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Abstract

The growing demand for improved interruption performance characteristics in emerging
aircraft high-voltage direct current (HVDC) electrical networks motivates the rapid devel-
opment of solid-state power controllers (SSPCs). This article presents a comprehensive
design procedure for a 270 V 300 A SSPC utilizing discrete SiC cascode devices. Due to the
high fault current and limited power of single switches, parallel SiC FETs are essential for
interrupting high fault currents in SSPCs. Consequently, the challenge of current balancing
among parallel devices is addressed in this paper by adopting a passive current balancing
strategy based on an irregular-shaped busbar. Furthermore, considering the voltage spikes
arising from the power loop parasitic inductance and TVS characteristics during fault
interruption, an RC-TVS-based transient voltage mitigation circuit is proposed to suppress
these peak voltages. Moreover, thermal models for overload and short-circuit conditions
were developed to optimize the thermal management system to ensure reliable operation
of the SSPC. Finally, a prototype of 270 V /300 A SSPC has been built to validate the key
characteristics of the proposed high power SSPC.

Keywords: HVDC SSPC; current balancing; transient surge voltage suppression; transient
thermal design

1. Introduction

Driven by the requirement of improving aircraft efficiency, reducing fuel consumption,
and greenhouse gas emissions, there is a growing trend to electrify the aircraft power
system [1-3]. This pushes research toward the continuous development of more electric
aircraft (MEA) techniques that aim to replace the conventional mechanical, pneumatic, or
hydraulic system with an electrical power system [3]. Moreover, the hybrid and all-electric
aircraft (HEA /AEA), which electrify the aircraft propulsion system and auxiliary power
unit, can further improve the propulsive efficiency, and reduce carbon emissions and
acoustic noise [3,4]. For the implementation of electrified aircraft, protection is a critical
challenge to ensure safety and reliability.

Highly electrified aircraft normally utilize a power electronic converter-based HVDC
power distribution system since it can reduce the cable weight and cost [5-7]. However,
the HVDC system suffers from high fault current magnitude and rise rate due to the large
DC-link capacitors and low fault impedance. Therefore, fast fault interruption is required
to constrain the fault current and, consequently, protect the power electronic devices, which
have limited surge capability, from being destroyed by overheating.
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A conventional electromechanical circuit breaker (ECB), whose interruption time is
around tens of milliseconds or more, cannot satisfy the protection requirement of power
electronic devices in HVDC system [8]. Furthermore, the lack of zero crossing points in DC
current may also accelerate the ECB contact corrosion speed. Therefore, solid state power
controllers (SSPCs) have gained popularity in aircraft HVDC systems, considering the
advantage of no mechanical moving contacts and arc-less current interruption capability
with fast protection time.

The continuously climbing power level of the aircraft HVDC system requires the
circuit breaker (CB) to have higher current interruption capability. However, the exist-
ing SSPCs only have limited capacity and can only be utilized in the aircraft secondary
power distribution systems. Although companies like Data Device Corporation (DDC) [9],
Sensitor [10], and HYJAS Electronics [11] have already released 270 V DC SSPC products,
the maximum rated current is only 150 A, which cannot meet the requirement of the future
electrified aircraft.

In the academic area, challenges like current balancing, transient voltage mitigation,
and transient thermal modeling have been extensively investigated. In [12], a double edge
modulation-based control strategy is proposed to decrease the di/dt during switching
transients. However, the interruption current is only 40 A, and the proposed strategy
can lead to intermittent output voltage during switching. Metal oxide varistor (MOV)
combined with snubber capacitor are dedicatedly designed and utilized as a transient
voltage absorption circuit in [13], and the rated /interruption current reaches 100 A/150 A
under the condition of 20 uH power loop parasitic inductance. However, MOV suffers from
degradation issues and is not suitable for aircraft applications. In [14], a transient voltage
suppressor (TVS) array-based peak voltage clamp circuit, which can achieve faster response
speed and lower clamping ratio without degradation issue, is proposed. Although the
nominal current is increased to 350 A, the maximum interruption current is only 1.3 times
the rated current (450 A). Furthermore, the parallel connection of TVSs may cause current
imbalance due to differences in clamping characteristics.

To further increase the SSPC power capacity, parallel connection of the switching devices
is inevitable considering the insufficient current rating. Active current sharing [15,16], which
actively regulates the drive signals of parallel devices to mitigate the current imbalances caused
by power loop parasitic parameters, has been proposed. However, since active current bal-
ancing methods commonly rely on dedicatedly designed gate drive circuits [17] and require
multiple switching cycles for closed-loop current compensation [18,19], it is not suitable for
SSPC applications where the power devices do not operate in continuous switching operation.
It is worth noting that an active gate driver proposed in [20] utilizes a differential mode choke
to achieve current sharing within a single switching cycle. However, the complexity introduced
by this approach makes the driver circuit difficult to implement, particularly when paralleling
more than two power devices. Consequently, passive current sharing methods are the preferred
and more suitable approach for SSPC designs. These methods offer inherent current balancing
without the need for a complex driver circuit, control algorithms, or multiple switching cycles,
aligning well with the operational requirements of SSPCs [21]. A symmetrical circle layout
is proposed with the maximum interruption current increases to 1.1 kA [22]. However, the
independent heat sink required by each parallel MOSFET significantly complicates the physical
and air duct design, and thus makes the method difficult to apply in practical applications.
By utilizing two SiC MOSFET modules in series with liquid cooling system, the interruption
current can be increased to 1.8 kA with 8 uH power loop parasitic inductance [23]. However,
the high cost of the power modules and the limited availability of liquid cooling systems restrict
their widespread adoption in aircraft applications. By utilizing two GaN devices in parallel, a
750 V/100 A SSPC is proposed in [24]. This work, however, does not address the current
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balancing issue, and the reliance on a cryogenic cooling system further limits its practical appli-
cation. The performance and key characteristics of the aforementioned SSPC designs are listed
in Table 1.

Table 1. Characteristics of existing SSPCs.

Reference Design Voltage (V) Rated Current (A)
DDC [9] 270 150
Sensitor [10] 270 150
HYJAS [11] 270 150
Huang et al. [13] 270 100
Hayes et al. [14] 270 350
Dam et al. [24] 750 100

To summarize, current research on SSPCs primarily focuses on achieving manufacturing
maturity for devices exhibiting high power density, superior protection performance, and high
efficiency across diverse applications. However, the existing literature still lacks comprehensive
research on high-power, low-cost, and easily integrated SSPCs. Addressing these challenges,
this paper proposes a passive current balancing strategy based on an irregular-shaped power
busbar and a TVS-based peak voltage mitigation strategy, alongside a comprehensive SSPC
design procedure. Furthermore, the proposed SSPC requires only an air-cooling system, which
simplifies the system physical structure and thus significantly extends its application range.
Finally, the development of a 270 V /300 A DC SSPC prototype is presented.

The rest of the paper is organized as follows. Section 2 explains the detailed operating
principle and system design considerations while Section 3 mainly discusses the switching
device selection and the corresponding thermal design. Section 4 analyzes the challenges
of paralleling switching devices and gives the design guidelines of the proposed irregular-
shaped busbar. In Section 5, the design of the proposed RC-TVS clamping circuit is
illustrated in detail. Experimental results are analyzed and discussed in Section 6. Finally,
Section 7 presents the conclusion of the paper.

2. System Description and Design Considerations

The system under study, which is a generic case of a unidirectional DC SSPC system,
is shown in Figure 1. The fundamental building block, which is the parallel connection of
switching device and voltage clamping circuit, interfaces the power bus and the load. Note
that a CAN/RS-485 communication link is required since SSPCs normally feature remote
control, condition monitoring, and fault reporting functionality.

Auxiliary __| Auxiliary power Power input
power input supply circuit
—| Voltage pli

Short-Circuit
Protection [

A
PC < > MCU Driver Circuit —»{— E}

Main power
board
Power

output

Current Sampling

Figure 1. Structure of DC SSPC.
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2.1. Specification and Configuration

The specifications of the SSPC designed in this paper are listed in Table 2. Based
on the functional requirements of the primary power distribution system in electrified
aircraft, a unidirectional SSPC is necessary to control power flow from the power bus
to the loads. Consequently, the topology features a switching component in parallel
with a TVS-based voltage clamping circuit due to its high reliability and superior voltage
clamping performance, as shown in Figure 2. More detailed analysis regarding various
SSPC topologies can be found in [8], and will not be further discussed in this paper. It is
important to note that given the limited current rating of existing semiconductor devices, a
configuration with multiple parallel devices is required for the main power switch.

Table 2. SSPC specifications.

Parameters Value
Application Primary power distribution

Nominal voltage 270V

Nominal current 300 A

Protection Overvoltage/I 2t

Short-circuit protection 1.8 kA

Total cable inductance 40 uH

Maximum operating temperature 60 °C

Voltage Clamping Circuit
A2
I\
LYYV =1 S1
Lt HHH | Lo Ls1
Ve c ] L] M
Switching Device Zioad
SSPC Power Loop

Figure 2. A generic SSPC topology.

2.2. Tripping Curve

Thermal failure is a prevalent failure mode for semiconductor devices; therefore,
thermal analysis under rated conditions must be considered during the design process. This
approach is generally sufficient for converters with low overcurrent capability (typically
less than 1.5 times the nominal current with limited duration). However, SSPCs, which can
withstand overcurrents up to 10 times the nominal current [25], require careful thermal
analysis during the fault conditions to prevent the switching devices from overheating.

The nominal current of the SSPC determines the steady-state temperature of the
switching devices, while the protection curve influences the heat generated during the
current interruption process. Since the device temperature is the coaction of dissipated heat
in the steady state and transient state, it is vital to determine the protection curve before
proceeding with any detailed design.

A typical protection curve is shown in Figure 3. It typically comprises a no-trip region,
an instantaneous trip region for short-circuit protection and an I?t trip region for overload
protection [25].
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Figure 3. [?t protection curve.

These zones should be carefully tailored to avoid undue thermal distress considering
the upstream power capacity and its protection mechanism. In this paper, the I’ protection
curve is formulated according to the requirements of SAE AS4805A and IEC 60898-3 [25,26].
The protection delay with respect to the fault current is derived as (1), and the corresponding
overcurrent protection delay times under different fault currents are listed in Table 3.
Furthermore, the instantaneous current protection threshold is set to 6 times the rated
current. Note that I?t tripping curves and instantaneous trip current thresholds can vary
across different systems due to differing electrical characteristics, with instantaneous trip
currents potentially reaching up to 10 times the rated current.

t= # (1)
(I/1,)* -1
Table 3. Overload protection time.
Overload ratio 2 3 4 5 6
Protection time (tpr) 2.67 s 1s 0.53s 0.3s 0.23(0) s

3. Thermal Design and Parallel Device Configuration

Based on the protection curve determined in the previous section, this section details
the thermal design and subsequently determines the required number of parallel power
devices for the SSPC under various operating scenarios based on the thermal model. Note
that the Qorvo SiC FET UF35C065007K4S (TO-247 package) was selected as the main
power device, primarily due to its high availability, scalability, low cost, and excellent
low on-resistance.

The device junction temperature during both nominal and fault conditions should be less
than the maximum allowable temperature to prevent thermal breakdown. The relationship
between the number of parallel devices and the device junction temperature under both
nominal and fault conditions is evaluated according to the system thermal model.

3.1. Junction Temperature Estimation

The power loss in an SSPC is mainly attributed to device conduction loss, which, for a
single device, can be calculated as:

I; 2
Pdc = (N) Rdson (2)
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where I; is the nominal current, N is the number of paralleled power devices, and R, is
the device on-resistance.

The equivalent thermal model of the power device is shown in Figure 4, where T},
T, Ts, and T, denote the junction temperature, case temperature, thermal grease tem-
perature, and ambient temperature, respectively, and Rypjc, Ryes, and Ryps, represent the
junction-to-case thermal resistance, thermal grease thermal resistance, and case-to-air ther-
mal resistance, respectively. Based on this model, thermal performance under nominal,
overcurrent, and short-circuit conditions can be analyzed.

R T;
|
|
Case i Ruje
Contact material Junction | -9 T,
Heat sink i Ries
|
Air e T
i Rthsa
|
b T,
(a)
= U Rthsa a
Tj Rthjc T. Ry T\l - °
o+ N+
(b)

Figure 4. Equivalent thermal model of SSPC. (a) Individual device thermal model. (b) Parallel devices
thermal model.

(1) Nominal operation

Under nominal operating conditions, the steady-state junction temperature of the
device can be calculated as:

P
Timax 2 Ty = ¢ X Ruja + Ta ©

where Ty, is the maximum junction temperature of the device, Py, is the device power
loss, and Ry, is the total thermal resistance of the thermal loop.

(2) Overcurrent operation

Assuming a constant current during the fault condition, as illustrated in Figure 5,
where P, represents the device power loss and t,; is the duration of the overcurrent fault,
the device junction temperature reaches its maximum at the end of the fault, and can then

be calculated as: p P p
d I — Ld
T; = WC “Rinja + <ONC) “Zin(tor) + Ta (4)

where Zth,) is the transient thermal impedance of the device corresponding to the length
of fault duration t,. It should be noted that Zth,, can be obtained from the transient
thermal impedance curve in the device datasheet.
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Figure 5. Overload power curve of SSPC.

(3) Short-circuit operation

The main issue in conducting short-circuit thermal analysis is the determination of
the device transient thermal impedance, which varies significantly from the steady-state
impedance. Assuming the device on-resistance during the fault is constant, the power
dissipation waveform takes a triangular shape, as shown in Figure 6a. However, the
transient thermal impedance data provided by device manufacturers is typically defined
based on square-wave power pulses. Therefore, it is essential to approximate the power
loss waveform under short-circuit conditions as an equivalent square wave for analytical
purposes. Based on the principle of equal energy dissipation (analogous to impulse-
momentum), the parameters of the equivalent square wave can be derived as:

1 phe
=5 | pateyat ©)

where p,(t) is the device power dissipation, and . is the short circuit fault duration.

PI(A\'A\' A PP F)[[)SS‘k APSC
/N ogp,
/ \
/ \
4 \
, >
P M BN
/ N
0 = >

Figure 6. Short-circuit power curve of the SSPC. (a) Actual short-circuit power curve. (b) Equivalent
short-circuit power curve.

Based on (5), the equivalent square wave of the power dissipation waveform has
an amplitude of 0.7Ps., and duration of 0.7t, as shown in Figure 6b. Then, the junction
temperature under short-circuit state can be calculated as

P, Py — P,
T; = WC “Rinja + (sch) “Zintse) T Ta (6)

where Zth ) is the device transient thermal impedance corresponding to the pulse width
of ts. It is worth noting that ¢, can be calculated by:

LI
tee = % = 222us 7)
where L is the system total parasitic inductance, V is the nominal voltage, and I, is the

maximum fault current.
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To guarantee an allowable junction temperature, the device junction temperature
under different operation scenarios can be obtained through (1)—(6), respectively. Subse-
quently, the minimum number of devices required in parallel is calculated based on these
temperatures and the maximum allowable junction temperature, as shown in (8).

Ip)?
T = (N) “Rps(on) - Zrujc(tor) + Te < Tjmax 8

Based on the preceding calculations, the required number of parallel devices, N, was
determined to be 7.67. To ensure a sufficient safety margin, the number of parallel devices
was selected as 9. Then, the corresponding junction temperature and conduction losses for
this configuration were calculated and are summarized in Table 4.

Table 4. Maximum device junction temperature by current.

Maximum Junction Temperature

Number of
Paralleled Devices Overcurrent
Nominal Short Circuit
3 4 5
9 86 °C 104°C 119°C 139°C 91 °C

Finally, the required thermal resistance of the heat sink (Ry,s,) was calculated to be
less than 0.31 °C/W. In this paper, an aluminum heat sink with a thermal resistance of
0.208 °C/W was designed and implemented, effectively satisfying the thermal management
requirements. The specifications of the designed heat sink are detailed in Table 5. Note that
the detailed heat sink design process will not be discussed here, since it is well-documented
in the previous literature [27].

Table 5. Specifications of the designed heat sink.

Parameter Value Parameter Value
Material Aluminum 6063 Fin width 1.1 mm
Length 150 mm Fin spacing 2.55 mm
Width 100 mm Fin count 28
Height 50 mm Flow velocity 2m/s
Substrate thickness 5 mm Thermal resistance 0.208 °C/W

Furthermore, thermal resistance of the heat sink can be calculated by combining (6) and (9).
Rthju = Rthjc + Rines + Rinsa )

3.2. Thermal Simulation

The Foster thermal model with the designed heat sink is built in LTspice to carry out
thermal simulation. The simulation is conducted with the fault current equals to 51; under
60 °C ambient temperature.

The simulation result is shown in Figure 7. As can be seen, before the fault occurs, the
device power loss is 110 W and the junction temperature is 86.4 °C. When the fault occurs
at t1, the power loss of the devices abruptly increases to 2.75 kW, causing the junction
temperature to gradually rise to 145.5 °C. After the fault is cleared at tp, both the power
loss and the junction temperature decrease to pre-fault levels.



Electronics 2025, 14, 4157

90f23

150 .
144 e L 145.5°C i
_138 B
Zinf 7
2 Pl .
21264/ | .
5 [ Pois=2750 W \ -
: | =}
%120 ; i "‘ 1.8 z
& 1149/ yt !
S108{l —— 123
2 ‘ x
51029 . %
” T;=86.4°C 0.6
% |/ —T Pe=110W 03
84 i ] 7 , ,
Time (ms) 30 ms/div

Figure 7. Thermal simulation results of 5x overload.

In addition, the device junction temperature of SSPC under different overload and
short-circuit conditions is simulated according to the established thermal model, and
the results are concluded in Table 6. It can be seen that the junction temperature of the
device does not exceed the maximum junction temperature of 175 °C (ambient temperature
60 °C) under overload and short-circuit conditions, which proves that the designed parallel
device configuration and the heat sink are appropriate.

Table 6. Simulated junction temperatures under overload and short-circuit conditions.

Conditions 2% 3x 4x 5% 6% Short-Circuit
Temperature (°C) 97 112.4 129.7 145.5 171.4 92.3

4. Passive Current Balancing Strategy

Passive current balancing methods can be categorized into three main types: pre-
screening of power devices to minimize parameter mismatch, symmetrical PCB or circuit
layout to equalize parasitic effects, and the incorporation of passive components such as
resistors or inductors for current equalization. Considering that inserting passive com-
ponents in series with the power loop can significantly increase system losses, volume,
and weight, and that the previously proposed coupled-inductor-based current balancing
method may introduce higher voltage spikes across power devices, these passive strategies
are not suitable to be applied to high power SSPC applications.

The parasitic parameters of the power loop significantly impact current sharing perfor-
mance among parallel devices. To address this issue, this paper proposes a compensation
strategy for power loop parasitic components to optimize parameter imbalance across par-
allel branches. Note that device preselection is a straightforward and effective method for
mitigating current imbalance; however, it is not discussed here as it has been well-addressed
in the existing literature.

4.1. Determination of SSPC Architecture

For the purpose of achieving uniform thermal conditions and subsequent balanced
current performance among the power devices, a single heat sink was utilized for the
mounting of all components, and the 9 MOSFETs were divided into three power modules,
each containing three parallel power devices as shown in Figure 8.
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(b)
Figure 8. Structure of the power circuit. (a) Front view. (b) Top view.

4.2. Irregular-Shaped Busbar-Based Parasitic Parameter Compensation Strategy

By introducing strategic openings in the busbar, the impedance of the parallel branches
is balanced. This principle of parasitic parameter compensation aims to mitigate the current
imbalances caused by parasitic parameters of the parallel devices, thereby finally ensuring
current balance.

Figure 9 depicts the power circuit configuration of a single module, highlighting
the change introduced by the busbar window opening. As shown, the window opening
increases the length of the power loop for Device 2, leading to an increase in the parasitic
parameters of that parallel branch.

Connect to Connect to
Device 1 Device 1

Connect to
Device 2

Connect to
Device 2

Connect to
Device 3

Connect to
Device 3

Current Flows in

(@) (b)

Current Flows in

Figure 9. Power loop of a single module. (a) Before window opening. (b) After window opening.

4.3. Window Size Design of Busbar

In order to analyze the influence of window size on the parasitic parameters of parallel
branches, the busbar model is established, and the parasitic parameters of different power
loops are extracted by utilizing ANSYS Q3D 2024 to analyze the variations of parasitic
parameters under different window sizes. The relationships between window sizes and the
different parasitic parameters are presented in Figures 10-12. The inductance and resistance
unbalance are calculated according to the following equation.

AXmax

avg

U% = -100% (10)
where AXj,.y is the maximum difference of the inductance or resistance in the different
branches, and Xy, is the average of the inductance or resistance. Note that the window
length varies from 0 mm to 80 mm, and the window width varies from 0 mm to 6 mm.



Electronics 2025, 14, 4157 11 of 23

w -
e
»

Window width(mm)
o (5]
N

=
Drain inductance unbalance(%)

S -

Y 18
16
14
12
10
8
0 20 30 40 50 6 70 ‘%0

Window length(mm)

Figure 10. Relationship between Up% and window size.

S A
4.5

0

11

&~

w
wn

w
o

Window width(mm)
R )

—_
w
~

Source inductance unbalance(%o)

(=1
w
(=}

0 10 20 30 40 50 60 70 780
Window length(mm)

Figure 11. Relationship between Ug% and window size.

5 A 7
45 .
4
|0 €
~35 1553
g
£, 5 &
a =]
2,5 45 8
3 i 3
g
g 2 5
E 352
£ 15 g
= 5 &
1
25
0.5 5
0

8

0 10 20 30 40 50 60 70
Window length(mm)

Figure 12. Relationship between Ug % and window size.

It can be seen from Figures 1012 that with the increase of the window area, the imbal-
ance of drain inductance, source inductance, and loop resistance decreases. Conversely,
a larger window area forces the current to flow around a larger effective loop, increasing
the loop self-inductance by allowing more magnetic flux to pass. Simultaneously, this
larger window size reduces the effective conductive cross-sectional area and increases the
current path length, thereby increasing the loop resistance. Consequently, the window size
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is finally designed as 80 mm and 4 mm, respectively, to provide a compromise between
current balancing performance, power loss, and transient performance characteristics. The
inductance and resistance matrix of the designed busbar are shown in Tables 7 and 8.

Table 7. Parasitic inductance matrix (nH).

Inductance Branchl Branch2 Branch3 Branch4 Branch5 Branché6
Branch1l 28.94 17.53 10.67 26.25 15.77 9.59
Branch2 17.53 22.78 17.44 16.56 20.27 15.75
Branch3 10.67 17.44 28.71 9.36 16.52 26.20
Branch4 26.25 16.56 9.36 28.99 17.54 10.73
Branch5 15.77 20.27 16.52 17.54 22.93 17.52
Branché6 9.59 15.75 26.20 10.73 17.52 28.98

Table 8. Parasitic resistance matrix (m(2).

Resistance Branchl Branch2 Branch3 Branch4 Branch5 Branché6
Branch1l 1.22 0.79 0.68 0 0 0
Branch2 0.79 1.18 0.79 0 0 0
Branch3 0.68 0.79 1.2 0 0 0
Branch4 0 0 0 1.35 0.8 0.7
Branch5 0 0 0 0.8 1.3 0.8
Branché6 0 0 0 0.7 0.8 1.34

In the inductance matrix presented in Table 7, the diagonal elements represent the

self-inductance of each branch, while the off-diagonal elements represent the mutual
inductance among the branches. Based on the inductance matrix and the resistance matrix,
the calculated unbalance factors for drain inductance, source inductance, and total branch
resistance are 7.4%, 5.3%, and 1.6%, respectively. These values indicate a low level of
impedance unbalance.

4.4. Simulation Results

The extracted parasitic parameters were used in LTspice to simulate current balancing.
The simulation results are shown in Figure 13.

40A

Id3 =329 A\

Drain current of th

Device 1
Device 2
Device 3

/

3\
\

Iu=333A
\

L—a

2ms/div

" Time(ms)

Figure 13. Current balancing performance of single module.
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The current unbalance factor during both switching and steady-state operation, calcu-
lated from the simulation results, is presented in Table 9. As demonstrated by the results,
the current unbalance factor remains below 5% under both operating states, provided that
the devices have consistent parameters and no other supplementary current balancing

techniques are employed. Note that the current unbalance factor is calculated using the
following equation:

I-1
Iimp = 1= TavGlmax . 10g9, (11)
Tavg
Table 9. Current balancing simulation results.
P
. arameter 1 2 3 Unbalance Factor
Device

Turn-on current 32.7 A 334 A 339 A 3.6%
Turn-off current 333 A 329 A 334 A 1.5%
Steady-state current 33.3A 329 A 335 A 1.8%

Furthermore, a single-parameter sensitivity analysis was conducted to evaluate param-
eter spread effects on current sharing in the parallel devices. Based on the device datasheet,
Ryson ranges from 6.7 mQ) (typ) to 9 m() (max), threshold hold voltage Vth varies between
3.0-4.0 V, and a conservative 10% Q. variation was assumed due to unspecified tolerance.

The analysis varied each parameter to its maximum value in one of three parallel
devices while maintaining identical circuit parasitics. As shown in Figures 14-16, current
unbalance factors reach 19.5% for Ry, variation, 0.2% for Q. variation, and 5.3% for
Vth variation. Ry, variation dominates steady-state performance with negligible transient
impact. Lower Vth causes earlier turn-on and higher transient current amplitude but

minimal steady-state effect due to current convergence. Q, variation shows a similar trend
with substantially lower impact.

40

36 e —
- Rson= 6.7 mQ
32 R

)
]
/
f
/
ALT—

Rison=9mQ |

[N
N

Current(A)
(3]
S

—_— =
® N

Time(ms) Sms/div

Figure 14. Impact of Ry, variation on current distribution.
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Figure 15. Impact of Vth variation on current distribution.
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Figure 16. Impact of Q. variation on current distribution.

5. Voltage Spike Suppression Circuit Design

During the SSPC turn-off process, the high di/dt in the main power loop induces a
voltage spike across the parasitic inductance, potentially exceeding the breakdown voltage
of the power device. A common method to absorb the energy stored in this parasitic
inductance is to connect a MOV or TVS in parallel with the power device; TVSs are
preferred in this paper due to their faster response speed and lower clamping voltage
compared to MOVs, which are susceptible to aging with repeated operation. However,
the parasitic inductance associated with the TVS branch can generate additional voltage
spikes during SSPC turn-off, further increasing the voltage stress on the power device.
To effectively mitigate these voltage spikes, an RC-TVS-based voltage spike suppression
circuit is proposed.

5.1. The Cause of Voltage Spikes

The specific operation process during SSPC turn-off is detailed below, with the corre-
sponding typical waveform shown in Figure 17.
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Figure 17. Turn-off voltage spike of the SSPC. (a) Equivalent circuit. (b) Waveform during SSPC

turn-off.

fo—t1: At tg, when a short circuit occurs, the SSPC current (Isspc) rapidly rises, and the
power device drain-source voltage (vpg) increases slightly.

t1—tp: At t1, Isspc reaches its short-circuit protection threshold, initiating the turn-off
of the power device. As the power device turns off, the current is commutated to the
TVS branch, causing the power device current (ip) to decrease and the TVS current (if) to
increase. Consequently, the drain-source voltage (vpg) rises rapidly until the TVS breaks
down. Following this rapid current commutation between the main power circuit and the
TVS branch, the power device current (ip) finally drops to zero at t,, at which point the
TVS enters its reverse stand-off state.

Based on the above-mentioned analysis, during SSPC turn-off, the fault current com-
mutates from the power device to the TVS. This rapid current change (high di;/dt) generates
an overvoltage (vst) across the parasitic inductance (Lgt) of the TVS branch. The relation-
ship between vsr, the TVS clamping voltage (v¢), and the voltage across the power device
(vps) can be expressed as:

vsT = LST% = Ups — UC (12)

It can be seen from (12) that the power device must withstand the sum of the voltage
across the TVS branch parasitic inductance and the TVS clamping voltage during the turn-
off process. Furthermore, high-power TVSs often exhibit a foldback characteristic, where
the initial breakdown voltage is higher than the average clamping voltage. This foldback
effect also contributes to an initial voltage overshoot at the beginning of SSPC turn-off.
Based on this analysis, this paper proposes the integration of an RC snubber circuit to limit
the rate of current change (di/dt) and effectively suppress the voltage spike during the
initial phase of the turn-off process.

5.2. TVS Foldback Characteristics

The initial voltage spike during SSPC turn-off is composed of the clamping voltage
and the voltage across the line inductance. A key consideration for high-power TVSs is
their foldback characteristic [28], which significantly influences this initial spike. This
characteristic, a common design in high-power TVSs with smaller die sizes to absorb
high-peak pulse currents, exhibits a higher clamping voltage at the onset of breakdown.
This temporary increase in clamping voltage is intentionally designed to quickly suppress
overvoltage before the voltage is reduced to a lower level to limit power dissipation
and avoid thermal runaway during sustained clamping. Figure 18 presents the surge
response curve of a high-power TVS, illustrating its characteristic foldback behavior. This
characteristic is further evident in the SSPC turn-off waveform shown in Figure 17, where
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the voltage across the TVS terminals (V¢ rp) at the beginning of breakdown is observed
to be higher than the average clamping voltage (V¢ ay¢). This initial voltage peak is an
inherent consequence of the foldback characteristic designed into high-power TVSs. As
this characteristic is prevalent in high-power TVS products from leading manufacturers
like Littlefuse and Bourns, mitigating the resulting voltage peak during SSPC operation
when using these devices as clamping elements poses a significant challenge.

Current (kA)

Veawe Ver  Vers

Voltaﬂe (\")} :

Figure 18. Surge response curve of TVS [28].

5.3. RC-TVS Parametric Design

In the proposed RC-TVS circuit, the TVS serves as the primary energy absorption
component, while the RC snubber circuit, connected in parallel with the TVS, is imple-
mented to mitigate the rate of current change (di/dt) during the turn-off process. The
buffer capacitance (Cs) can be estimated based on the buffer time (Atc), TVS clamping
voltage (vc), and short-circuit current (isc), as expressed by the following equation:

Cg ~ lsChfC (13)
uc
where Atc is the duration that the device drain-source voltage vpg rises from 10% to 90% to
its maximum. The current change rate and response speed are tested experimentally to
meet the performance requirements of SSPC in this paper.
The buffer resistor serves the dual purpose of suppressing displacement current during
SSPC turn-on and ensuring an overdamped RLC loop. Therefore, the buffer resistance
value must satisfy the constraints shown in Equation (14).

L
Rg > max] Vbe 2,/ EsTRAY) (14)
Ip(pLUSE) Cs

When selecting the TVS diode, the key parameters to determine are the maximum

reverse working voltage (Vrwu), the breakdown voltage (Vpr), and the peak clamping
voltage (V). The breakdown voltage (Vpr) must be greater than the maximum bus voltage
(VBus) to avoid unwanted breakdown during normal operation. Conversely, the peak
clamping voltage (V) must be lower than the maximum breakdown voltage (Vpg) of the
protected device to ensure its safe operation during transient events.

To provide reliable overvoltage protection for the power device, the TVS peak clamp-
ing voltage (V) should be chosen to be 10% lower than the power device rated voltage
(VDs(ratey)- Simultaneously, to prevent significant leakage current in the TVS during nor-
mal operation, its maximum continuous reverse working voltage (V1 (pc)) should be 10%
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higher than the DC bus voltage (Vpys). Then, the voltage selection criteria for the TVS are
summarized in (15).
Ve <09 Vpsgrate), Vm(pe) = 1.1+ Vius (15)

Moreover, to calculate the power dissipation in the TVS during a fault, the duration of
the current pulse must be determined. This pulse width can be derived from the current
waveform experienced by the TVS during the protection process in an ideal scenario.
Considering that the TVS current typically exhibits an exponential decay, whereas the
initial fault current can be modeled as a sawtooth, an appropriate conversion is required to
find the equivalent pulse width under the exponential waveform for accurate power rating
calculation. Equation (16) provides the formula for the converted pulse width.

LstravIsc
tprp = —————— = 16
e 2.8(Ve — Vus) (16)

where LgTray is parasitic inductance, and tpg is the equivalent pulse duration. The selection
of an appropriate TVS requires considering its peak pulse current (Ipp) and peak pulse
power (Ppp) capabilities, both of which are related to the current pulse width determined
by equation (16). For reliable protection during a short circuit, the TVS must be able to
handle the SSPC peak short-circuit current (Isc) and peak short-circuit power (Psc), as
indicated by the conditions in (17) and (18). Note that Ipp and Ppp of the TVS for a given
pulse width can be found on the peak pulse power derating curve in its datasheet.

Ipp > Isc (17)

Ppp > Psc = Vclsc (18)

Based on the preceding analysis, the TVS selection procedure can be summarized as
follows: First, determine the voltage ratings of the TVS. The breakdown voltage should be
greater than the system nominal voltage (270 V), and the peak clamping voltage should be
less than the maximum rated drain-source voltage of the protected device (650 V). Secondly,
assuming a TVS clamping voltage of 450 V, the current pulse widths are calculated using
Equation (16) as tpy = 142.9 us and tpy = 47.6 ps. Based on these pulse widths, the TVS must be
capable of withstanding a peak pulse current of 1800 A (corresponding to tp = 142.9 ps) and
a peak pulse power of 270 kW (corresponding to tp, = 47.6 ps). These conditions ensure the
selected TVS provides effective overvoltage protection for the SSPC.

In this paper, the KC380 TVS diode from DOWOSEMI is selected. Its specifications
include a maximum reverse working voltage of 380 V, a minimum breakdown voltage
of 401 V, and a peak clamping voltage of 520 V under an 8/20 ps pulse. The peak pulse
current rating is 10 kA for an 8/20 us pulse, which is derated to 7.5 kA under the same
8/20 us pulse at an ambient temperature of 60 °C.

6. Experimental Verification

To validate the effectiveness of the proposed passive current sharing strategy and
the RC-TVS voltage spike suppression strategy, a 270 V/300 A SSPC prototype was built
in this paper, as shown in Figure 19. The prototype consists of a control circuit and a
power circuit. The control circuit incorporates an MCU minimum system, a driver circuit, a
short-circuit protection circuit, a sampling circuit, an auxiliary power supply circuit, and
a CAN communication circuit. The power circuit features 9 power devices, the designed
irregular-shaped busbar, and the RC-TVS overvoltage mitigation circuit.
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Control board

N

Figure 19. Experimental setup.

The implemented design utilizes the Qorvo UF3SC065007K4S SiC FET featur-
ing a Kelvin source pin, driven by an Infineon IED3124MU12FXUMA gate driver IC
(200 kV/ps common-mode transient immunity). With a peak output current of 14 A, the
driver supplies approximately 1 A per channel under the configured turn-on gate resistance
of 18.5 (). This single-driver configuration effectively controls all nine parallel MOSFETs
while minimizing inter-device switching delays, thereby improving current sharing perfor-
mance. For protection, a shunt resistor [29] enables overcurrent and short-circuit detection
with a measured response latency of around 500 ns.

6.1. SSPC Switching Test

The switching transient performance of the SSPC was investigated under conditions
of 270 V DC bus voltage and a resistive load. The measured voltage and current waveforms
during turn-on and turn-off are presented in Figures 20 and 21, respectively. A noticeable
voltage overshoot is observed during turn-off, where the peak voltage reaches 297.5 V. Note
that the black trace represents the turn-on and turn-off signals received via communication.

—— Turn-on signal: 1V/div :
» z— V[)s: 50 V/div |
//)I 5 A/div * ‘

i
h3

50 Vidiv

1Mo

350 Mtz

Figure 20. SSPC turn-on voltage and current waveform.
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Figure 21. SSPC turn-off voltage and current waveform.

6.2. Current Balancing Experiment

Figure 22 shows the current waveforms of the nine parallel power devices operating
under a 300 A load. Analysis of these waveforms, following Equation (11), reveals a steady-
state current balancing unbalance factor of 4.2%. The dynamic current balancing unbalance
factor is 2.2% during turn-on and 7% during turn-off, respectively. These results indicate
that the current sharing among the parallel devices is satisfactory. Note that the current
unbalance factor during turn-on, steady-state, and turn-off is measured at points A, B, and

C, respectively.
40
1 v
40} B 0 .
R 30 A .
i% 20 SQ:, 20 I
~ B |
10f 10 1
0 st e |}
~10 v i
Time(us) 32 us/div =5 — =
Time(us) 2 us/div

Figure 22. Current balancing performance of the SSPC.

6.3. Overvoltage Suppression Effect of RC-TVS

Figure 23 illustrates the experimental waveform obtained under a fault current of
1.6 kA and a parasitic inductance of 40 uH. The waveform shows that the peak voltage
across the power device reached 475 V, while the clamping voltage provided by the RC-TVS
circuit was 295 V. These results demonstrate the effectiveness of the proposed RC-TVS
circuit in suppressing overvoltage during the SSPC turn-off process.
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Figure 23. Turn-off voltage spike of the SSPC.

6.4. Short-Circuit Experiment

Figure 24 illustrates the turn-off waveform of the SSPC under a short-circuit fault,
where the peak short-circuit current reached 1.82 kA. During the short-circuit turn-off
process, the drain-source voltage peaked at 483 V, and the total turn-off duration was
700 ps. The results indicate that the proposed SSPC design strategies can successfully
balance the current among the 9 branches and effectively mitigate the voltage spike during
short-circuit faults.
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Figure 24. Turn-off voltage spike of the SSPC during short-circuit fault.

6.5. Thermal Experiment

Thermal performance of a single power module was evaluated under the load current
of 100 A. Figure 25 shows the temperature distribution of the module after 30 min of stable
operation at an ambient temperature of 23 °C. The maximum measured case temperature
of the power device was 65.9 °C, which is in close agreement with the estimated junction
temperature of 68 °C, exhibiting a difference of approximately 2.1 °C.

Figure 25. SSPC thermal images during steady-state operation.
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6.6. Applicability and Limitations

The current design establishes a foundational framework for SSPC applications, and
its analysis has not been formally verified for compliance with applicable certification
standards. To address the specific influences on component selection and system robustness,
the following points should be considered for aircraft integration.

Firstly, concerning high-altitude operation and partial discharge, the busbar spacing
(e.g., 4 mm used in the prototype) is a preemptive design based on the understanding
that creepage and clearance requirements significantly increase with altitude. The final
specification must be determined by the maximum altitude of the specific aircraft and
relevant environmental standards. Regarding EMC robustness, the TVS is not designed to
withstand direct, several-kilovolt ESD or lightning surges. A system-level design, such as
installing the SSPC within a well-grounded metallic enclosure, is mandatory to shunt such
high-energy transients. Furthermore, for communication robustness in a harsh aircraft
electromagnetic environment, the prototype wiring should be enhanced to a 120 () shielded
twisted pair for the CAN bus, complemented by differential isolation.

These design measures enhance the SSPC compatibility with the stringent require-
ments of airborne applications.

7. Conclusions

This paper presents the development of a high-power DC SSPC that uses discrete
power devices tailored for aircraft electrical systems. The study focused on key challenges,
including parallel current balancing, voltage spike suppression, and transient thermal
design, which were examined in detail. To address these challenges, this paper proposes
a parasitic parameter compensation strategy based on an irregular-shaped busbar. The
method analyzed the impact of slot dimensions in the busbar on current sharing perfor-
mance, and conducted a theoretical analysis of the optimal design method for busbars.
Then, an RC-TVS type overvoltage mitigation circuit is proposed along with its parameters
design strategy to absorb the energy stored in the loop inductances. Furthermore, ther-
mal stress induced by high magnitude fault current is analyzed. This approach analyzes
equivalent power dissipation and thermal impedance characteristics during transient con-
ditions, enabling optimized paralleling of power devices while ensuring safe operating
temperatures. Finally, the effectiveness of these proposed strategies was experimentally
verified using a 270 V /300 A SSPC prototype with a short-circuit current rating of 1.8 kA.
The proposed design ensures that the steady-state and dynamic current unbalance factor
among the 9 parallel power devices remains within 7%.

Author Contributions: Conceptualization, X.Z.; methodology, X.Z. and C.X.; software, C.X. and
X.L.; formal analysis, X.Z. and C.X.; Validation, C.X. and K.M.; investigation, X.W. (Xuanlyu Wu);
resources, X.W. (Xuanlyu Wu) and X.W. (Xiaohua Wu); data curation, X.C.; writing—original draft
preparation, C.X.; writing—review and editing, X.Z. and K.M.; visualization, X.C.; supervision, X.Z.;
project administration, X.L.; funding acquisition, X.W. (Xiaohua Wu). All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external funding.
Data Availability Statement: Data are contained within the article.

Conflicts of Interest: The authors declare no conflicts of interest.

1. Buticchi, G.; Wheeler, P.; Boroyevich, D. The More-Electric Aircraft and Beyond. Proc. IEEE. 2023, 111, 356-370. [CrossRef]
2. Barzkar, A.; Ghassemi, M. Components of Electrical Power Systems in More and All-Electric Aircraft: A Review. IEEE Trans.
Transport. Electrific. 2022, 8, 4037-4053. [CrossRef]


https://doi.org/10.1109/JPROC.2022.3152995
https://doi.org/10.1109/TTE.2022.3174362

Electronics 2025, 14, 4157 22 of 23

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Liang, Y,; Bodnar, D.; Ram Chandra Mouli, G.; Ragni, D.; Bauer, P. Charging Demand Prediction: Small All-Electric Aircraft and
Electric Vertical Takeoff and Landing Aircraft. IEEE Trans. Transport. Electrific. 2025, 11, 2732-2747. [CrossRef]

Fard, M.; He, J.; Huang, H.; Cao, Y. Aircraft Distributed Electric Propulsion Technologies—A Review. IEEE Trans. Transport.
Electrific. 2022, 8, 4067-4090. [CrossRef]

Benzaquen, J.; He, J.; Mirafzal, B. Toward more electric powertrains in aircraft: Technical challenges and advancements. CES
Trans. Elect. Mach. Syst. 2021, 5, 177-193. [CrossRef]

Xu, Y.; Zhang, Z. Generator Rectification in More Electric Aircraft High-voltage DC Electric Power Systems: A Review. IEEE
Trans. Transport. Electrific. 2025, 11, 9250-9262. [CrossRef]

Dorn-Gomba, L.; Ramoul, J.; Reimers, J.; Emadi, A. Power Electronic Converters in Electric Aircraft: Current Status, Challenges,
and Emerging Technologies. IEEE Trans. Transport. Electrific. 2020, 6, 1648-1664. [CrossRef]

Rodrigues, R.; Du, Y.; Antoniazzi, A.; Cairoli, P. A Review of Solid-State Circuit Breakers. IEEE Trans. Power Electron. 2021, 36,
364-377. [CrossRef]

Power Device Corporation. 270V /150A, 12-Channel Solid State Power Controller. 2022. Available online: https://
powerdevicecorp.com/en/power/solid-statepowercontrollers (accessed on 6 August 2025).

Sensitron Semiconductor. Single Channel Solid State Power Controllers. 2022. Available online: https://sensitron.com/index.
php?action=single_channel_solid_state_power_controllers_detail&id=57 (accessed on 6 August 2025).

Hyjas Electronics Co., Ltd. MDSPC270M-50XL Solid State Power Controller. 2019. Available online: http://pmt136564.pic38.
websiteonline.cn/upload /MDSPC270M-50xL.pdf (accessed on 6 July 2025).

Yu, B.; Wang, L. Online Accurate Measurement of Steady-Thermal Resistance of SiC MOSFETs for DC Solid-State Power Controller.
IEEE Trans. Power Electron. 2021, 36, 5006-5021. [CrossRef]

Huang, Z.; Yang, T.; Adhikari, J.; Wang, C.; Wang, Z.; Bozhko, S. Development of High-Current Solid-State Power Controllers for
Aircraft High-Voltage DC Network Applications. IEEE Access. 2021, 9, 105048-105059. [CrossRef]

Hayes, J.; George, K.; Killeen, P.; McPherson, B.; Olejniczak, K.; McNutt, T. Bidirectional, SiC module-based solid-state circuit
breakers for 270 Vdc MEA/AEA systems. In Proceedings of the IEEE Workshop on Wide Bandgap Power Devices and
Applications, Fayetteville, AR, USA, 7-9 November 2016; pp. 70-77.

Wen, Y.; Yang, Y.; Gao, Y. Active Gate Driver for Improving Current Sharing Performance of Paralleled High-Power SiC MOSFET
Modules. IEEE Trans. Power Electron. 2021, 36, 1491-1505. [CrossRef]

Li, H.; Zhao, S.; Wang, X.; Ding, L.; Mantooth, H. Parallel Connection of Silicon Carbide MOSFETs-Challenges, Mechanism, and
Solutions. IEEE Trans. Power Electron. 2023, 38, 9731-9749. [CrossRef]

Du, L;; Du, X.; Zhao, S.; Wei, Y.; Yang, Z.; Ding, L. Digital Close-Loop Active Gate Driver for Static and Dynamic Current Sharing
of Paralleled SiC MOSFETs. IEEE ]. Emerg. Sel. Top. Power Electron. 2024, 12, 1372-1384. [CrossRef]

Li, Y;; Yuan, X.; Zhang, Y.; Wang, K.; Wang, Z.; Alatise, O. An Online Unified Delay and Slew Rate Regulation for Current Sharing
in Paralleled SiC Power Modules with Active Gate Drivers. IEEE Trans. Ind. Electron. 2025, 72, 3246-3256. [CrossRef]

Lin, N.; Hmoud, A.; Zhao, Y. An Active Gate Driver Control Scheme for Steady-State Current Balancing of Paralleled SiC
MOSFETs. IEEE Trans. Cir. Syst. II Express Briefs 2024, 71, 9731-9749. [CrossRef]

Chang, C.; Spieler, M.; EL-Refaie, A.; Torres, R.; Burgos, R.; Dong, D. A Current-Balancing Gate Driver for Dynamic Current
Sharing of Paralleled SiC MOSFETs With Kelvin-Source Connection. IEEE Trans. Power Electron. 2025, 40, 1215-1233. [CrossRef]
Feehally, T.; Forsyth, A. A MOSFET based solid-state power controller for aero DC networks. In Proceedings of the IET
International Conference on Power Electronics, Machines and Drives, Manchester, UK, 8-10 April 2014; pp. 1-7.

Zhao, S.; Kheirollahi, R.; Wang, Y.; Zhang, H.; Lu, F. Implementing Symmetrical Structure in MOV-RCD Snubber-Based DC
Solid-State Circuit Breakers. IEEE Trans. Power Electron. 2022, 37, 6051-6061. [CrossRef]

Dong, Z.; Ren, R.; Wang, E. Development of High-Power Bidirectional DC Solid-State Power Controller for Aircraft Applications.
IEEE ]. Emerg. Sel. Top. Power Electron. 2022, 10, 5498-5508. [CrossRef]

Dam, S.; Yang, C.; Dong, Z.; Qin, D.; Chen, R.; Wang, FE. Module Development for a High Specific Power Density High-Efficiency
Cryogenic Solid-State Circuit Breaker for Electrified Aircraft Propulsion. IEEE Trans. Power Electron. 2024, 39, 13234-13247.
[CrossRef]

AS4805A; General Standard for Solid-State Power Controller, SAE Aerospace Standard. SAE International: Pennsylvania, PA,
USA, 2025.

IEC 60898-3; Electrical Accessories—Circuit-Breakers for Overcurrent Protection for Household and Similar Installations—Part 3:
Circuit-Breakers for DC Operation. iTeh Standards: San Francisco, CA, USA, 2025.

Toshiba. Power MOSFET Thermal Design and Attachment of a Thermal Fin. 2018. Available online: https:/ /toshiba.semicon-
storage.com/info/application_note_en_20180726_AKX00065.pdf?did=13417 (accessed on 20 October 2025).


https://doi.org/10.1109/TTE.2024.3427841
https://doi.org/10.1109/TTE.2022.3197332
https://doi.org/10.30941/CESTEMS.2021.00022
https://doi.org/10.1109/TTE.2025.3557420
https://doi.org/10.1109/TTE.2020.3006045
https://doi.org/10.1109/TPEL.2020.3003358
https://powerdevicecorp.com/en/power/solid-statepowercontrollers
https://powerdevicecorp.com/en/power/solid-statepowercontrollers
https://sensitron.com/index.php?action=single_channel_solid_state_power_controllers_detail&id=57
https://sensitron.com/index.php?action=single_channel_solid_state_power_controllers_detail&id=57
http://pmt136564.pic38.websiteonline.cn/upload/MDSPC270M-50xL.pdf
http://pmt136564.pic38.websiteonline.cn/upload/MDSPC270M-50xL.pdf
https://doi.org/10.1109/TPEL.2020.3028844
https://doi.org/10.1109/ACCESS.2021.3099257
https://doi.org/10.1109/TPEL.2020.3006071
https://doi.org/10.1109/TPEL.2023.3278270
https://doi.org/10.1109/JESTPE.2023.3287576
https://doi.org/10.1109/TIE.2024.3443969
https://doi.org/10.1109/TCSII.2024.3378710
https://doi.org/10.1109/TPEL.2024.3475288
https://doi.org/10.1109/TPEL.2021.3133113
https://doi.org/10.1109/JESTPE.2021.3139903
https://doi.org/10.1109/TPEL.2024.3425586
https://toshiba.semicon-storage.com/info/application_note_en_20180726_AKX00065.pdf?did=13417
https://toshiba.semicon-storage.com/info/application_note_en_20180726_AKX00065.pdf?did=13417

Electronics 2025, 14, 4157 23 of 23

28. Littelfuse. TVS Diode Catalog and Design Guide. 2013. Available online: https://electronicscatalogs.littelfuse.com/tvsdiode/
TVS-Diode-Catalog-and-Design-Guide/1/ (accessed on 20 October 2025).

29. Mengozzi, M.; Gibiino, G.P; Ferretti, J.; Nerone, M.; Valic, I.; Ferrarese, F,; Syeda, S.F.; Crescentini, M.; Traverso, P.A. Integrated
Hall-Effect Broadband Current Sensor for SiC Traction Inverter. In Proceedings of the 2025 IEEE International Workshop on
Metrology for Automotive, Parma, Italy, 25-27 June 2025; pp. 180-185.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://electronicscatalogs.littelfuse.com/tvsdiode/TVS-Diode-Catalog-and-Design-Guide/1/
https://electronicscatalogs.littelfuse.com/tvsdiode/TVS-Diode-Catalog-and-Design-Guide/1/

	Introduction 
	System Description and Design Considerations 
	Specification and Configuration 
	Tripping Curve 

	Thermal Design and Parallel Device Configuration 
	Junction Temperature Estimation 
	Thermal Simulation 

	Passive Current Balancing Strategy 
	Determination of SSPC Architecture 
	Irregular-Shaped Busbar-Based Parasitic Parameter Compensation Strategy 
	Window Size Design of Busbar 
	Simulation Results 

	Voltage Spike Suppression Circuit Design 
	The Cause of Voltage Spikes 
	TVS Foldback Characteristics 
	RC-TVS Parametric Design 

	Experimental Verification 
	SSPC Switching Test 
	Current Balancing Experiment 
	Overvoltage Suppression Effect of RC-TVS 
	Short-Circuit Experiment 
	Thermal Experiment 
	Applicability and Limitations 

	Conclusions 
	References

