IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 41, NO. 6, JUNE 2026

9725

Analysis and Mitigation Method of Inrush Current for
Quasi-Two-Level Series-Connected SiC MOSFETS

Yangjian Li"?, Jun Zeng

Renjun Hu ", Junfeng Liu

Abstract—Series-connected SiC MOSFETs is considered a promis-
ing approach for medium-voltage (MV) dc applications, providing
an effective balance between cost and performance. In particular,
based on quasi-two-level (Q2L) modulation strategy, the hybrid-
clamping structure with indirect series connection is attractive
due to its inherent voltage self-balancing capability, eliminating
the need for additional voltage control loop. However, the issue
that the switched-capacitor loop introduced for self-balancing can
cause inrush current and additional turn-ON switching loss in
certain device has not been analyzed, which limits the potential
of this topology. In this article, the switching process of the device
within the switched-capacitor loop is first analyzed, clarifying the
mechanisms behind the inrush current and additional losses. Then,
an improved hybrid-clamping topology is proposed, which main-
tains the self-balancing capability while reducing inrush current
and turn-ON switching loss. In the end, 2000 V double pulse tests
demonstrate effective mitigation of inrush current to the level of
the load current, along with an average 23% reduction in turn-ON
switching loss. Furthermore, continuous experiment validated the
effectiveness of the proposed method.

Index Terms—Hybrid-clamping structure, inrush current,
quasi-two-level (Q2L), series-connected, SiC MOSFETSs, switched-
capacitor, switching loss.

1. INTRODUCTION

ITH the development of wide bandgap semiconduc-
tors, SiC MOSFETs offer advantages such as higher
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switching speed, lower switching loss, and better thermal
stability compared to silicon (Si)-based IGBTs. In medium-
voltag (MV) dc applications, such as photovoltaic power gen-
eration, energy storage systems, and electric vehicle charging,
the adoption of SiC devices enables converters to achieve higher
efficiency and power density [1], [2]. However, the high manu-
facturing cost of higher-voltage SiC MOSFETs has limited their
use, making 1.2 and 1.7 kV devices more widely adopted in the
market [3]. To balance the cost and performance requirements in
MYV converter applications, the use of series SiC technology has
become the most applicable solution [4]. This technique con-
nects multiple low-voltage SiC MOSFETs in series to withstand
higher voltages than a single device, and the main challenge is
to ensure dynamic voltage balancing across all devices to pre-
vent localized overvoltage and breakdown [5]. Among existing
solutions, three main methods can be identified.

1) Passive snubber-based balancing: This strategy primarily
involves parallel snubber circuits to reduce the dv/dt of each
device, helping to maintain a lower voltage difference between
them [6]. However, reducing the switching speed increases
switching loss, which limits the switching frequency of SiC
devices [7].

2) Gate-drive-based balancing: This strategy mainly relies on
adapting the gate drive to regulate voltage balance. One approach
adjusts the gate voltage or driving resistance based on source-
drain voltage feedback [8], [9], [10], but this requires high-speed
sampling and fast response, posing implementation challenges
for fast-switching SiC devices. Another approach uses a single
gate driver with coupling circuits to synchronize devices [11],
[12], [13], [14], but variations in parasitics lead to inconsistent
switching behavior, making voltage balancing difficult.

3) Topology-based balancing: This strategy achieves voltage
balancing by constructing power half-bridge structures and in-
directly connecting SiC devices in series using clamping cir-
cuits [15]. Unlike conventional multilevel modulation methods,
a quasi-two-level (Q2L) modulation strategy is introduced, char-
acterized by an extremely short duration of the intermediate
voltage level [16]. The clamping circuit is solely responsible
for voltage balancing and scarcely participate in the main power
transmission path, which greatly reduces both the size and power
stress of the devices within the clamping circuit [17].

In MV dc—dc applications, Q2L PWM is applied in a modular
multilevel converter (MMC) MV dc—dc converter, which helps
mitigate the issue of large energy storage capacitors in tradi-
tional MMC [18], [19], [20]. But the large number of MMC
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submodules and frequent switching limit the overall power
density and efficiency. To simplify the structure, Q2L-based
flying capacitor (FC) and neutral-point clamped (NPC) topolo-
gies are considered more attractive [21], [22], [23], as it only
the integration of compact clamping circuits implemented with
FCs or diodes. However, achieving voltage balancing among
devices typically needs additional closed-loop control, which
increases system complexity. Based on Q2L PWM, Liuetal. [15]
presented a hybrid clamping topology applicable to continu-
ous conduction nonisolated dc—dc structures. It incorporates
two switched-capacitor loops, thereby achieving voltage self-
balancing. Nevertheless, The analysis does not consider the
impact of the switched-capacitor loop under high-voltage and
high-current conditions. where a considerable voltage difference
may exist between the FC and the dc bus capacitor. If a device
in this loop turns on under such conditions, an inrush current
will occur, leading to substantial turn-ON switching loss and
localized current stress. To address the issues caused by the
switched-capacitor loop, a snubber inductor can be introduced
to suppress inrush current or enable soft charging. However, its
impact on device switching loss has not been addressed [24],
[25]. Furthermore, for the hybrid clamping structure, whether
the inclusion of the snubber inductor affects the inherent voltage
self-balancing capability remains unexplored.

Therefore, to address the issues of the indirectly series-
connected hybrid clamping structure, this article presents the
first analyzes of the mechanism of inrush current and trun-ON
switching loss caused by the switched-capacitor loop, On this
basis, an improved method is proposed, in which a snubber
inductor is introduced between the dc bus capacitor and the
clamping diode midpoint. This method mitigates the inrush
current caused by the formation of the switching capacitor
loop and reduces the turn-ON switching loss of the devices
involved, and the analysis of the device turn-ON process reveals
the mechanism. In addition, the operating process of the hy-
brid clamping structure with the snubber inductor is analyzed,
demonstrating that the inclusion of the snubber inductor does
not compromise the inherent voltage self-balancing capability
of the topology. In conclusion, this article offers the following
contributions.

1) The switching process of devices in the switched-capacitor
loop of the indirectly series-connected hybrid clamping
structure has been first analyzed, further revealing the
mechanism of additional losses introduced by the switch-
ing capacitors.

2) A snubber inductor is introduced into the switched-
capacitor loop to effectively mitigates the inrush currents
and reduce switching loss. In addition, design considera-
tions for the inductor are provided.

II. SWITCHING PROCESS UNDER THE SWITCHED-CAPACITOR
Loop

During the operation of the hybrid clamping topology, the
introduction of the switched-capacitor loops is critical for main-
taining voltage balance across the devices. However, this loop
also introduces several challenges.
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a) Hybrid clamping topology: As shown in Fig. 1(a), four
SiC MOSFETS (S, Ss, S3, S4) are connected in series, and the
clamping circuit of the hybrid clamping topology consists of
two diodes (D1, D>) and a capacitor C'3. The clamping circuit
is designed to maintain voltage balance among devices and
only conducts power when the converter leg output voltage
VM reaches its intermediate states (Vy = Vi/2). Under Q2L
modulation strategy (introduced in Section III-B), the duration
of the intermediate states is extremely short. Therefore, the
clamping circuit can be designed with a low power rating.
By employing a small capacitance C'5 and low power diodes
D, and D, voltage self-balancing capability of the topology
can be achieved, while also offering the advantage of compact
size.

b) Topology operation process: With the employment of a
small capacitance C'3, voltage fluctuations of V3 inevitably
occur during topology operation process. As shown in Fig. 1(b),
Vs oscillates between Vi) and Vi, (The principle of topology
operation process is presented in [15]). When V¢ is higher than
Vs, the turn-on of S; forms a switched-capacitor loop, initiating
the switched-capacitor process.

¢) Switched-capacitor loop: As shown in Fig. 1(c), once
the switched-capacitor process is formed, C'; begins charge
Cj5 through the switched-capacitor loop, and the loop parasitic
inductance L, provides minimal snubbering during the charging
process, resulting in a significant inrush current during the
switching of 5.

d) Turn-ON switching process of S1: As shown in Fig. 1(d),
during the interval from ¢; to to, I is the sum of the load current
and the inrush current. Unlike a conventional switching transi-
tion, after Vpg drops by AV (the voltage difference between
Vi and Vi3) at ¢y, it enters a slowly decreasing phase from ¢
to to. This leads to a considerable overlap between Vpg and Ip,
resulting in large additional losses. These losses are attributed
to the switched-capacitor process and will be analyzed in detail
in Section IV-B.

In conclusion, the incorporation of the switched-capacitor
loop has a detrimental impact on both the current stress and
the turn-ON switching loss of the device.

1) Theinrush current significantly increases the current stress
on 51, potentially limiting the operation of the device or
even the entire converter under rated current conditions.

2) The added turn-ON switching loss caused by the capacitor
loop results in higher power dissipation in .Sy, deteriorat-
ing its switching performance.

III. CIRCUIT TOPOLOGY AND OPERATION PRINCIPLES

In this section, an improved hybrid clamping method is pro-
posed to address the issues discussed in Section II. The voltage
balancing principle and the topology operation process of the
improved method are also presented.

A. Improvement of the Hybrid Clamping Topology

a) Improved hybrid clamping topology: As shown in Fig. 2(a),
different form hybrid clamping topology, the improved hybrid
clamping topology introduces a snubber inductor L (much
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greater than L), which is inserted between the midpoint of the
dc bus and the clamping circuit.

b) Topology operation process: As shown in Fig. 2(b), similar
to previous cases, the use of a small value capacitance C'5 causes
voltage fluctuations in V3. When V¢ is higher than Vi3, the
turn-ON of S forms a switched-capacitor loop, initiating the
switched-capacitor process.

¢) Switched-capacitor loop: As shown in Fig. 2(c), a snubber
inductor L is introduced into the switched-capacitor loop to
mitigate the inrush current.

d) Turn-ON switching process of S1: As shown in Fig. 2(d),
the introduction of L converts the original inrush current into
smoothed current, and accelerates the voltage drop of Vs during
the phase from ¢, to t2. This effectively reduces the additional
losses caused by the switched-capacitor process.

The introduction of the snubber inductor L effectively reduces
the inrush current and trun-ON switching loss of .S;. Moreover,

the added inductance does not compromise the voltage balanc-
ing, as will be further demonstrated in the following analysis.

B. Q2L Modulation Strategy

The Q2L modulation strategy is illustrated in Fig. 3, which
shows the gate-source voltages Vs of devices S1, So, S3, and
Sy, as well as the converter leg output voltage Viy. When Sy
and S5 are turned ON, Vjy = Vi; When S is turned OFFand S5 is
turned ON, Vjy = V;/2; When S} and S5 are turned OFF, Vj; = 0.
Unlike three-level modulation strategies, the duration (AT") of its
intermediate states (Viy = V;/2) is relatively short, typically in
the range of several hundred nanoseconds, and 7j.,q represents
the dead time. The duty cycle D can be calculated as

_ Ts) + Ts»

D
2T

ey
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Fig. 4.

Switched-capacitor loops. (a) When S is on. (b) When Sy is on.

where Tg; and Ty, represent the switching times of S7 and So,
respectively, and 7" denotes the switching cycle.

C. Voltage Balancing Mechanism of the Devices

Voltage balancing during device operation is the most fun-
damental requirement for series-connected topologies. The
proposed topology inherently achieves voltage self-balancing,
which is primarily governed by two key factors.
1) The proposed topology introduce two switched-capacitor
loops, as shown in Fig. 4. When either Sy or Sy is turned
ON, the bus capacitor C or Cs charges the FC C's, ensuring
that V3 does not fall below V¢ and V.

2) Under continuous conduction mode (CCM), the load cur-
rent is unipolar. For the Q2L modulation strategy shown
in Fig. 3, when S; is turned OFFand S5 is turned ON, C'
discharges during two intermediate states through the path
which is shown in Fig. 5 (a), ensuring that V3 does not
remain higher than V| and V(.

Therefore, if Vo & Viy &~ V;/2 and remain stable, the pres-
ence of the switched-capacitor loop prevents V3 from dropping
to zero, while the continuous discharging during the interme-
diate states prevents V3 from rising to Vj, and the combined
effect of these two mechanisms leads to the existence of a
steady state where Ve & Vo & Vs &~ V;/2, ensuring voltage
balancing across the devices. To ensure bus voltage V¢; and
Vo remain stable, the net charge (n flowing through the point
N over one switching cycle must be zero, which leads to the
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(®

Fig. 5. Commutation paths of improved hybrid clamping topology. (a) Mode
(. (b) Mode (). (c) Mode (¢). (d) Mode (d). (e) Mode (¢). (f) Mode (F).
(g) Mode (2).

following condition:

T
On = / Indt = 0. 2)
0

To satisfy this condition, V¢ > Vi, must exist. It can be
assumed that Vy = V=, under which condition Qn > 0. When
Ver < Viea, @Qn becomes even larger, causing C to charge and
Cs to discharge until Vip — Vi, = AV. To calculate the bus
capacitor voltage difference AV and the voltage variation of the
FC ('3, a detailed analysis of the topological operation process
will be carried out.

D. Topology Operation Process

Before analyzing the topology operation process, the follow-
ing assumptions are made: 1) C; and C' are large enough, and
are considered as a voltage source in the resonant loop; 2) the
commutation process is extremely short, and the load current
T10,q 1s considered constant during commutation; 3) the commu-
tation calculation process neglects the parasitic inductance L,
and parasitic resistance Rjoop1 and Rjoop2; and 4) all switches are
ideal.

Under CCM, three possible operating cases exist depending
on the commutation process. the possible commutation paths for
each case are illustrated in the Fig. 5.

Case I: @-@-®-©-@-@-®-©-O-@

As shown in Fig. 6. After ¢1, the topology operates in (a), C3
is discharged by Ijo,4, and its voltage drops to V, at time 5.
After to, the topology operates in @, where [j,,q commutates
from (1) to path (2). During the commutation, C5 acts as a voltage
source, while L, C's resonate in the loop shown in Fig. 4(b), with
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Cj5 having an initial current of Iy; and an initial voltage of V(.
The voltage across V3 can be derived from the second-order
differential equation

Ve (t) = — (wo(t —t2)) + Via.

: 3)
wo = TIe,
At time 3, the commutation is completed, /c3 drops to zero,
when ¢t —t2 = 7 and Vs settles at

Iol

Ves(ts) Caoo’

= Vo —

“

After t3, the topology operates in (c) until the end of the
interval at 4. As Ves(t1) = Vi, From ¢; to t4, the net charge

QN is

1o
Qni = 10 AT — C3 <VK — Vo + o ) ®)
3w

After t4, The topology operates in (d), and switched-capacitor
loop is formed, during which C'5 is charged. C'y acts as a voltage
source, while L, C's resonate in the loop shown in Fig. 4(a), with
C's having an initial voltage of V3(t3). The expression of Vi3
and I¢3 can be derived

Vc3(t — f,4) = ACOS(wo(t — t4)) + VCI

6
Ics(t —tyg) ©

= 703&]014 sin wo(t — t4)

Iol
C3LUO

A=V — - Ve (7N
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When I3 reaches zero after half a resonant cycle (¢t — t4 =
), the charging of C3 ends due to the turn-OFFof the diode in
the switched-capacitor loop. At this moment, V3 is

I
Ves(ts) = 2V Vi 8
c3(ts) ct — Ve + Croy” (8)
From t4 to t5, the net charge Qy is
Iy
Qny = —2C3 (Vc1 Voo + c > 9
3W0

From ¢ to tg, the topology operates in (a) and (b). Similar to
the previous analysis, V(3 at tg can be obtained as

Io2
Ves(ts) = Voo — . 10
c3(ts) @~ G (10)
From t¢ to tg, the net charge Qy is
Qns = [ AT — Cy 2(Vc1 — ch) + Ton + Lo
Cg(do C3LUO
(11)

After tg, So turns OFFand the topology operates in (¢), during
which C'5 is charged until Vi3 equals V.

After tg, the topology operates in (T). The load current begins
to commutate from path (1) to path (2), and fully transfers to
path (2) at ¢19. During this interval, L, C5 resonate in the loop
shown in Fig. 4(b), with C'3 having an initial current of I, and
an initial voltage of V(. The commutation ends at £;o when I3
becomes zero, and V(3 is equal to Vx.

Iy
Ves(t 1% = Vk. 12
c3(tio) = Vo + Caon K (12)
From tg to t1¢, the net charge Q N 1S
=2C . 13
Qs 3 C3Wo (13)

Combining (5), (9), (11), (13), @ x over one switching cycle
can be derived

O~ = (Io1 + 1) AT — 4C}5

Cswo

According to the condition in (2), V¢

(Iol + 102)AT _ Iol
4C3 Cg(.do

_ Ua +1)AT [T
- 4C5 o\ oy

Meanwhile, the peak value of the inrush current in the
switched-capacitor loop can be obtained from (6), (7)

I,
Tinrush = Cwo(Ver + Ci — V)
3W0

C3 ( ol + IOZ)AT CS
Lo U S

In Case 1, seven operating modes are identified. However,
with the increase of the inductance L, Modes (¢) and (¢) may
disappear. This is because a larger L prevents the inductor

(14)

— Vi, can be obtained

Ver =V =

(15)
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current at ¢t3 and tg from reaching I,; and I,, Therefore, based
on the two boundary conditions I (t3) = I and I (ts) = Iy, it
can be determined as

(L;]Jrf}z?vLCs — AT

2vLCs = AT.

Based on the condition I,; < I, the boundary conditions of
the three possible operating Cases can be derived as follows:

Case 1: 24/LC5 = AT

Case 2: (I"‘+I"2)\/TC3 > AT

Case 3: ““‘““”VLC* < AT < 2/LC5.
Case 2: @@@@@@@@

As shown in Fig. 7, compared with Case 1, Case 2 does not
include (¢) and (¢). Following the same analytical approach as

A7)

in Case 1, Vc; — Vo and Ijsn can be obtained:
Ver =V = (I"'Zé‘iz)AT IOH/ smwOAt1 )
AT — Atl = "1 \/ LC3 5111( ()Atl) %]Z)AT
C L .
Tinrush = 4/ fg(Va — Ve + oy o sinwoAty)
I)AT
—/ CL‘S Uot + 1) AT _ Z(;;,Z) — 4/ C3AV (19)

Case 3: (©-@-®-D-@-®-©-O-©@

Case 3 can be regarded as a combination of Case 1 and Case
2. During one switching cycle, the first half of the commutation
process is identical to that shown in Fig. 7, while the second half
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corresponds to Fig. 6. Following the same derivation as before,
the expressions for the voltage difference Vi — Vi and Lipryn
remain the same as those in (18) and (19).

To sum up, as the L increases, the system operating mode
changes when AT remains constant. In the case of small induc-
tance (Case 1), increasing the inductance significantly reduces
Vei1 — Vo, asindicated by (15), which is beneficial for balancing
the bus capacitor voltages. When the inductance becomes larger
(Case 2 and Case 3), further increases in inductance do not cause
Ver — Vo to become negative. This is because the sin(woAty)
in (18) limits the continuous decrease of Vi — Vi, which is
consistent with the analysis in Section III-C. Furthermore, based
on (16) and (19), the magnitude of the inrush current is directly
affected by the inductance L. A larger value of L significantly
reduces the inrush current.

IV. DESIGN CONSIDERATIONS AND TURN-ON SWITCHING
LOSS MODELING ANALYSIS

A. Design Consideration

The design mainly considers three aspects: the selection of
inductance L, the clamping capacitance C'3, and the AT

1) Adding an snubber inductor helps mitigate the inrush cur-
rent and turn-ON switching loss of 57 during switching process,
while also helping to reduce the voltage difference between
the dc-link capacitors. Therefore, The snubber inductor design
mainly considers two aspects.

First, the inrush current (the switching process of S7) should
be limited such that the peak current during the switching
process is approximately 1.5~2 times I,;. This design helps
constrain the impact of the inrush current on device current
stress. Moreover, the reduced inrush current effectively mini-
mizes additional switching losses, keeping them at a low level.
This mechanism is further discussed in Sections I'V-B and IV-C.
Therefore, according to the inrush current equation (19) under
Case 2 conditions, the snubber inductor should satisfy

(Iol + IOZ)AT 2
L= —_ k=0.5~1.
Cs < 1kC31o, k=05

Second, the voltage difference between V; and V-, should be
maintained at a low level. In this case, the converter will operate
in Case 2. According to the conditions of Case 2, the snubber
inductor should satisfy

(20)

2 2
L> i 1)
C&( ol T 102)

By satisfying the above two conditions, on one hand, the
insertion of the snubber inductor helps reduce the inrush current,
switching losses, and the voltage difference between the dc-link
capacitors. On the other hand, the inductance is kept from being
excessively large, preventing an increase in the overall system
size and avoiding unnecessary additional losses.

In terms of inductor packaging, an integrated molded power
inductor can be selected due to its advantages of low para-
sitic parameters, high current-carrying capability, high power
density, and strong mechanical robustness. According to the
topology operation process analysis, the current flowing through



LIetal.: ANALYSIS AND MITIGATION METHOD OF INRUSH CURRENT FOR Q2L SERIES-CONNECTED SiC MOSFETs

the snubber inductor only exhibits several short spikes within
one switching cycle and does not participate in the main power
loop, resulting in a relatively small power rating. Therefore, by
using an integrated molded inductor, the additional inductive
loss can be considered negligible, while the high power density
helps maintain the compact size advantage of the Q2L clamping
circuit.

2) The design of the FC primarily considers its rated voltage,
rated current, and capacitance value. For the rated voltage, its
value should exceed V;/2 with a sufficient safety margin. For
the rated current, after selecting the snubber inductor, according
to the capacitor waveform in Case 2 of Fig. 7 and the selection
criterion of the snubber inductor, the inrush current caused by
the switched-capacitor loop has been limited below the load
current. Therefore, its current stress only needs to meet the
load current requirement. In addition, the capacitance should
be selected based on the acceptable voltage ripple.

3) The selection of AT should be as small as possible to
reduce the power loss in the clamping circuit. At the same time,
the switching time of the MOSFETs needs to be considered to
avoid interference with the switching process.

B. Switching Loss Modeling

To analyze in detail the turn-ON switching transient of the
switched-capacitor loop in the hybrid clamping topology under
Q2L modulation, an LTspice simulation is carried out, the circuit
is shown in Fig. 1(a). The SiC MOSFETs uses the SPICE model
C3M0032120]1, and the diode uses C4D20120A. The FC ('3
was set to 50 nF, and the dc-link capacitors C'; and Cy were
both set to 10 pF. No additional inductance was included in the
circuit. The load consists of an inductor of 1 mH, a capacitor of
100 iF, and a resistor of 40 €. The dc bus voltage was 2000 V.
AT and Tgeaq Was set to 400 ns, the duty cycle and the switching
frequency were set to 50%, and 50 kHz. The turn-ON switching
process of S is shown in Fig. 8.

1) t; — to: The gate driver voltage rises from —5V to 20V,
and Vg increases until it reaches the MOSFET threshold voltage
Vis.m at to. In this period, the drain current I, remains zero, and
no switching loss occurs.

2) to — t3: As Vs exceeds the threshold voltage Vs, the
drain current I begins to increase and reaches the load current
Ti0aq at t3. Since the diode of D; has turned ON, as shown in
Fig. 5 (¢), Vs remains clamped by V¢, resulting in switching
loss Eoni

t3
o = / T - Visdt. 22)
t

2

3) t3 — t4: The device enters the Miller plateau. The gate-to-
source capacitance is charged, and Vpg begins to drop. The diode
of D turns OFF, causing reverse recovery current and loss Fp,
while I}y, contributes additional switching loss Eo (t3 — t4)

ta
Eom(ts — ta) = / T - Vosdt. 23)

ts
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Fig. 8. Turn-ON switching loss modeling.

4) ty — t5: Vps drops to AV, and diode D turns ON, form-
ing the switched-capacitor loop. Capacitor C starts charging
Cs3, with Viy — Ve = AV and Vs, — Vp, = AV According
to (16), the inrush current primarily depends on AV and loop
inductance L. In the absence of snubber inductor, the loop
inductance is mainly composed of small parasitic inductance
L,, resulting in a large inrush current. Due to the small voltage
drop across Ly, most of the AV appears across S, causing a
slow decline in Vg, which reaches zero at ¢5. During this stage,
Ip consists of two components: the loop current Ij,op; and the
load current Ijo,q. Therefore, a significant overlap between the
drain current Ip and the drain-source voltage Vpg occurs during
turn-ON switching, resulting in turn-ON switching loss that can
be divided into two components: Eqnp(ty — t5) and Egps. At
this stage, the switch remains in the Miller plateau, and the
introduction of the switched capacitor causes the Miller duration
to be prolonged

ts
Bona(ta — ts) = / Toua - Vst (24)
ty
te
oy = / Tyt - Vst 25)
ts

These two components of loss do not exist in conventional
hard-switching. Their presence is mainly caused by the exis-
tence of the switched-capacitor loop. These additional losses
are defined as F,qq.

Ewaa = Eoma(ta — t5) + Eon3. (26)

5) t5: Diode D2 becomes reverse-biased, blocking reverse
current, and the gate-drain capacitance is charged until the
switch is fully turned ON.
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Fig.9. Simulation switching waveforms for the turn-on switching transient at

Vi =2000 V and Iy = 25 A, and snubber inductor L of 0-700 nH.

Consequently, the total turn-ON switching loss of 57 can be
expressed as the sum of the individual loss components

Eon(Sl) = Eonl + EonZ(tS - t4) + EonZ(t4 - t5) + E0n3 + ED

= Fon1 + Eon2 + Eon3 + ED~
(27)

C. Switching Performance

To evaluate the effectiveness of introducing an snubber in-
ductor L in mitigating inrush current and reducing turn-ON
switching loss, a set of comparative simulation experiments is
conducted. The experimental circuit is shown in Fig. 2(a). Based
on the parameters given in Section IV-B, inductors of 50, 100,
200, 300, 500, and 700 nH are added as L.

As shown in Fig. 9, the inrush current during the turn-ON
switching process decreases as the inductance increases. Mean-
while, once Vpg drops to AV, alarger inductance accelerates the
voltage drop of Vps. This occurs because the added inductance
helps absorb the voltage difference AV between Cy and Cs
after the diode turns ON, allowing Vg to fall more rapidly. As a
result, the overlap between voltage and current during switching
process is reduced, contributing to lower switching loss.

From the energy curves, as the inductance L increases, the
turn-ON loss Eoys1y decreases. However, when the inductance
exceeds 300nH, its impact on turn-ON switching loss becomes
less pronounced. This is because the primary function of adding
L is to suppress the losses F,qq caused by the switched-capacitor
loop. Once L increases beyond a certain point, the falling rate
of Vps becomes sufficiently fast to nearly eliminate the overlap
region. At this stage, further increasing L no longer contributes
to switching loss reduction.
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Fig. 10.  Turn-ON switching energy of Eyys1) and Eyqq.

As shown in Fig. 10, the switching loss of S (Eon(s1y) and the
additional losses caused by the switching capacitor (Fy,qq) vary
with the increase of the snubber inductor L. Eqnsiy and Eydq
are calculated according to (26) and (27). As L increases, both
Eonesty and Eyqq gradually decrease. When L exceeds 300 nH,
the two losses reach a balance and no longer decrease. At this
point, F/,4q remains at a low level and is mainly composed of con-
duction loss. Since S5 is not affected by the switched-capacitor
loop, its switching behavior follows conventional hard switch-
ing. Therefore, When the influence of the switched-capacitor
loop on S is eliminated by the introduction of L, the switching
behavior of S; approaches that of conventional hard switching,
and the switching loss of S and Sy become comparable.

V. EXPERIMENTAL VERIFICATION

To verify the experimental effectiveness of the snubber in-
ductor on the turn-ON switching loss of devices in the switched-
capacitor circuit, turn-ON switching loss was evaluated using
2000 V DPTs under various current levels. In addition, a
1000 V/20 A continuous test was conducted to examine the
influence of the snubber inductor on bus voltage balance and
FC voltage balance. Furthermore, a comparison between the
hybrid-clamping topology and the improved hybrid-clamping
topology was carried out.

A. Double Pulse Test (DPT) Results

The 2000 V DPT circuit and modulation scheme are shown
in Fig. 11. and the Experimental prototype of DPT test is
built as shown in Fig. 12. The experimental setup is built
using two AST Technology 1700 V SiC MOSFET modules
(ASC800N1700MED). In the modulation strategy, S7 and .S,
are controlled using the Q2L scheme described in Section III-B,
while S5 and S, are kept OFF with negative gate bias. Capacitors
C1 and (Y serve as the dc-link capacitors, Cs is the FC, and Cy
functions as the decoupling capacitor. To ensure that the voltage
imbalance AV = V¢ — V3 remains consistent in the compar-
ative DPT experiments, voltage divider resistors are employed
to divide the voltage across the two bus capacitors C; and Cs,
thereby indirectly controlling AV = Vi — Vi3, and the voltage
difference Vi; — Vip is calculated based on (15) and (18) to
emulate continuous operation, I, refers to the current at the end
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Fig. 12.  Experimental prototype of DPT test.

of the first pulse in the DPT. In this study, a comparative experi-
ment was made between two cases: L = 0 nHand L = 800 nH
[satisfies the range specified in (20) and (21)], and the snubber
inductor L adopts the YSPIT0520A-R80M integrated molded
power inductor from YJYCOIN. The key parameters of the
devices and components used in the setup are summarized in
Table L.

Fig. 13 shows the DPT waveforms and the switching turn-ON
process of the second pulse S; under L = OnH and L = 800 nH.
The first pulse is set to 10 us, and the load current reaches
Ip = 50A after the first pulse. Under this condition, After the
snubber inductor L is added, the inrush current of S is reduced
from 129.5t0 80.7 A, adecrease of 37.7 %, effectively alleviating
the current stress on the device. The voltage imbalance AV =
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TABLE I
PARAMETERS OF THE CONVERTER PROTOTYPE OF DPT

Parameter Description
. 1700V(ASC800N-
SiC MOSFET module 1700MED)
. . 1700V(NTBGO28N-
Diode Dy and D 170M1)
DC-link capacitors C and Co 10 uF
Flying capacitor C5 100 nF
decoupling capacitor Cy 1.665 uF
DPT inductor Ly, 800 uH
. 800 nH(YSPIT0520A-
Snubber inductor L RSOM)
Intermediate states time AT 400 ns

TABLE I
PARAMETERS OF THE CONVERTER PROTOTYPE OF CONTINUOUS EXPERIMENT

Parameter Description
DC-link capacitors C, and Cy 10 uF
Flying capacitor C'3 100 nF
decoupling capacitor Cy 1.665 uF
Load inductor L, 3mH
Load capacitor Cp, 100 uF
Load resistor Ry, 209)
Snubber inductor L 800 nH
Intermediate states time AT 400 ns

Duty cycle D 0.4
frequency f 25kHz

V1 — Vs under the two conditions is 168.08 and 165.53 V,
respectively. The difference between them is small, and its
influence on the switching loss can be considered negligible.

From the loss calculation results, the turn-ON switching loss
of S; decreases from 9.12 to 6.94 mJ, a reduction of 23.9 %. it
can be seen that due to the reduction of inrush current and the
disappearance of the slow drop in Vpg, the overlapping area of
voltage and current is reduced. This loss reduction is primarily
attributed to the suppression of additional losses caused by the
switching capacitor loop.

Figs. 14 and 15, respectively, show the turn-ON switching
loss calculations and the inrush current magnitude during the
turn-ON process of S7 under different load currents /4. It can be
observed that both the turn-ON switching loss and inrush current
increase as Ijy,q increases. With the added snubber inductor L,
the turn-ON switching loss is reduced, with an overall decrease of
approximately 23%, and the inrush current is mitigated, keeping
it close to the load current Iy,g during the turn-ON process.

B. Continuous Experiment Results

In the continuous experimental verification, two comparative
groups were set up: the hybrid-clamped topology (without snub-
ber inductor, L = 0, operating in Case 1) and the improved
hybrid-clamped topology (with a snubber inductor inserted,
L = 800nH, operating in Case 2). All experiments were con-
ducted under an input voltage of V; = 1000V and a load current
of Ijpaa = 20A. The experimental circuit is shown in Fig. 2(a),
and the key parameters of the devices and components used in
the experimental setup are summarized in Table II.
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Fig. 14.  Turn-ON switching loss at Vi = 2000 V and Ip, of 20-60 A.

Figs. 16 and 17 illustrate the operating processes of the
hybrid-clamped topology and the improved hybrid-clamped
topology, respectively. The waveforms of the dc-link capacitor
voltages (V¢ and V;) and the FC voltage (V3) are presented,
along with the current waveform of the snubber inductor L. It
can be observed that, by introducing the snubber inductor, the
improved hybrid-clamped topology reduces the dc-link voltage
difference (Vo1 — Vi) from 66.5 to 18.5 V. Meanwhile, the
inrush current of the snubber inductor L decreases from 38.7
to 19.7 A.

In terms of converter-stage efficiency, under the given experi-
mental conditions, the efficiency of the hybrid-clamped topology
is 97.55%, with a loss power of 180.88 W. For the improved
hybrid-clamped topology, the efficiency increases to 98.05%,
with a loss power of 143.59 W. This represents an efficiency

150,
— 100
=
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5 -
—‘__——" Liad —©— L =0nH
B —&— [ =800nH
0 : . .
20 30 40 50 60
In [A]
Fig. 15. Inrush current at V; = 2000 V and Ip of 20-60 A.

improvement of 0.5% and a reduction in loss power of 37.29 W.
The reduction in loss mainly results from the decreased turn-ON
loss of S after introducing the snubber inductor. Although the
overall efficiency improvement is relatively small, it makes a
significant contribution to reducing the switching loss of S7.
Since the total loss reduction is concentrated in the mitigation
of S1’s turn-ON loss, the inductor effectively alleviates the stress
on the most heavily loaded device in the converter.

C. Comparative Study

The study focuses on addressing the issues existing in the
hybrid-clamping topology for continuous-conduction noniso-
lated dc—dc converters and analyzing their underlying causes.
Accordingly, a comparative study is conducted between the
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TABLE III
PERFORMANCE COMPARISON

Improved

Topology brid-Clamping

Hybrid-Clamping Hy

One capacitor, one

n itor, an X
One capacitor, and inductor, and two

Clamping circuit

two diodes. diodes.
Switching current .
stress of S1 High Low
Flying capacitor .
current stress High Low
Diode current stress High Low
Bus capacitor voltage
imbalance Large Small
Voltage self-balancing Yes Yes
capability
Switching loss of S High Low
Slightly higher
Overall efficiency High than

hybrid-clamping

hybrid-clamping topology and the improved hybrid-clamping
topology incorporating a snubber inductor. As shown in
Table III, although the improved hybrid-clamping topology
introduces an additional snubber inductor compared with the
conventional hybrid-clamping topology, it effectively reduces
the switching current stress of S7, the current stress of the FC
and diodes, and the voltage imbalance of the dc-link capacitors.
Consequently, it exhibits lower switching losses, slightly higher
overall efficiency, and better operating performance.
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VI. CONCLUSION

Based on the indirect series-connected SiC MOSFETS, this ar-
ticle analyzes the switching behavior of devices in the switched-
capacitor loop of the hybrid clamping structure, clarifying the
mechanisms behind the inrush current and increased turn-ON
loss. Based on this, an improved hybrid clamping method to
mitigate the inrush current and additional turn-ON switching
loss is proposed in this article. Theoretical analysis further
confirms that the added snubber inductor in the improved method
preserves the voltage self-balancing capability. In experiments,
2000 V DPTs were conducted to evaluate the inrush current
and the turn-ON switching loss of S7 under I of 20-60 A. The
results demonstrate effective mitigation of inrush current to a
level close to Ip, along with an average 23% reduction in turn-ON
switching loss. Subsequently, 1000 V continuous experiment
was conducted to analyze topology operation process, verifying
the self-balancing of the dc bus capacitor voltage and the FC
voltage, thereby ensuring voltage sharing among the devices.
Therefore, the improved hybrid clamping method provides en-
hanced application potential for the indirect series-connected
SiC MOSFETS.
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