice to verify the load-independent CV output. The rectifier
and dc load in this simulation follow the configuration in Fig. 12.
To simplify the analysis, the parameters of ten output units and
their loads are identical.

Fig. 14 shows the simulated results of output DC voltages and
efficiency variations with load. As load resistance spans from
40 to 120 £2, the output voltage regulation rate is below 8.6%,
implying a good load independent CV output. The simulated ac-
to-dc efficiency is roughly 6% lower than the ac-to-ac efficiency
calculated in Fig. 9, which is mainly due to power losses of
rectifiers on the ten output units.

IV. EXPERIMENT VALIDATION I: WEPUS TESTING
A. Hardware Description

Fig. 15 shows an implemented WEPUS prototype with ten
outputs. It includes a single-turn primary track coil and ten

I, RMS =2.804A

Vl‘g RMS =23.00V

.|’_+

I/vnut( dc) AV

Loua) AVG =0.192A

||; 4};

= Time: 4ps/div

Fig. 16.
unit.

Experimental waveform at Poyut_total =47.1 W, showing the 8 output

coupled receiver coils. The primary track has dimensions of
230 mm x 540 mm, which is implemented by 0.03 mm x 6000
strands litz wire. The secondary toroidal coil has inside and
outside diameters of 16mm and 32mm, respectively with a height
of 16 mm. The receiving coil is implemented by 0.1 mm x 100
strands litz wire. A 3-D printed holder is fabricated to fix
the toroidal coil. The primary track goes through the central
hole of the 3-D fixture, which reliably isolates transmitting and
receiving sides. The PCB-based power pick-up unit achieves a
compact size of 87 mm x 70 mm.

Design parameters for experimental validation are given in
Table V. At the upstream side, a dc source and an inverter are
used to provide 230 kHz excitation. The rectified dc outputs are
connected to ten identical load resistors.

B. Experimental Validation of the WEPUS

Figs. 16 and 17 show the measured waveforms of the pro-
totype. At the input side, both ZPA and zero voltage switching
(ZVS) are realized. Due to consistency, only one unit (eight) is
presented as an example, and the waveforms of other units are
similar. When the total output power is 47.1 W, the output dc
voltage is 23.63 V on the eighth unit. When the total output
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Fig. 17. Experimental waveform at Poyt_total = 60.9 W, showing the eighth
output unit.

Voltage (V)

Fig. 18.  Experimental results summarizing the WEPUS output voltages with
different output power at ten units, respectively.
TABLE VI
OUTPUT VOLTAGE REGULATION RATES
VR, VR, VRs VR4 VRs
11.66% 13.79% 9.92% 9.25% 6.59%
VRs VR, VR VRy VR
7.13% 9.75% 6.54% 7.82% 8.26%

power increases to 60.9 W, the voltage slightly reduces to
22.63 V.

Fig. 18 shows experimental results of ten dc output voltages.
When the total output power increases from 22.44 to 60.92 W,
all ten output voltages are maintained around 24V. To quantify
fluctuation, the voltage regulation (VR) rate is defined as

Vout_n(de)| Pu=24.44W — Vout_n(dc)| Pou=60.92W

VR, = x 100%.

2y

Vout_n (de)| Pou=60.92W

Table VI gives calculated results of VR of ten units, which
indicates a good load-independent CV output.

Fig. 19 further shows the measured dc-to-dc efficiency from
the dc source input to the ten rectified outputs. It needs to be
mentioned that the power loss in all the circuit components
are considered, including the coils, compensation capacitors,
inverter, and rectifiers. The system has a wide range of high
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Fig. 19.  Measured DC-to-DC efficiency versus total output power of the ten

units.
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Fig.20. System configuration of an SSCB consisting of ten paralleled submod-
ule PEBBs, powered by WEPUS with load-independent outputs for gate-drives.

efficiency, and the measurement shows a peak value of 88.2%
at47.1 W, indicating an average of 4.71 W for each unit, which
is enough to power the gate driver of an SSCB.

C. Comparative Study

Table VII gives a comparative investigation of the proposed
WEPUS against other literature of APS systems, where com-
pensation type, number of compensation components, number of
outputs, efficiency, APS unit size, and application are considered
to highlight the uniqueness of this article. It is worth noting that
other than traditional IPT applications, the gate-drive auxiliary
supply generally has low requirements on power transfer capa-
bility while compactness is more attractive. Therefore, the size
of APS unit, instead of power level or power density, is used for
the comparative study in this section.

As noted in Table VII, the proposed LCL-S compensated
WEPUS APS system has unique contributions. It achieves the
greatest number of output circuits with a reduced number of
resonance components. A high efficiency is also realized with
a compact APS configuration, which provides superior design
guidelines for SiC MOSFETs gate-drive supply in modular dc
SSCBs compared to the existing pieces of literature.

V. EXPERIMENTAL VALIDATION II: WEPUS POWERED SSCB

A. System Description of a Modular SSCB

Fig. 20 shows the system configuration of an SSCB powered
by the proposed WEPUS. The SSCB modularity follows the
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TABLE VII
COMPARISON OF EXISTING APS SYSTEMS
Description Com;:;;l:anon Sggggﬂ:i?:; Output circuits # Efficiency APS unit size Application

[11] S-SP 3N N=6 88.1% 160 mmx160 mm IGBT gate-drive
[12] S-S 8 2 66.7% $270 mm Post insulators in substations
[14] S-CLC 4N N=6 91.0% 160 mmx160 mm IGBT gate-drive
[21] S-S N+1 N=3 66.6% 60 mmx100 mm N/A
[22] S-S N+4 N=6 71.0% $#200 mm Battery cell equalization
[26] LCC-S N+3 N=2 86.0% 37 mmx37 mm SiC MOSFET gate-drive

This work LCL-S N+2 N=10 88.2% 70 mmx87 mm SiC MOSFET gate-drive

TABLE VIII

SYSTEM PARAMETERS OF MODULAR DC SSCB TESTING

Parameter Value Parameter Value
Vpe 1.33kV S,» Gate Drive UCC21750
Ipc 400 A SCR TYNS0W-1600
L 2000 A(5x) SCR Gate Drive | 1ED3123MUI12
Liine 16 uH, 300 uH MOV V751HA40
S CAB450M12XM3 Ritatic 10 MQ
Parallel # 10 R, 20kQ

400A /2kA modular DCCB power disk
powered by WEPUS auxiliary supply system

Fig. 21.  Modular SSCB prototype powered by the proposed WEPUS.

structure presented in [29], ten submodules are connected in
parallel in this example to handle high current. Each submodule
consists of a WEPUS, a main switch in a half-bridge form, a
control interface, a voltage clamping unit to absorb the transient
energy, and a thermal management unit, forming a PEBB.

Table VIII provides circuit parameters of the SSCB aiming
at medium voltage applications. The part numbers of key com-
ponents are also shown. The 1.2 kV half-bridge SiC MOSFET
module CAB450M12XM3 is used in this prototype. The dc
rating voltage is 1.33 kV, and the dc rating current is 400 A.
The targeted fault current magnitude is 2 kA, which is five times
of its nominal value.

Fig. 21 shows the implemented SSCB prototype, including
the main conduction circuit supported by the proposed WEPUS.
Ten parallel PEBBs can support the current ratings while main-
taining a low conduction loss and high efficiency. The resulting
dimension is 640 mm x 250 mm x 160 mm, and the power
density can reach 20.8 kW/L.

Vour(l)() AVG =22.84V

.||?

Time: 4ps/div

Fig. 22.  Experiment results of the WEPUS when powering ten gate drives of
the SSCB. Pin_total = 39.7 W, showing DC outputs at eighth unit.

Since the key point presented in this design is the modularity
of the SSCB, ten submodules are implemented in the eventual
SSCB prototype in Fig. 21, in which each submodule has its own
individual WEPUS board, gate-drive board, and clamping board.
The size of each submodule is 95 mm x 115 mm x 160 mm. It
needs to be emphasized that total number of submodules can be
tuned based on actual operation ratings. That is, it is acceptable
to have less gate-drives if the SSCB is specified for a lower
rating, which results in more compact designs.

For the sake of disambiguation, it is noted that the proposed
WEPUS APS system is only part of the total SSCB system
presented in Fig. 21. As shown in Fig. 15, each WEPUS
auxiliary supply unit has a relatively compact dimensions of
70 mm x 87 mm, which is applicable for the SSCB.

B. WEPUS Powering Test for SSCB Turn On

The implemented WEPUS is used to power on the gate driver
of the SSCB, which is able to supply power for ten parallel
submodules simultaneously.

Fig. 22 shows measured WEPUS waveforms when powering
gate driver loads in the SSCB. It is similar to Figs. 16 and 17,
and the ZPA and ZVS are realized as expected. At the output
side, both ac output and rectified dc output are measured. The
total input power of the WEPUS is 39.6 W, while the output dc
voltage is 22.84 V on the 8th unit, which matches the resistor
load test results in Section III. Meanwhile, the efficiency of the
WEPUS is also measured as 87.66%, which is a high enough
performance for the real application.
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Fig. 24.  Experimentally measured junction temperature of the SiC module in
the modular DC SSCB.

C. Continuous Test of WEPUS Under 400 A/Ihour Condition

During the working process of an SSCB, it needs to conduct
continuous high current. In order to test the continuous capa-
bility of the SSCB, including its WEPUS unit, the rated 400 A
current experiment is performed, and the test time is up to 1-h
to make sure the SSCB system reaches thermal steady state,
and the proposed WEPUS is able to provide continuous power
reliability.

Fig. 23 shows the continuous current hardware test bench. A
high current dc source is adopted to supply 400 A CC for the
SSCB. An internally packaged NTC inside the power module is
used to measure the main power switch junction temperature.
The thermal image after 1-h continuous running shows that
there is no significant temperature rise for the entire setup,
including the power module and the developed WEPUS. It must
be clarified that the surface temperature of both power module
and magnetic core are within a safe range. A digital multimeter
DMMG6500 is used to measure the conduction voltage drop
across the SSCB with a high precision of 100nV, which ensures
the measurement accuracy.

Fig. 24 shows the measured junction temperature from NTC
of the MOSFET module. The steady-state junction temperature is
limited below 59 °C even after 1-h conduction of 400 A rated
current, validating the effectiveness of the passive cooling and
busbars in the long-term operation.

Fig. 25 shows the DMM measured main switch voltage drop.
The steady-state voltage drop of main switches is only 0.265 V
after 1-h conduction. Then, the SSCB efficiency under different
dc system voltage levels is calculated and shown in Fig. 26 based
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Fig. 27.  Transient test of a submodule PEBB under 1.33 kV/200 A interrup-

tion.

on

nsscB = (1 — Varop/ V) x 100%. (22)

Itindicates that this design has successfully achieved a record-
breaking 99.98% efficiency at a desired 1.33 kV dc system
voltage rating. Here, it is emphasized that the SSCB efficiency
is different from the WEPUS efficiency.

D. Transient Test of WEPUS Under Fault Interruption Test

The implemented WEPUS also needs to support the fault in-
terruption test of the SSCB, which ensures that the SSCB is well
powered when disconnects a fault current. During experiments,
a single submodule PEBB is tested, and then the entire SSCB
test follows.

Fig.27 shows the 1.33kV/200 A transient interruption test of a
submodule PEBB to emulate a fault protection scenario. During
the test process, the dc-bus voltage is charged to the rated value,
1.33kV. Then, the SSCB turns on to emulate a short-circuit fault.
Once the fault current increases to 200 A, the SSCB is triggered
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Fig. 28. Transient test of the entire SSCB under 2 kA interruption.

to turn OFF. Fig. 27 shows that the SSCB is effective to turn off
the fault and reduce the line current to zero after about 260 us of
the fault. In addition, the voltages across the half-bridge module
of the main switch is also measured, showing a good steady-state
and transient voltage balancing performance of the SSCB.

Fig. 28 shows a further experiment to validate the transient
performance of the WEPUS to support 2 kA current interruption
of the entire 10 submodules paralleled SSCB. In this case, the
DC voltage is 380V, and the SSCB turns on for 120 ys to generate
a fault current up to 2.039 kA. Then, the SSCB turns OFF, and
the clamping voltage increases to 1.742 kV to reduce the line
current to zero timely. During the current interruption transient,
the output dc voltage of the WEPUS is monitored, and there is no
significant voltage fluctuation. It validates that the implemented
APS system is effective to provide sufficient power to the SSCB
application in both continuous and transient operations.

VI. CONCLUSION

This article aims to design a load-independent CT-based WE-
PUS system with CV outputs to power medium-voltage devices’
gate drives in an SSCB, which provides a complete modularity
for each submodule of the SSCB. The working principle of the
WEPUS system is explained in detail, with the modeling of
output voltage and efficiency analysis with parasitic resistances.

A prototype of a single-turn transmitter with ten receivers is
implemented to verify the proposed design. Experimental results
validate the independent CV outputs, and the efficiency can
reach 88.20% with ten loads and a total output power of 47.1 W.
Then, the WEPUS is integrated into a real SSCB prototype with
ten submodules in parallel. The practical operation efficiency of
the WEPUS reaches 87.66%.

The WEPUS powered SSCB prototype is then tested for
both: 400 A/1 h continuous conduction to validate its long-term
operation and 2 kA fault current interruption to verify its fault
clearance capability. A record-breaking 99.98% steady-state
efficiency of the SSCB is successfully achieved. A fast speed
of fault interruption capability of 2 kA is realized. This article
is expected to provide a point of reference for WEPUS design
in modular SSCB and other applications.
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