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Abstract—Parallel connection of silicon carbide metal-oxide-
semiconductor transistors are widely used in large-current-
capacity applications or power modules. However, current imbal-
ance caused by the tolerance of device parameters or asymmetric
circuit layout is still a challenge for the reliability of the paral-
leled devices. The asymmetry of power circuit layout is inevitable
when more than two devices are paralleled, which will lead to
serious dynamic current imbalance. In this article, an equivalently
symmetric power circuit layout based on decoupled paralleled
modular switching cells (MSCs) is presented. The current sharing
mechanisms of typical asymmetric power circuit layouts are first
illustrated. The layout with distributed dc decoupling capacitors
turns out to have the potential to modify the current paths but
requires further optimization. Based on the mechanisms, the con-
struction of the symmetric layout with the concept of MSC is
elaborated by mathematical analysis. DC decoupling capacitors
are used to decouple the paralleled symmetric MSCs. Thereafter,
the key considerations for the decoupling capacitors are discussed.
Experiments are finally carried out to validate the analysis. The test
results show that the peak current imbalance is reduced to only
4.1% by the equivalently symmetric power circuit layout, which
confirms the effect of decoupled MSCs method.

Index Terms—Decoupling capacitor, dynamic current sharing,
paralleled silicon carbide (SiC) metal-oxide-semiconductor
transistors (MOSFETs), power circuit layout, symmetric layout.

I. INTRODUCTION

POWER semiconductor devices are the key components
in power converters. Silicon carbide (SiC) metal-oxide-

semiconductor transistors (MOSFETs) have been attracting a lot
of attention recently due to their better performance in switching
speed, power loss, and thermal conductivity than that of silicon
(Si) devices [1]. For some high-power applications, such as
inverters in electric vehicles, power devices of high current
ratings are necessary. However, the rating of a single SiC MOSFET

chip is usually smaller than those of the Si counterparts like
Si insulated gate bipolar transistors because of material defects
and yield considerations, which limit the current capacity of
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commercial SiC MOSFETs. Parallel operation of SiC MOSFETs is
widely adopted to enlarge the current capacity [2], [3]. How-
ever, the tolerance of device parameters and mismatched circuit
parasitic parameters will cause both dynamic and static current
imbalances [4]. The current imbalance will further lead to un-
even junction temperatures and lower the reliability. Therefore,
mitigating current imbalance is necessary to the application of
paralleled SiC MOSFETs.

Many research works about the topic of current sharing of
paralleled SiC MOSFETs have been reported in recent years.
In order to solve the current imbalance problem, analyses of
the influences of various parameters on the current sharing are
necessary. For static current sharing, the ON-resistance of SiC
MOSFET is recognized to be the main factor [4], [5], [6]. Since
the load current (inductor current) in a double pulse test (DPT)
circuit or a power converter is time-variant, the mismatched
parasitic inductances also play an important role in the static
current sharing [7], [8], [9]. In [10], it is found that the para-
sitic inductances and resistances of the common current paths
of multiparalleled devices will cause significant static current
imbalance. Generally, the static current sharing is more sensitive
to circuit parasitic resistances than inductances. The reduction of
parasitic resistances is easier than that of parasitic inductances.
For dynamic current sharing, the transfer characteristics of the
MOSFET, which contain the information of the threshold voltage
and transconductance, are reported to be the key factors [4], [5],
[6], [11], [12].

There are various dynamic current balancing methods for
paralleled devices. The active gate driver (AGD) methods try
to eliminate the current imbalance by regulating gate driving
signals [13], [14], [15], [16]. However, most of the AGDs require
high-bandwidth (BW) current detection and control circuits,
which significantly increase the complexity and decrease the
reliability. The passive methods use extra passive components,
such as coupled inductors, to improve the current sharing of
paralleled SiC MOSFETs [17], [18], [19], [20]. However, they are
usually bulky and difficult to be extended to the applications of
more than two paralleled devices.

Most of the AGDs or passive methods mainly focus on the
current sharing influenced by device parameters. The device
screening method is a straightforward method to select almost
identical devices for parallel applications [11], [12]. However,
even if the identical devices are paralleled, the current sharing
is still a challenge because of the circuit parasitic parameters.

Due to the high current slew rate, the dynamic current sharing
is very sensitive to the parasitic parameters in the power loop,
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especially the power-source inductances [9], [21]. The mis-
matched power-source inductances influence the gate voltage of
the paralleled devices and result in dynamic current imbalance
[22].

For the parallel connection of more than two devices, it is very
hard to achieve a symmetrical power circuit layout considering
the physical arrangement of the paralleled devices. Therefore,
the mismatched parasitic parameters caused by asymmetric
power circuit layout is also a big challenge for the parallel
operation of SiC MOSFETs.

Some power circuit layout optimization methods have been
proposed to improve the dynamic current sharing related with
circuit parasitic parameters. In [23], the mismatched parasitic
inductances of a power module are compensated by adjusting
the lengths and joints of bonding wires. The dynamic currents
are well balanced but the total loop parasitic inductance will
increase with the number of paralleled devices. The mutual
magnetic coupling between the current paths is adopted to
decrease the parasitic inductances of the commutation loops of
the paralleled devices in [24]. However, the differences among
the power-source inductances still exist even if the parasitic
inductance is very low. Identical equivalent power-source in-
ductances are achieved by additional modification paths (MPs)
in [25]. The application of this method is simple and can be
extended to multiparalleled devices. However, MPs are based
on the Cu clip bonding technology, which might be difficult to
be applied in other types of power modules. Meanwhile, the MPs
increase the complexity of current loops, which might introduce
mutual magnetic coupling and interfere with the accuracy of the
equivalent source inductances calculation.

The optimizations of power circuit loop above mainly modify
the lengths or structures of the current paths to change the
parasitic inductances. The equivalent dynamic current paths
can also be changed by decoupling capacitors due to their low
impedances at high frequency. In [26], two dc decoupling capac-
itors are placed on the two sides of the direct bonded copper of
a power module, which makes the layout more symmetrical and
decreases the current imbalance. However, the axial symmetry
of this power circuit layout cannot achieve the symmetry of all
paralleled devices, especially when the number of paralleled
devices further increases. Literature [27] improves the circuit
layout with distributed dc decoupling capacitors mentioned in
[3] and achieves good dynamic current sharing. It improves the
asymmetric layout of the output nodes of the paralleled switch-
ing legs by separation slots. However, the root causes and other
layout factors causing current imbalance were not revealed. The
separation slots can only be designed by simulations and trial and
error. Furthermore, the effects of the decoupling capacitors on
current balancing, including the size and capacitance, have not
been considered in [27]. A monolithic Si-RC snubber is added
in a power module in [22] to change the dynamic current paths
and try to decrease the circulating current in the gate loop caused
by different power-source voltages. However, the demonstrated
current balancing effect is limited because the circulating current
cannot be fully eliminated by the RC snubber.

Inspired by the effect of distributed dc decoupling capacitors,
an equivalently symmetric layout with the concept of decoupled

modular switching cells (MSCs) is proposed in this article. The
current sharing mechanisms of both conventional power circuit
layout and layout with distributed decoupling capacitors are
elaborated to illustrate the key considerations for a symmetric
layout. Based on the analysis, the paralleled switching legs
are divided into independent MSCs. The internal structures
of the MSCs are identical to guarantee the symmetry of the
layout. Each MSC is configured with a dc decoupling capacitor
bank to decouple the MSC from the other paralleled MSCs.
The dynamic commutation current of each MSC only flows
through the current paths inside the MSC, which achieves the
symmetry of the overall layout. A reasonable capacitance value
is analyzed to optimize the sizes and cost of the decoupling
capacitors. Modular circuit design guarantees the flexibility and
expandability of the MSCs.

The rest of this article is organized as follows. In Section II,
the basic influences of asymmetric layout on the dynamic current
sharing are first demonstrated with a conventional power circuit
layout. Then, the current sharing mechanism of a modified
layout with distributed dc decoupling capacitors is analyzed in
detail. Based on the analyses in Section II, the concept of MSC
is introduced to construct an equivalently symmetric layout in
Section III. The mathematical analysis, design of circuit layout,
and the key considerations for the decoupling capacitor are
presented. The theoretical analyses are verified by experiments
in Section IV. Finally, the conclusions are given in Section V.

II. CURRENT SHARING OF ASYMMETRIC CIRCUIT LAYOUT

In this section, the mismatched power-source potentials are
recognized to be the most important cause of dynamic current
imbalance based on the analysis of a conventional power circuit
layout. Then, the theoretical analysis and circuit simulations are
presented to elaborate the dynamic current sharing mechanism in
a layout for paralleled switching legs with distributed decoupling
capacitors. The analyses in this section can help reveal the key
considerations for a symmetric power circuit layout.

A. Conventional Power Circuit Layout

The conventional connection for paralleled devices is paral-
leling the devices directly as shown in Fig. 1. Usually, the gates
of all paralleled devices are driven by a common gate signal.
Limited by the physical positions of paralleled SiC MOSFETs, it
is nearly impossible to realize an absolutely symmetric power
circuit layout when the number of paralleled devices is more
than two, which will cause dynamic current imbalance among
the paralleled MOSFETs.

Even if the drain inductances (Ld1–Ld3) and source induc-
tances (Ls1–Ls3) are identical for each device, the total parasitic
inductance of each device branch is usually different because
of the parasitic inductances of common current paths (Ld12,
Ld23, Ls12, and Ls23), which are usually inevitable due to the
physical device positions. In the current rising/falling stage, the
voltage drops across the drain inductances are usually small
compared with the dc bus voltage, which have very limited effect
on the gate-source voltage vgs. Therefore, the influence of drain
inductances on current sharing is not very significant [4], [9].
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Fig. 1. Schematic of a conventional power circuit layout.

Fig. 2. Simplified network of gate loops.

A simplified network of the gate loops of the paralleled MOSFETs
is shown in Fig. 2. To analyze the influences of asymmetric
layout on dynamic current sharing, the gate resistances (Rg1–
Rg3), gate-source capacitances (Cgs1–Cgs3), and other device
parameters are assumed to be identical.

Taking the ground shown in Fig. 1 as the reference point, the
potentials of the sources of the MOSFETs can be expressed as

⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

Vs1 = Ls1
did1
dt

Vs2 = Ls2
did2
dt

+ Ls12
d(id2 + id3)

dt

Vs3 = Ls3
did3
dt

+ Ls23
did3
dt

+ Ls12
d (id1 + id2)

dt

(1)

where id1–id3 are the drain currents of the devices. The source
currents are assumed to be the same as drain currents.

In Fig. 2, the gate-source voltages (vgs1–vgs3) of the devices
are identical and only dependent on the driver voltage Vg if Vs1

= Vs2 = Vs3. In this case, the device currents are the same.
However, according to (1), the potentials of the sources are
different due to the additional voltage drops on Ls12 and Ls23

even if Ls1 = Ls2 = Ls3. Therefore, the differences among Vs1,
Vs2, and Vs3 will influence vgs1–vgs3 and finally cause current
imbalance. The higher the source potential is, the lower the gate
charging current is. As a result, the gate-source voltage and

the related drain current of the device with the highest source
potential are the lowest. In a word, id1 > id2 > id3 because Vs1

< Vs2 < Vs3. Even when the devices are identical, the physical
positions of the switches can cause current imbalance.

In Fig. 1, the source potentials can be identical by adjusting
the values of parasitic inductances. However, the only way is
to increase the parasitic inductances of Q1 and Q2 to match the
highest parasitic inductance of Q3. The parasitic inductances
of the paralleled devices will increase remarkably since there
always exists the highest parasitic source inductance restricted
by the physical placement of devices. The increase of parasitic
inductances will cause more severe oscillation, which is not
preferred. Therefore, other methods to equivalently achieve
symmetric layout are required.

B. Power Circuit Layout for Paralleled Switching Legs With
Distributed Capacitors

Decoupling capacitors, which are widely used in circuit de-
sign, can change the equivalent transient current loop due to
their low impedances in a certain frequency range. Distributed
dc decoupling capacitors have been adopted in some research
works to improve the symmetry of the layout of paralleled MOS-
FETs [3], [27]. However, the degree of symmetry is still highly
related with the layout design. Until now, the key considerations
for a symmetric layout with distributed decoupling capacitors
have not been fully revealed. Mismatched parasitic inductances
and current imbalance are still common if the circuit layout is
improper. A printed circuit board (PCB) layout for four paral-
leled SiC MOSFETs switching legs with distributed decoupling
capacitors for DPT is shown in Fig. 3, which is taken as an
example here to illustrate this phenomenon. The high side device
and low side device in TO-247-4 packages of each switching leg
are placed together. The dc decoupling capacitors are arranged
in a distributed way, which are divided into four groups and
located near the four switching legs. Therefore, the structures of
four paralleled switching legs and their decoupling capacitors
are identical. The decoupling capacitors are connected to the
dc positive bus and negative bus via two large copper planes to
reduce the conduction loss. The output nodes are connected in a
symmetrical way as recommended by [27]. Multilayer ceramic
capacitors (MLCCs) are used here to minimize the commutation
loops because of their compact sizes and low equivalent series
inductances (ESLs).

In order to better illustrate the layout, one of the four paral-
leled switching legs and the corresponding group of decoupling
capacitors are picked out. The simplified current paths and
components of a single switching leg are shown in Fig. 4. The
current paths of dc positive bus, dc negative bus, and the middle
point of the switching leg are marked by different colors. The
green dots represent the electrical nets where the paralleled
switching legs are electrically connected side by side. In this
group of decoupling capacitors, the capacitors are labeled as
Cdec1, Cdec2, Cdec3, and Cdec4. The parasitic inductances of the
commutation loop of a switching leg are divided into several
parts for further illustration, which are listed in Table I.
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Fig. 3. PCB layout for paralleled switching legs with distributed decoupling
capacitors. (a) Top layer. (b) Bottom layer.

Fig. 4. Simplified current paths of a single switching leg.

TABLE I
MEANINGS OF PARASITIC INDUCTANCES

Fig. 5. Schematic of two paralleled switching legs with only Cdec1.

From left to right, consider only the first two switching legs in
Fig. 3 are paralleled. The asymmetry of this layout is analyzed
in the following part. Based on Fig. 4, the schematic of two
paralleled switching legs is shown in Fig. 5, and only Cdec1 of
each switching leg is considered.

In Fig. 5, the dc power supply and load inductor in the DPT
circuit are not shown since only dynamic commutation process
is considered in this analysis. The subscripts “(1)” and “(2)”
at the end of component names are used to indicate whether
the components belong to switching leg 1 or 2. LP, LM, and
LN are the parasitic inductances of the interconnection traces
of dc positive bus, middle point, and dc negative bus between
two paralleled switching legs, respectively. The interconnection
points are also represented by green dots in Fig. 5. In the
analysis of this article, the low side devices are referred as the
devices under test (DUTs) and the high side devices serve as
freewheeling diodes. id5, id6, and iN are the currents of Q5, Q6,
and LN, respectively. With the reference ground shown in Fig. 5,
the source voltages of Q5 and Q6 are expressed as

⎧⎪⎨
⎪⎩

Vs5 = LsL
did5
dt

Vs6 = LsL
did6
dt

+ LsL1−4
did6
dt

− LN
diN
dt

. (2)

According to (2), Vs6 is dependent on the current flowing
through the interconnection trace (iN), which can be regarded as
the circulating current between the two paralleled switching legs.
In order to derive the expression of iN and compare the values
of Vs5 and Vs6, the circuit in Fig. 5 is split into two circuits as
shown in Fig. 6. The commutation loops of two switching legs
are analyzed independently.

In Fig. 6(a), id5(1) and id5(2) flow through the capacitor
branches of the first and the second switching legs, respectively.
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Fig. 6. Split circuits of two paralleled switching legs with Cdec1. (a) First
switching leg. (b) Second switching leg.

Symbols in Fig. 6(b) are similar to those in Fig. 6(a). At the
equivalent frequency of the transient current, the impedances
of decoupling capacitors are low enough to be ignored since
the capacitances are large. Therefore, the current sharing of
capacitor branches can be expressed as
⎧⎪⎨
⎪⎩

id5(2)(s) =
LsL1−4 + ESL

LdH1−4 + LsL1−4 + LP + 2ESL + LN
id5(s)

id6(1)(s) =
ESL

LdH1−4 + LsL1−4 + LP + 2ESL + LN
id6(s)

.

(3)
Considering the superposition of the circuits shown in Fig. 6,

the current of LN in Fig. 5 can be expressed as

iN = id5(2) − id6(1). (4)

Assuming id5 is equal to id6 and substituting (3) and (4) into
(2), the voltage difference between the sources of Q5 and Q6 is
derived as

Vs6 − Vs5

=
LdH1−4 + LsL1−4 + LP + 2ESL

LdH1−4 + LsL1−4 + LP + 2ESL + LN
LsL1−4

did6
dt

.

(5)

It is obvious that Vs6 is higher than Vs5, which will cause
current imbalance (id5 > id6). This is inconsistent with the
assumption that id5 is equal to id6. Therefore, it is impossible
that device currents are balanced in the circuit shown in Fig. 5.

The analysis above only considers the effect of Cdec1. The
effects of the rest of the decoupling capacitors can be analyzed
by the same methodology. For simplicity, the analysis is not
repeated in this article. The results are the same (Vs5 < Vs6

and id5 > id6). The main reasons for current imbalance can be
summarized as follows:

TABLE II
EXTRACTED PARASITIC INDUCTANCES

1) There still exists circulating current between the switching
legs (iN � 0), which means the voltage drop on the inter-
connection trace (LN) will influence the source voltages
of DUTs.

2) The equivalent source parasitic inductances (between the
sources of DUTs and the interconnection points) of Q5

and Q6, which are LsL and LsL + LsL1-4, respectively, as
shown in Fig. 5, are different due to asymmetric intercon-
nection points for decoupling capacitors.

The reasons summarized above lead to unequal source po-
tentials of the DUTs, which are the root causes of the current
imbalance. Therefore, the circuit shown in Fig. 5 is essentially an
asymmetric layout, even though the structure of each switching
leg shown in Fig. 4 is identical.

Meanwhile, the analysis above has not considered the situa-
tion where four switching legs are paralleled. Actually, since the
physical location relationship between Q5 and Q6 is the same
as those between Q6 and Q7 or between Q7 and Q8, the current
relationships are also the same. Therefore, the results based on
two paralleled switching legs can be extended to four paralleled
switching legs. The currents of devices located on the left side
of the PCB are higher than those of devices located on the right
side.

C. Simulation of the PCB Layout for Paralleled Switching
Legs With Distributed Capacitors

To support the analysis above, DPT circuit simulations are
carried out in Pspice based on the layout shown in Fig. 3.
The circuit parasitic parameters of the layout (as the equivalent
circuit shown in Fig. 5) are extracted by Ansys Q3D and listed
in Table II. Since the conventional circuit layout shown in
Fig. 1 has been widely analyzed in previous research works,
it is not simulated in this article. The spice models of the SiC
MOSFET C3M0032120K and SiC Schottky barrier diode (SBD)
C3D30065D provided by Cree are used in the simulations.

First, two paralleled switching legs as shown in Fig. 5 are
simulated. The simulation diagram is shown in Fig. 7. The dc
bus voltage is 400 V. The dc bus capacitance Cdc is 110 μF. The
load inductance Lload is 0.1 mH. The decoupling capacitance
is 100 nF. The ESL of the decoupling capacitor is 1 nH. The
external gate resistance (Rg1, Rg2) is 20Ω. The source resistance
(Rs1, Rs2) is 1 Ω.
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Fig. 7. Simulation model of two paralleled switching legs.

Fig. 8. Simulation results of two paralleled switching legs. (a) Turn-OFF
waveforms. (b) Turn-ON waveforms.

The simulation results are shown in Fig. 8. As shown in
Fig. 8(a) and (b), id5 is lower/higher than id6 in the turn-OFF/turn-
ON transient because vgs5 is lower/higher than vgs6. The source
voltage difference (Vs5–Vs6) are also shown in Fig. 8. It can be
seen that Vs5 is higher/lower than Vs6 in the turn-OFF/turn-ON

transient, resulting in the difference between gate-source volt-
ages. The simulation results coincide well with the theoretical
analysis.

Thereafter, the parallel of four switching legs with their
decoupling capacitors shown in Fig. 3 are also simulated. All
the parasitic parameters are extracted by Q3D. To keep the
same average device current, the load inductance is changed to
0.05 mH. Other simulation settings are the same as those shown
in Fig. 7. The simulation results are shown in Fig. 9. The current
sharing in the switching transient validates the analysis given in
Section II-B.

As a summary, the conventional power circuit layout shown
in Fig. 1 is asymmetric because of the physical positions of
the devices. Significant dynamic current imbalance is caused

Fig. 9. Simulation results of four paralleled switching legs. (a) Turn-OFF
waveforms. (b) Turn-ON waveforms.

by the different source voltages across the mismatched power-
source inductances. Additional low-impedance transient current
paths are provided by distributed dc decoupling capacitors in
the layout shown in Fig. 3. However, the symmetry of the layout
cannot be guaranteed only by additional decoupling capacitors.
The dynamic current sharing is still highly related with the circuit
layout. Further analysis and design considerations are necessary
to achieve an equivalently symmetric layout.

III. DECOUPLED MODULAR SWITCHING CELLS

As has been analyzed in Section II, the layout for paralleled
switching legs with distributed decoupling capacitors is also
asymmetric with the side-by-side connection of switching legs.
According to the main reasons for current imbalance summa-
rized in Section II-B, i.e., circulating current between paral-
leled switching legs and different equivalent source parasitic
inductances caused by asymmetrical interconnection points of
decoupling capacitors, a decoupled MSC method is introduced
to solve these problems.

A. Theoretical Analysis

In order to guarantee the symmetry of circuit layout, modular
design can be adopted. An MSC, which is composed of a
switching leg and a decoupling capacitor bank, is shown in
Fig. 10. LCP and LdP are, respectively, the parasitic inductances
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Fig. 10. Schematic of an MSC.

Fig. 11. Parallel connection of three MSCs.

of the traces from the decoupling capacitor and the drain of
high side device to dc+. LsM and LdM are, respectively, the
parasitic inductances of the traces from the source of high side
device and the drain of low side device to the middle point.
LsN and LCN are the parasitic inductances of the traces from
the source of low side device and the decoupling capacitor
to dc−. vP, vM, and vN, are respectively, the potentials of
dc+, middle point, and dc−. VsL is the source voltage of
the DUT.

The parallel connection of three MSCs is shown in Fig. 11 as
an example. The internal structures of MSCs are identical, and
the relative positions of the interconnection points (green dots)
are also identical. Therefore, the equivalent source inductance
of the DUT in each MSC (LsN) is also identical. The second
main reason for current imbalance summarized in Section II-B
is avoided.

In the current rising or falling stages of the switching pro-
cess, the MOSFETs can be modeled as voltage controlled current
sources (VCCSs). Meanwhile, the freewheeling diodes are in
the conduction state. Assuming the currents of all paralleled

Fig. 12. Equivalent circuit of three paralleled MSCs.

Fig. 13. Simplified equivalent circuit.

MOSFETs are balanced, the equivalent circuit of the layout in
Fig. 11 is shown in Fig. 12. Since each MSC is identical, the
parameters shown in Fig. 12 for each MSC are also the same.
The series inductances of VCCSs id can be ignored. Substi-
tuting the inductances and capacitances by their admittances,
the equivalent circuit can be further simplified as the circuit
shown in Fig. 13. It can be found that the interconnection points
are equipotential for three paralleled MSCs. From mathematical
perspective, the matrix equation of the circuit is

YV = I (6)

where Y is the admittance matrix, V is the node voltage matrix,
and I is the branch current matrix. The matrices are expressed
as follows (7)–(9), shown at the bottom of the next page.
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The node voltage matrix can be solved as

V =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

−id/YC

−id/YC

−id/YC

−id(YC + YH)/(YCYH)
−id(YC + YH)/(YCYH)
−id(YC + YH)/(YCYH)

0
0

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

. (10)

Equation (10) indicates that the potentials of the intercon-
nection points of dc+(vP1–vP3), middle point(vM1–vM3), and
dc− (vN1–vN3) are, respectively, identical as long as the internal
impedances are identical. Therefore, the circulating currents
between the paralleled MSCs are eliminated. There is no current
flowing through the interconnection traces (LN), which means
the first main reason causing current imbalance summarized in
Section II-B is eliminated. In Fig. 10, the source voltages of the
low side devices in three paralleled MSCs can be expressed as

VsL1 = VsL2 = VsL3 = LsN
did
dt

. (11)

The source voltages are identical and only depend on the in-
ternal parasitic inductances of a single MSC. As a consequence,
the MSCs are well decoupled from each other and the circuit
layout is equivalently symmetric. Moreover, this layout can be
extended to more paralleled devices by simply increasing the
number of MSCs.

B. PCB Layout for Paralleled Modular Switching Cells

Based on the theoretical analysis above, the PCB layout for
four paralleled identical MSCs is shown in Fig. 14. A four-layer
PCB is preferred to achieve a symmetrical PCB layout. Fig. 14(a)
and (b) is, respectively, observed from the first layer and the
fourth layer. The internal dynamic commutation loop of each
MSC is connected in the first and second layers. The MSCs
are electrically interconnected in the third and fourth layers by
dc positive bus, dc negative bus, and middle point. The current
paths in the third and fourth layers conduct the static currents
when MOSFETs are fully ON. The connections to the dc power
supply and load inductor are also in these two layers. It can

be found that the dynamic current paths are separated from the
static current paths by the multilayer PCB. In the first and second
layers, the dynamic current paths of the MSCs are identical
and independent, which guarantees consistency of the internal
structures of the MSCs.

The diagram of the current commutation loop of a single MSC
is shown in Fig. 15. The loop is designed to have minimized par-
asitic inductance for good decoupling performance. Therefore,
no resistive damping is needed. The decoupling capacitance
can be increased by paralleling capacitors if necessary. The
interconnection points of the MSC are located at the pins of
the power devices, which can guarantee their relative positions
in different MSCs are identical to avoid the reasons for current
imbalance summarized in Section II.

In this article, the PCB layout of paralleled discrete devices
is demonstrated. Actually, the concept of MSC and the arrange-
ment of the devices can also be applied in the design of a power
module.

C. Simulation of the PCB Layout for Paralleled MSCs

The simulation model for the layout shown in Fig. 14 is built
in Pspice to verify the theoretical analysis. The circuit diagram
is shown in Fig. 16. The internal circuit of a single MSC is the
same as the circuit shown in Fig. 10, where the high side devices
are replaced by SiC SBDs in the simulation. P1–P4, M1–M4,
and N1–N4 are the dc+, middle point, and dc– terminals of the
MSCs, respectively. The parasitic parameters of the layout are
also extracted by Q3D and used in the simulation model, which
are listed in Table III. Other simulation settings are the same as
those discussed in Section II-C.

The simulation results are shown in Fig. 17. It can be seen
that the gate-source voltages of the paralleled devices are almost
identical, which is different from the results in Fig. 9. Therefore,
the dynamic current imbalances in both turn-ON and turn-OFF

transients are mitigated, which validates the symmetry of circuit
layout presented in Fig. 14.

D. Design Considerations for the Decoupling Capacitor

The decoupling capacitor is the key component in the MSC,
which provides the dynamic current path of the switching leg in

Y =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

YC + YH + YP −YP 0 −YH 0 0 0 0
−YP 2YP + YC + YH −YP 0 −YH 0 −YC 0
0 −YP YC + YH + YP 0 0 −YH 0 −YC

−YH 0 0 YH + YM −YM 0 0 0
0 −YH 0 −YM 2YM + YH −YM 0 0
0 0 −YH 0 −YM YH + YM 0 0
0 −YC 0 0 0 0 YC + 2YN YN

0 0 −YC 0 0 0 −YN YC + YN

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

(7)

V =
[
vP1 vP2 vP3 vM1 vM2 vM3 vN2 vN3

]T
(8)

I =
[
0 0 0 −id −id −id id id

]T
. (9)
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Fig. 14. PCB layout of paralleled MSCs. (a) First layer. (b) Fourth layer.

Fig. 15. Diagram of the commutation loop of a single MSC.

Fig. 16. Simulation model of paralleled MSCs.

TABLE III
EXTRACTED PARAMETERS OF PARALLELED MSCS

the MSC. Generally, the MLCC is preferred for this decoupling
capacitor due to its compact size and very good high-frequency
characteristics. Theoretically, the larger the decoupling capaci-
tance is, the better the decoupling effect is. However, the capac-
itances of MLCCs have their limitations. A suitable capacitance
is usually preferred since more paralleled capacitors also require
larger space and higher cost in practical applications. To opti-
mize the design of the decoupling capacitors, it is necessary to
analyze the influence of the decoupling capacitance.

1) Capacitor Voltage Fluctuation: The dynamic current of a
single MSC should only flow through its decoupling capacitor
during the switching transient, and it should not flow to other
MSCs or the dc bus to achieve good dynamic current balancing,
which is illustrated in Fig. 18. Therefore, the impedance of
the decoupling capacitor branch should be much lower than
that appeared on the dc bus. The decoupling capacitance for a
single MSC should be large enough to lower its impedance. The
trace connecting the decoupling capacitor to the MOSFET should
also be carefully designed to minimize its parasitic inductance,
and no additional resistive damping is added in the decoupling
capacitor branch in order to minimize its impedance.

The commutation loop of a single MSC is illustrated by
Fig. 19, where CD, Cgd, Cgs, and Cds are the junction capac-
itances of the SBD and MOSFET, respectively. It is clear that a
minimized LC helps to improve the decoupling performance. In
the layout shown in Fig. 15, LC is very small as given in Table III.

It is necessary for the decoupling capacitors to hold the dc
voltages of paralleled MSCs in a short period. The decoupling
capacitances will influence the fluctuation of the capacitor volt-
age. Taking the turn-ON process as an example, the decoupling
capacitors are discharged by the dynamic currents of MSCs,
which lead to decreased dc voltages. The equivalent circuit of
this process is shown in Fig. 20.

Since the voltages of the decoupling capacitors in all paral-
leled MSCs are usually the same, the circuit shown in Fig. 20
considers all paralleled MSCs together. In Fig. 20, Vdc is the
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Fig. 17. Simulation results of paralleled MSCs.

Fig. 18. Commutation loops of MSCs in the switching transient.

Fig. 19. Commutation loop of a single MSC.

Fig. 20. Equivalent circuit considering voltage drop in turn-ON process.

Fig. 21. Simulation results of the fluctuation of DC voltage.

voltage of dc power supply. Lbus and Rbus are the equivalent
parasitic inductance and resistance of the dc bus and the dc
capacitor, respectively. N is the number of paralleled MSCs.
Cdec is the decoupling capacitance in a single MSC. The voltage
source in series with the decoupling capacitance is the initial
voltage of the decoupling capacitors. Iload is the load current of
the paralleled MSCs, which is also the sum of static currents
of the MSCs. In the freewheeling stage, the load current only
flows inside the MSCs. When the paralleled MOSFETs are turned
ON, the load current begins to flow through the decoupling
capacitors, which is equivalently represented by the step current
source. To simplify the analysis, the parasitic parameters shown
in Fig. 19, like LL, LH, LC, and ESR, are neglected in Fig. 20 be-
cause they are usually very small compared with the decoupling
capacitance and bus parasitic inductance Lbus. The variance of
the dc voltage of decoupling capacitance can be expressed as

ΔVdec(s) =
sNLbusCdec +NRbusCdec

s2Lbus + sRbus +NCdec

Iload

s
. (12)

The expression ofΔVdec(s) in time-domain is rather complex,
which is not given here. The simulation results of the equivalent
circuit under different load currents are shown in Fig. 21(dashed
lines). To verify the effectiveness of the simplifications above,
the simulation results of the circuit shown in Fig. 16 under the
same operation conditions are also shown in Fig. 21 (solid lines),
which include all the parasitic parameters. In the simulation,
Rbus and Lbus, which include the parsitics of PCB traces and
the dc capacitor, are considered in the circuit shown in Fig. 16
and the parameters are Lbus = 45 nH, Rbus = 160 mΩ, Cdec

= 100 nF, N = 4. Other parasitic parameters are the same as
those discussed in Section III-C. The same parameters are used
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Fig. 22. Equivalent circuit of paralleled MSCs considering the DC bus.

in the equivalent circuit for comparison. As shown in Fig. 21,
the simulation results of the equivalent circuit match well with
those of the circuit considering all the parasitic parameters.

It can be found that the peak voltage drops of the decoupling
capacitance with the given parameters are around tens of volts.
Further decreasing the capacitance of decoupling capacitors will
result in significant fluctuation of the capacitor voltage, which
will influence the stability of the dc voltage and is not preferred.
Meanwhile, the fluctuation of the decoupling capacitor voltage
is also related with the load current according to (12). Therefore,
the capacitance should increase with the load current to maintain
a low variation of the dc voltage. As a rule of thumb, the voltage
variation should be kept less than 10% of bus voltage to avoid
potential oscillation, and the capacitance can be selected.

2) Current Sharing Performance: In the MSCs, the effect of
decoupling capacitors is providing low-impedance branches to
decouple the commutation currents. However, this effect might
be limited by the decoupling capacitance. In the former analysis
of this article, the branch of dc bus is ignored, which is based on
the assumption that the impedances of decoupling capacitors are
much lower than that of dc bus. If the decoupling capacitance is
too small, the commutation currents cannot be fully decoupled
and will partially flow through the dc bus, which will break
the symmetry of the circuit and cause current imbalance. The
equivalent circuit of paralleled MSCs considering the dc bus is
shown in Fig. 22.

The equivalent parasitic inductance of the dc bus (Lbus)
includes both the ESL of the dc capacitor and the parasitic
inductances of the PCB traces. The dc capacitance is usually very
large, whose impedance is approximately zero in the frequency
range of the switching process. Therefore, the dynamic current
sharing of the dc bus and the decoupling capacitor can be
expressed as

|ibus|
|idec1| =

∣∣∣sLC + 1
sCdec

∣∣∣
|sLbus| . (13)

Fig. 23. Simulation results considering the tolerance of decoupling capaci-
tances.

According to [28], the BW of the rising edge of the turn-ON

current of a MOSFET can be expressed as

BW =
0.35

tr
(14)

where tr is the rising time of the MOSFET. Considering tr is
40 ns, BW is about 8.75 MHz. At this frequency, the impedance
amplitude of 45 nH Lbus is equal to that of 7.35 nF Cdec. To
achieve a better decoupling effect, the capacitance should be
at least 10 times larger. According to the analysis above about
the fluctuation of capacitor voltage, relatively low variations of
the dc voltage can be maintained only when the decoupling
capacitance is 100 nF or higher, which is much larger than
7.35 nF. Therefore, the impedance of Cdec in (13) can be ignored.

According to (13), the parasitic inductance LC in the capacitor
branch also influences the current sharing. If LC is too large, the
current through the dc bus cannot be ignored any more. The
current sharing performance of the paralleled SiC MOSFETs will
be deteriorated. As discussed above, the LC should be as small
as possible. From engineering point of view, LC should be less
than one tenth of Lbus to achieve a good decoupling performance
according to (13). For the PCB layout shown in Fig. 14, using
an MLCC decoupling capacitor, the parasitic inductances (LCP

and LCN) are only 1.6 and 1.7 nH, respectively, and the Lbus is
45 nH.

3) Tolerance of Decoupling Capacitances: For practical ca-
pacitors, the tolerance of the capacitances can be up to 10%–
20%, which means the decoupling capacitances in the MSCs
might be different. Theoretically, this tolerance will not influence
the proper operation of the MSCs. As has been discussed before,
the decoupling capacitance is large enough so that its impedance
is ignored compared with the parasitic inductances in the circuit.
For example, the decoupling capacitances of four MSCs are set
as 80, 90, 110, and 120 nF in the simulation circuit shown in
Fig. 16. The simulation results are shown in Fig. 23. It is clear
that the dynamic current sharing is almost not affected by the
tolerance of the decoupling capacitances.

4) Power Losses of Decoupling Capacitors: Since the dy-
namic current during switching transient flows through the
decoupling capacitor in an MSC, it will cause power loss
due to the ESR. To avoid potential thermal stress, there is a
maximum allowable ripple current for a certain capacitor. It
can also be analyzed by the circuit shown in Fig. 20. For the
turn-ON transient, the decoupling capacitors are discharged by
the commutation currents and then charged by the dc bus voltage.
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Fig. 24. Simplified waveform of the current through a decoupling capacitor.

Fig. 25. Currents through decoupling capacitors. (a) In the turn-OFF transient.
(b) In the turn-ON transient.

Fig. 26. Comparison of the calculation and simulation of rms capacitor
current.

It can be approximately regarded as the resonance between Lbus

and NCdec. The turn-OFF transient is similar to the turn-ON

transient. The current waveform of each decoupling capacitor
can be approximately illustrated by Fig. 24. The rising time
of the commutation current is ignored since it is very short
compared with the resonant period. One-fourth of the resonant
period is considered in each switching transient for simplicity
considering the damping of Rbus. The rms current of each
decoupling capacitor can be expressed as

Idec =
Iload√
2N

√
πfs

√
LbusNCdec (15)

where fs is the switching frequency.
The currents through the decoupling capacitors in the simu-

lation circuit are shown in Fig. 25. The load current is around
160 A. Other simulation settings are the same with those dis-
cussed in Section III-D-2. The rms current of a single capacitor
is calculated based on the simulation results, and it is compared
with the calculation results using (15), as shown in Fig. 26. It is
clear that the calculation results based on (15) match well with
the simulation results.

Fig. 27. Hardware setup. (a) Experimental platform. (b) Test circuit of the
paralleled switching legs with distributed decoupling capacitors. (c) Test circuit
of the layout of paralleled MSCs.

Then, the power loss of the ESR of a decoupling capacitor can
be calculated. The temperature rise can be estimated properly.
If the ripple current through the capacitor exceeds its maximum
current rating, paralleling more capacitors is an effective way.

IV. EXPERIMENTAL VALIDATION

In this section, DPTs are conducted under 400 V dc bus
voltage to verify the theoretical analyses in Sections II and III.
The experimental results of paralleled switching legs with dis-
tributed decoupling capacitors shown in Fig. 3 and the proposed
paralleled MSCs shown in Fig. 14 are presented and compared.
To save the cost, two double-layer PCBs are stacked to achieve a
four-layer PCB layout as shown in Fig. 14. Rogowski coils from
PEM (30 MHz, 300 A) are used to measure the device currents.
Two 50 μH air-core inductors are series connected as the load
inductor. The hardware setup is shown in Fig. 27.

The parasitic parameters of two different layouts have been
listed in Tables II and III in previous sections. The key compo-
nents used in the DPT test circuits are listed in Table IV. For the
PCB layout shown in Fig. 3, there are four decoupling capacitors
for each switching leg. For the proposed MSC method shown in
Fig. 14, only one decoupling capacitor is used for a single MSC,
a 220 nF/1 kV/X7R capacitor is adopted. The part numbers of
the capacitors are shown in Table IV.

The power devices for two different circuit layouts are the
same. For simplicity, the high side devices are replaced by SiC
SBDs, which serve as freewheeling diodes. The low side SiC
MOSFETs are selected and screened in advance to ensure they
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TABLE IV
KEY COMPONENTS USED IN DPT TEST CIRCUITS

Fig. 28. Transfer curves of SiC MOSFETs.

Fig. 29. Diagram of the gate driver circuit.

have similar parameters. The transfer curves of these MOSFETs
are measured at 20 V vds by the curve tracer Keysight B1505A,
which are shown in Fig. 28. In Fig. 28, the devices are almost
identical.

The gate driver circuits for two different layouts are also the
same. The diagram of the gate driver circuit is shown in Fig. 29. A
single isolated driver IC is used to isolate the gate drive signals.
In order to guarantee the consistency of the gate loops of the
paralleled devices, four buffer stages after the isolated IC are
adopted to drive the MOSFETs. In this article, the gate resistances
are 20 Ω and the driver voltage is +15/−5 V.

A. Experimental Results of Paralleled Switching Legs With
Distributed Decoupling Capacitors

The dynamic current sharing of the four paralleled DUTs is
first measured with the layout for paralleled switching legs with

Fig. 30. Experimental results of the paralleled switching legs with distributed
decoupling capacitors. (a) Turn-ON waveforms. (b) Turn-OFF waveforms.

TABLE V
PEAK CURRENTS AND SWITCHING LOSSES OF PARALLELED SWITCHING LEGS

WITH DISTRIBUTED DECOUPLING CAPACITORS

distributed decoupling capacitors. The experimental results are
shown in Fig. 30.

In Fig. 30(a), the waveforms of the turn-ON currents of paral-
leled MOSFETs confirms the analysis in Section II (id5> id6> id7
> id8). The peak turn-ON currents and the total switching losses
are summarized in Table V. The peak current of Q5 is about 49 A,
while the peak current of Q8 is only 33 A. The ratio of the current
difference between Q5 and Q8 to the average peak current is up
to 39.5%. The current imbalance caused by the circuit layout for
paralleled switching legs with distributed decoupling capacitors
is very significant due to its inherent asymmetry. The current
imbalance in the turn-ON process is more significant than that
in the turn-OFF process because of the current overshoots in the
turn-ON process.

The switching losses of the devices with this layout are
also mismatched due to the mismatched dynamic current. The
switching loss imbalance is dominated by the turn-ON losses. Q5

has the highest turn-ON loss because it has the largest current,
while Q8 has the lowest turn-ON loss. The maximum total
switching loss imbalance is 14.6%.
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Fig. 31. Experimental results of the paralleled MSCs. (a) Turn-ON waveforms.
(b) Turn-OFF waveforms.

TABLE VI
PEAK CURRENTS AND SWITCHING LOSSES OF PARALLELED MSCS

B. Experimental Results of Paralleled MSCs

The dynamic current sharing of the DUTs using paralleled
MSCs method is also measured. The waveforms of the experi-
ments are shown in Fig. 31.

It is obvious that the dynamic current sharing performance is
significantly improved with the paralleled MSCs method. The
mismatched peak turn-ON currents and total switching losses
are listed in Table VI. The maximum current imbalance is only
4.1%. The current deviation during the turn-OFF transient is
quite small compared with that during the turn-ON transient.
In Figs. 30(b) and 31(b), the current through Q8 is slightly
increased at the beginning of the turn-OFF transient in both
cases, and the maximum amplitudes are almost the same. One
possible reason is that the transconductance of Q8 is slightly
larger as shown in Fig. 28. For the proposed MSCs approach,
the currents of other devices during the turn-OFF transient are
also well balanced, which also proves that the proposed method
is effective to improve the current balancing in the turn-OFF

transient.
Compared with the layout for paralleled switching legs with

distributed decoupling capacitors, the switching losses are more
even due to the better dynamic current sharing. The maximum
switching loss difference is reduced from 112 to 32 μJ. The

Fig. 32. Variations of DC voltage of MSC.

switching loss imbalance is only 4% in the proposed MSC
method.

C. Decoupling Capacitor Voltage Fluctuation of MSCs

As has been discussed in Section III, the decoupling ca-
pacitance will influence the capacitor voltage fluctuation. The
variations of decoupling capacitor voltage of the MSC in the
turn-ON process are measured under different load currents. The
test results are shown in Fig. 32.

The capacitance of the MLCC is affected by the dc bias
voltage. The voltage rating of the MLCC used in the exper-
iments is 1 kV. Therefore, the capacitance of the MLCC in
the experiments is actually lower than the nominal value. The
experimental results are similar to the simulation results shown
in Fig. 21. The discrepancy might result from the inaccurate
parasitic parameters of the components and dc bus.

Considering the stability of the dc voltage of the MSCs, it is
recommended that more decoupling capacitors are paralleled to
maintain the dc voltage. The waveforms also confirm that the
voltage fluctuation is dependent on the load current. Higher load
current also requires higher decoupling capacitances to maintain
a reasonable voltage drop.

V. CONCLUSION

In this article, the root cause of current imbalance for paral-
leled SiC MOSFETs application even with the matched devices
is analyzed. An equivalently symmetric power circuit layout
of paralleled SiC MOSFETs is proposed based on the decoupled
MSCs structure, which achieves good dynamic current shar-
ing performance. DC decoupling capacitors, which can modify
the dynamic current paths, are utilized to achieve symmetric
commutation loops of paralleled devices. The current sharing
of a power circuit layout for paralleled switching legs with
distributed dc decoupling capacitors is analyzed. It is confirmed
by experiments that significant current imbalance (39.5%) and
switching loss imbalance (14.6%) will occur with this layout
due to its inherent asymmetry. Based on the current sharing
mechanism, independent symmetric MSCs method are proposed
to construct a symmetric power circuit layout. The experimental
results show the current sharing and switching loss sharing are
significantly improved with the equivalently symmetric layout.



7106 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 38, NO. 6, JUNE 2023

The maximum current imbalance degree and switching loss
imbalance degree are only 4.1% and 4.0%, respectively. The
proposed layout composed of paralleled MSCs can be easily
extended to any number of paralleled devices and is simple to
implement.
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