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Abstract— Future all-electric ships will likely vse a Medium
Voltage DC (MVDC) power distribution system, which has several
advantages over MYAC, such as higher power density and higher
relinbilitv. As key components for power distribution syvstems, 10
kY power modules need to meet the insulation requirements for
various fault conditions. Grounding faults can cawse extremely
high electric stress between the module terminals and baseplate
hence resulting in surface flashover hreakdown. This paper aimed
at the insulation challenges of 10 KY power module for the MYDC
shipboard application. The mavimum voltage stresses of four
tvpical grounding schemes are compared at single line-to-ground
fauplts. The surface Mashover tolerance of a 10 KV SiC power
maodule is verified under steady DC voltage and the worst-case
transient faull overvaltage, The experimental results can provide
a reference for the MY power module insulation design and the
maodule baseplate grounding schemes.

Kevwords—I@ EV power module, swiface flasfover, MV,
shiphogrd power system

L. INTRODUCTION

Future all-eleciric ships require a reliable MVDC power
distnbution system to ensure energy secure power and energy
delivery and to enable high energy advanced weapon systems
[1]. The MVDC shipboard system requires high-power and
unigue insulation considerations to establish a stable, reliahle,
and resilient microgrid [2] [3]. Compared to the conventional
terrestrial power system, the MVDC shipboard system is
supported by highly integrated electric power components and
utilizes the ship hull as a safety ground but, at the same time, is
ungrounded or very high resistance grounded from a power
reference standpoint [4][5]. This characteristic of the MVDC
based distribution system is a kev to its energy security
requirements. The incidence of a single line-to-ground fault
should not cause power interruption to any part of the system.
Additionally, such a system will operate continuously with a
single line-to-ground fault after fault inception until, through
maintenance actions, the line-to-ground fault is located and
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removed. During this time, the insulation systems throughout
the system are subject to elevated line-to-ground voliage stress,
where “ground” refers to hull potential. Hull potential, due to
safety requirements, corresponds o chassis ground of power
conversion and distribution equipment comprising the MY DC
systeml. These features give rise o two specific requirements
for MY power module design [6][7]: On the one hand, power
density is an important requirement for shipboard applications
[B1[9]. This demands compact power module packaging with
minimized insulation distances and high switching frequencies
capability to reduce the volume of passive components
[10][11]. On the other hand, sufficient insulation is required for
MY power module 1o withsiand the worst ground fault
conditions and the corresponding surface flashover transient
overvoltage [12][13],

While silicon (Si)-based MV power modules are technically
feasible for shipboard applications. challenges arise due to their
considerable power losses, limited switching frequency, and the
resulting large passive components [14][15]. In contrast, SiC
MOSFETs enable compact, multi-level MV applications for
lower switching losses and improved switching speed [16]. The
high breakdown electric field of $iC (4H-5iC 3= 10° Viem, Si
0.3% 108 Viem) allows for higher blocking volhiage[17]. These
charactenistics of the 5iC MOSFETs enable comprehensive
advantages at the converter level. With high switching
{requency and low swilching loss, the MV power module leads
to smaller footprint, enhanced system density and high conirol
handwidth of MY drives [158]. Thus, MV SIC power modules
enable high power density and lower switching loss lor
shipboard applications.

To assess the feasibility of SiC MV power modules in
shiphoard applications, insulation capability at ground fault
overvoltage transient should be addressed [19]. The unique
ungrounded onboard configuration results  in  ransient
overvoltage waveforms that can be two or three times the
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operating voltage. This high surge voltage leads to surface
flashover and manifests as a short circuit between the power
module terminals and the baseplate [20]. This waveform also
exhibits a sharp steep front and high frequency oscillation that
can interfere with SiC devices. While the current MV power
modules are based on IEC 60664-1 and IEC61800-5 for
terrestrial industrial svstems, they have not been validated for
MV SiC power modules in shipboard applications.

The shipboard application poses challenges to SiC MV
power module packaging design, as there exist trade-offs
between sufficient insulation and packaging parasitic
parameters. For MVDC shipboard application, the grounding
schematic plays a crucial wle in determining the worst-case
overvoltage and subsequently influences the power module
insulation requirements. This paper presenis experimental
results that verified the surface flashover tolerance for a 10 kW
SiC power module. Initially, a custom-designed 10 kV SiC
MOSFET power module was proposed, and the corresponding
insulation requirements were analyzed based on the [EC
standard in Section 11 Section U1 analyzed tour typical module-
capacitors groumding schemes 1o identify the worsi-case
grounding fault. In Section 1V, aiming at a 10 kY 5iC power
module, the surface flashover tolerance of steady and fauolt
conditions is compared during a typical single line-to-ground
fault. Finally, Section ¥V summarized the module-capacitors
gronmding recommendations and requirements of insulation
design from surface flashover analysis.

1. IvsuLaTion DEsiGH oF 10 KV POWER MODULE

Insulation is one of key requirements for MV power
modules, particularly in terms of the interface between the
power module housing surface and air. This interface,
characterized by a significantly lower intrinsic dielectric
strength, represents a critical boundary condition. The power
module surface insulation includes functional insulation
berween exposed terminals and basic insulation between
terminals and earthed heatsinks. These design specifics of the
10 kW SiC MOSFETs power module are listed m TABLE 1
[21]. The mrget maximum DC-link voliage is 7.2 kV with an
impulse withstand voltage of 186 kV. The intemnal insolation
between the chips and heat sink within an encapsulant is
realized by the stacked substrates, as shown in Fig. 1.

TABLE L SPECIFICATHONS OF THE MEDIUM VOLTAGE PFOWER MODULE.
Purameter ilue
D -link voltage 6kY -T2kV
AL eurment (rms) 6l A
Switching frequency I kHz
Overvollage Category 3
Polluticn Degres 2
Altitude = 200m
Housing matenal CT1 = 6l
Reguired Tmpulse Withstand Violtage 18.6 kV
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Fig, | Functional amd basic insulation requirements of the proposed 10 KW
power module.

These insulation requirements shape the parasitic inductance
and parasitic capacitance within a specific module layout. The
functional insulation guides the horizontal  dimensions,
confributing to parasitic inductance and capacitance on stacked
substrates. On the other hand. basic insulation steers the vertical
parasitic inductance, thereby contributing to power terminals
inductance. To achieve high insulation and maintain low
parasitics, a concept of arranging power module terminals
based on their electrical potential is shown in Fig. 2. The
terminals are categorized into three groups according to their
electric potential. Group 1 inclodes the DC+ terminal and high-
side drain, group 2 consists of the AC output terminal and high-
side control terminals, and group 3 encompasses the DC—
terminal and low-side control terminals. By employing the
proposed elecric-potential -oriented terminal arrangement, only
two functional insulation distances are necessary between the
three terminal groups. This arrangement successfully achieves
a low parasitic inductance of 164 nH, and 5.3 nH with
embedded decoupling capacitors. The parasitic capacitance for
DC+, DC—, and AC output are 49.3 pF, 64.3 pF, and 28.1 pF,
respectively.

hin—i—B i

L

MOSIEY
RPN s

Fig. 2 Flectric potential groups m a hal Fhridge topoloey.

The clearance distance and creepage distance are calculased
according to [EC 60664-1 and IECAI800-5, overvoltage
category 11, and pollution degree I, and a material comparative
tracking index (CTI) = 600, As shown in Fig. 3, the minimum
terminal-terminal and terminal-baseplate clearance distance of
the deisned power module is 40 mm, functional distance is 70
mm. An extra insulation wall is designed between the DC+ and
DC— terminals. Creepage extenders are utilized 1o further
increase the creepage distance.
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it
Fig. 3 nsulntion distance of the 10 kY power module. {a) Clearance distunce.
{bh Creepage distince.

[I. ELECTRIC STRESS AT SHIFBOARD GROUNDING FAULT

Sinee the shipboard is a mobile power system, the ship hull
can be regarded as the earth ground. According to [EEE Std.
1709-2010, the power distribution system 15 expected to operate

continuously with a single line-to-ground fault [22]. This
requirement  determines  the  insulation coordination  and
insulation  system  design requirements of all electrical

components comprising the shipboard electrical distribution
sysiem [23]. The ransient grounding fault can cause a peak
voltage that is typically three times the normal condition. A
typical grounding fault overvoltage wavelorm is shown in Fig,
4. The DC+ terminal withstands half of the DC link voltage of
12.5 kW before the grounding fault, and then suffers three-time
3% Vpo2 which is 40,1 kV. For general MV power module
design, a floating power module baseplate is utilized to replace
the siandard grounded baseplate and is explored 1o mitigate the
msulation challenges. The floating baseplate potential is
beneficial by mtroducing a reduced terminal-to-baseplate
distance, thus reducing parssitic inductance and increasing
power density at steady-state operation. However, il is prone to
surface flashover breakdown at certain categories of ground
faults.

Fig. 4 Demenstration of Vie{$0.1kV) as greater than 3% Vg2 (Vo2 bemg
125 kV)

To determine the grounding influence on the transient
electric stresses at fault conditions, four typical ground
connections are compared in Fig. 5. The grounding schemes
focus on the neutral point of the DC link capacitors (M) and the
power module baseplate. Caused by a permanent negative rail
grounding fault, transient overvoltage and steady state of the
power moedule terminal potentials are analyzed with respect to
the reference ground,

In Fig. 5{a), both M and the module baseplate are grounded
to represent a traditional grounded terrestrial power system.
Given a grounding fault at DC—, the potential difference
between DC+ and baseplate to does not change with the fault
due 1o the common grounding scheme. The maximum electric
stress between module DC+ termunal and baseplate AV waill
keep as half of the DC link veltage (0.5=V o). Similarly, for an
ungrounded system in Fig, 5 (b) where M is floating vet still
connected to the baseplate, although the rail-to-mil and rail-to-
M wvoltage will be maintained as Voo and 0,55 Vpe separately,
there will be a rail-to-ground voltage shifting due to the ground
fault at DC—, The maximum electrical stress between module
terminals o the baseplaie keeps (.3%Vpc as the baseplate
potential shift with the ungrounded middle point M. For the
grounding scheme (c), both the M-point and haseplate are
floating, and the two electric potentials are approximately equal
due o the symmetricity of the dissipated impedance of the
system, AV is about (.5%V e in case (c). Similarly, the worst
case would be case (d) where both the neutml point M and
baseplate are floating. With a DC- to vifual {eg. cooling)
ground fault, DC— will be equalized to the virmal ground-
haseplate virtual point, hence DC+ will jump from 0.5%Vpe 1o
Voo with respect o the virtual ground. 'With the tault short-
circuiting high impedance insulations, damping will be reduced
and resonance is very likely to happen, superimposing a
transient peak of 0.5=Vpe W the jump of steady state, thus the
potential difference between DC+ and  virtual ground
(baseplate) will show the sequence of 0.5=Vpco(steady state
| }—1.5=V peftransient}— Vel steady state 2). In conclosion, in
case (c) and (d), the msulation between the baseplate and DC+
terminal will suffer from the peak voliage (Vg), and the
overvoltage level could be greater than three times the rated
voltage, as shown in Fig. 4. The overall maximum electnc
stress under four grounding schemes is summarized in TABLE
.
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SURFACE FLASHOVER TEST AT A 10 KV 51C POWER

¥ e | [ 1l
Cl = HE | mosFeT ) d = "
q} MODUTE

1V Power  —L—
I:-;.unv-. e Jricefie e = I —— The surface flashover tolerance of the 10 kV SiC power
'q} ' module was tested under two different conditions: steady state

b DC withstanding capability and transient grounding fault
| | | tolerance. For the steady-siate DC withstanding capability, the
steady-state DC voltage was applied between DCH terminals
and baseplate at a ramping rate of 1%=V qeady (Viesdy being

approxEmalely eqoal Wl Sy, t-/"_:\':}ﬁ ” 4
V4 : Py

estimated) per second [5] uniil there was a surface flashover

breakdown waveform is

felur iy Conpling,
oy s Tk 6 A breakdown. The steady-state DC
N h R shown in Fig. 6.
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Fig, & Steady test waveform
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The transient surface flashover test setup is shown in Fig. 7
[&]. The surface flashover tolerance capability of a 10 kV 5iC
power moedule was tested at the worst condition, e, condition
{d). First, 81 and 52 are connected 1o equally charge the DC
link capacitors C1 and C2 Vipe/2[24]. The module DIC+ and
DC— termunals withstand Vie, and the baseplate is connected
to the conling system GND. Then, 54 was close to creating a
single-line-to-ground fault at the negative rail. The transient
surface flashover waveform is shownin Fig, 8.

|
Jin"ulllﬂ\-
||IF-'~r"

b

Fig. & Transient test surfisce Mashover “‘{I\-l.‘-r':'l'rll

The clearance distance and creepage distance of the tested 10
kW power module are shown in Fig. 3 (a) and (b), respectively.
The clearance distance between DC+ and baseplate 15 42 mm,
DC— terminals and baseplate is 43 mm, AC output terminal is
40 mm. The corresponding creepage distance 1s 71 mm, 73mm
and 70 mm. Both steady-state DC and transient grounding fault
olerance were repeated live times, the test results are shown in
Fiz. 9 [24].

For the DC+ terminal in Fig. 9(a), the average steady DC
breakdown voltage (Vaesay) 15 33.3 KV with a maximum voltage

3921

of 33.7 kV. The average DC breakdown voltage for DC-
terminals is 39.7 kW with a maximum voltage of 44.4 kV. As
for the transient grounding fault tolerance test, the maximum
peak wvoliage for both the DC+ and DC- terminals is
approximately three times the DC voltage, which is coordinated
with the typical waveform in Fig. 4. The DC link voltage (Voc)
is charged up 1w 23 kV, and the maximum peak voltage (V) is
higher than 40 kV. However, there was one out of five chances
for no surface flashover after the ground fault, i.e., group 5 for
DC+ and group 3 in DC— terminals. Mevertheless, the transient
surface flashover happened at various volltage and duration
conditions. As shown in Fig. 8{a), the surface flashover
occurred at 1.34 ps with a peak voltage of 50 kV, while it
required 6.72 ps with a peak voltage of 33 kV in Fig. 8(b). Thus
is because the surface flashover needs to accumulate heat to
mobilize space charge for the generation of surface avalanches
and discharges.
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Fig. 9@ Breakdown voltage at steady und grounding foules. (o) DCH termanals.
{bh T terminal

o this way, the maximum safe working voltage lor an MV
power medule should be determined by both DO and transient
breakdown experimentation instead of by DO breakdown
alone. Furthermore, the surface flashover time indicates that the
short circuit protection should be involved within 2 ps, The
photograph DC+ flashover discharge is shown in Fig. 10,

4

b 11} Surfuce flashover on o 10 &V SiC power module.
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IV, CONCLUSKINS

The MV distribution system of shipboard power systems
require reliable insulation for both nominal and ground favk
conditions. Aimed at a 10kV SiC power module, the maximum
terminal-baseplate electrical siresses at ground fault conditions
are analyzed for different grounding schemes. The worst
seenario from an insulation point of view is floating the neutral
point of the DC link capacitors and grounding the baseplate o
a cooling system. The surface flashover tolerance of the 10 kv
SiIC power module was determined under steady-state DC
withstanding capability and transient grounding fault tolerance
collectively. The DC+ terminal will break down at a slow
ramping rate at DC voltage of 33 kV and a transient peak
voltage of 40 kV with 25 kV rail-to-rail voltage. Three times of
rail-to-ground veltage (0.5=Vne) overshot was regarded as the
transient surface flashover voltage. indicating that a seemingly
safe operating voltage of Vpo = 25kY. Therefore, surface
flashover caused by ground fault should be considered in power
module insulation design for shipboard MVDC applications,
However, this was under perfectly clean laboratory conditions,
With increasing levels of surface contamination and polentially
condensate, the critical flashover voltage 15 expected to drop.
Future work will focus on these aspects.
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