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Abstract—Dynamic current imbalance of parallel SiC MOSFETs
can lead to uneven losses and even thermal runaway. Unbalanced
parasitic parameters dominated by layout are one of the main
causes of unbalanced dynamic currents. However, a current shar-
ing model that comprehensively considers all inductances and
mutual inductances is still lacking. Aiming at the problem, a
quantitative model is proposed to analyze the dynamic current
sharing mechanism and performance considering all inductances
and mutual inductances. The phenomenon that the high-side dy-
namic currents are more balanced than the low-side currents is ex-
plained from a new perspective in a baseline module. Furthermore,
more accurate judgment coefficients (JCs) than existing models are
obtained to evaluate the dynamic current sharing performance.
When JCs = 0, balanced currents are achieved. The connection
points of bonding wires are adjusted to validate the model through
simulation and experiments, and this method yields better results
due to the consideration of mutual inductance coupling. Finally,
to further describe the contribution of the model, a model-based
layout optimization by adjusting mutual inductances is discussed
and presented.

Index Terms—Dynamic current sharing model, multichip sic
power modules, mutual inductance coupling, package layout.

I. INTRODUCTION

ECENTLY, silicon carbide (SiC) MOSFETs have been
Rwidely used in high-power applications such as electric
vehicles and electrical aircraft due to higher switching speed,
operating temperature, and voltage than Si IGBT. This is mainly
due to the high critical electric field strength, band gap energy,
electron velocity, melting point, and thermal conductivity of
SiC material [1], [2], [3], [4], [5]. However, limited by the
manufacturing costs and the thermomechanical stress of SiC
dies, the effective area of the single die is relatively small [6].
The rated currents of most commercial 1200 V SiC MOSFET bare
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dies are below 150 A [7]. Therefore, SiC MOSFETs are often
paralleled in power modules to enhance the current capacity [8].

However, unbalanced parameters of the paralleled chips and
the unbalanced parasitic inductances can cause unbalanced cur-
rents during the switching transient. The dynamic current imbal-
ance will lead to uneven power loss, further leading to uneven
junction temperatures on paralleled chips [1]. The chips with
larger transient currents have higher junction temperatures. The
threshold voltage (V) of SiC dies decreases with the increase in
junction temperature leading to a larger dynamic current, which
in turn increases the losses of this chip. It may eventually lead
to thermal runaway of the power module [9]. Therefore, it is
necessary to investigate the dynamic current sharing mechanism
of multichip power modules. It has a guiding significance for
researching the dynamic current balancing method.

The circuit of paralleled SiC MOSFETs can be divided into
non-Kelvin connection and Kelvin connection according to
the connection mode of the driving loop. The paralleled SiC
MOSFETs with Kelvin connection is a popular method to fully
exploit the advantages of high switching speed and low switch-
ing losses of SiC MOSFETs [10], [11], [12]. Much research
investigated the dynamic current sharing mechanism in the
Kelvin-connected power module [9], [12], [13], [14], [15], [16],
[17], [18], [19], [20], [21], [22], [23], [24], [25]. The dynamic
current imbalance caused by unbalanced parameters of chips
with Kelvin connection was investigated in [13] and [14]. They
reveal that mismatched Vi, of paralleled SiC MOSFETs can
cause unbalanced dynamic currents. Meanwhile, the influence
of unbalanced parasitic inductances with Kelvin connection on
current sharing was analyzed. Zhao et al. [15] analyzed the
effects of drain influence point, gate influence point, auxiliary
source influence point, and power source influence point (PSCP)
on transient current imbalance. It shows that the PSCP signif-
icantly influences the transient current imbalance. In [9], [12],
[16], [17], [18], [19], [20], [21], and [22], the current sharing
mechanism due to asymmetric layout and different junction
temperatures under the Kelvin connection was analyzed. It is
concluded that the matching degree of the power source parasitic
inductances is the main factor affecting the dynamic current
sharing performance. Zeng et al. [23] and [24] proposed general
mathematical and graphical models to reveal the current sharing
mechanism affected by networked parasitic impedances. Some
general design guidelines for the multichip power module are
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presented. In [25], in-depth mathematical models are created
to reveal the electrothermal mechanisms of the imbalance cur-
rents considering device parameters, parasitic inductances, and
junction temperatures.

In addition, the judgment conditions for dynamic current
balance were researched in multichip power modules [19], [24],
[26], [27], [28]. In [19], the current balancing equation consid-
ering the power source self-inductances among four paralleled
SiC MOSFETs was derived. In [24], based on the matrices of par-
asitic impedances, common coefficients are proposed to assess
the current sharing performance. Nondiagonal elements of the
proposed parasitic matrices should be symmetric to balance the
coupling of loops, and diagonal elements should be equal to
guarantee balance loops. Zhao et al. [26] obtained the judgment
basis of the dynamic current balance considering power source,
drive source, and gate parasitic inductances. Lv et al. [27]
revealed the key parameter affecting dynamic current sharing.
The value of the key parameter determines the degree of dynamic
current balance of paralleled chips. Wang et al. [28] showed a
Cu clip-bonding method for current balancing. A current sharing
judgment equation is derived and used as the optimizing target
for clip design.

All the research above is based on the impact of self-
inductances on the dynamic current sharing performance, ne-
glecting the impact of the mutual inductance coupling. In some
layouts, the mutual inductance coupling among power loops
and between power loops and driving loops can cause a non-
negligible impact on the dynamic current sharing performance
[26], [29], [30], [31]. Zhao et el. [26] and Yan et al. [29]
pointed out that the mutual inductances between the power
source branches affect the dynamic current sharing. Zhao [30]
revealed that the mutual inductances between the power source
branches and the mutual inductances between the drain and
source branches can affect the current sharing performance.
However, the above research ignores mutual inductances be-
tween the power loops and the drive loops. In [31], two dynamic
current balancing equations considering the mutual inductances
between the paralleled branches of the high-side MOSFETs were
proposed. However, the mutual inductances between switches
on different sides and the unbalanced mutual inductances be-
tween parallel branches are ignored.

In general, there are still several issues that need to be ad-
dressed.

1) Some important mutual inductance coupling is ignored,

leading to model accuracy issues.

2) Moreover, existing models that consider mutual induc-
tance coupling are mainly used to analyze several layouts
qualitatively, lacking a more quantitative model.

3) The mechanism of the influence of mutual inductance
coupling on dynamic current sharing performance is not
clear.

4) How to specifically use a multivariable model that consid-
ers mutual inductance coupling to optimize the dynamic
current sharing performance has not yet been solved.

In response to the above issues, the article further researches
the dynamic current mechanism and more accurately guides
dynamic current sharing design. The innovation and contribu-
tions of the article are as follows.
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Fig. 1. Block diagram of the baseline power module.

1) A dynamic current sharing quantitative model is estab-
lished considering all inductances and mutual induc-
tances. The mechanism of the effects of unbalanced self-
inductances and mutual inductances is analyzed.

2) Furthermore, a quantitative evaluation index with higher
accuracy and applicability than existing models is pro-
posed. Subsequently, the high accuracy and linearity of the
quantitative model are verified by adjusting the connection
points of bonding wires, and the adjustment optimization
achieves better results compared to previous research.

3) Finally, to further describe the contribution of the model,
a model-based quantitative layout optimization and an
optimization idea by adjusting mutual inductances are
demonstrated and discussed, which can guide more cur-
rent sharing optimization designs in future works.

The rest of this article is organized as follows. In Section II,
the impact of mutual inductance coupling on dynamic current
sharing performance is introduced first through the phenomenon
that unbalanced high-side inductances lead to balanced high-side
dynamic currents. In Section III, an analytical model was estab-
lished to effectively explain this phenomenon by considering all
self-inductances and mutual inductances. In Sections IV-VI, the
proposed model is verified by adjusting the connection points
of bonding wires and compared with an existing model. In
Section VII, a model-based layout optimization is presented
to improve the current sharing performance by adjusting mu-
tual inductance coupling. Finally, Section VIII concludes this
article.

II. BASELINE MODULE STRUCTURE AND DYNAMIC CURRENT
SHARING ANALYSIS

The baseline SiC power module is shown in Fig. 1, whose
layout and terminals are similar to 1200 V/300 A full-SiC Econ-
oDUAL power modules from ROHM [32]. For the convenience
of analysis, three 1200 V/136 A SiC MOSFETs (S4651 from
ROHM) are paralleled in each switch to analyze the dynamic
current sharing. The blocking characteristics of the body diode
of SiC MOSFETs are very close to the SiC Schottky barrier
diode [33]. Therefore, there is no need for additional paralleled
freewheeling diodes. The high-side SiC MOSFETS are denoted as
Q1-Q3, and the low-side SiC MOSFETSs are denoted as Q4—Q6.

First, the parasitic inductance network, including various self-
inductances and mutual inductances at 20 MHz of the baseline
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Fig. 2.  Electromagnetic coupling simulation topology for high-side MOS-
FETs of the baseline module based on ANSYS Q3D and LTSIPCE.
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Fig. 3. Maximum current difference of high-side MOSFETs, low-side MOS-
FETs, and high-side MOSFETs without mutual inductance under different
switching times.

module, is extracted by ANSYS Q3D Extractors. Based on the
parasitic inductance network, LTSIPCE is used to simulate the
dynamic current of the high-side and low-side MOSFETS under
180 A I1p5q. The electromagnetic coupling simulation topology
for the high-side MOSFETSs of the baseline module is shown in
Fig. 2.

The comparison of the current imbalance degree between
the high side and the low side under different switching times
is shown in Fig. 3. It shows that under different switching
speeds, the current imbalance degree on the low side is always
much larger than that on the high side. Specifically, under the
same switching time, the comparison of high-side and low-side
transient currents is shown in Fig. 4. The maximum dynamic
current difference between Q1, Q2,and Q3 is Aiy o =iq1—ige =
2.32 A. However, the maximum difference between Q4, Q5, and
Q6 is Aiy ¢ = iqa—ige = 27.42 A, which is 11.8 times that of
the high side. The maximum difference of the power source
self-inductances between Q1-Q3 is 1.82 nH, and the maximum
difference value between Q4—-Q6 is 4.94 nH, which is 2.7 times
that of the high side. With the same order of magnitude difference
in source inductances, the current imbalance degree between
the high side and the low side is hugely different. Unbalanced
high-side source inductances cause balanced high-side dynamic
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Fig. 4. Comparison of high-side and low-side transient currents.

currents. Therefore, the impact of mutual inductance coupling
should be considered.

To directly verify the impact of mutual inductance coupling
on dynamic current sharing performance, high-side electri-
cal simulations were performed with all mutual inductance
coupling removed. The results are shown in Fig. 3. After
the mutual inductances are removed, the high-side currents
are more unbalanced than before it was removed. It shows
that mutual inductance coupling significantly affects the high-
side dynamic current sharing performance. Therefore, to more
clearly explain the mechanism of the phenomena and more
accurately assess dynamic current sharing performance, a
model considering all inductances and mutual inductances is
proposed.

III. CURRENT SHARING MODEL WITH MUTUAL INDUCTANCE
COUPLING AND CURRENT SHARING MECHANISM ANALYSIS

In this section, a dynamic current sharing model is established
considering various mutual inductance couplings to reveal the
mechanism of dynamic current sharing more clearly. Based on
the model, the mechanism of different current sharing perfor-
mances of the high-side and low-side paralleled SiC MOSFETS
are analyzed, respectively.

A. Simplification of Parasitic Circuit Model and Dynamic
Current Sharing Model

Considering the symmetry of the high-side and low-side
MOSFETS, this section only analyzes the dynamic current shar-
ing model of high-side Q1-Q3. The parasitic circuit model
of the baseline module, including self-inductances and mutual
inductances between the circuit branches, is shown in Fig. 5.
The current sharing performance of paralleled SiC MOSFETS
depends on the voltage of power source, gate, and driving source
inductances. Therefore, for simplicity, only the coupling from
other branches to the power source, gate, and driving source
branches of Q1 is marked in Fig. 5. The other mutual inductances
are not marked, which is also considered in the model. The
mutual inductance between the x and y branches is expressed
as M,,,. For example, Mi,411,44 represents the mutual inductance
between Lg; and Ly4. The red, yellow, and green arrows indicate
the mutual inductance couplings from power source inductance
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Fig. 5.
tances.

L1, gate inductance Ly, and drive source inductance Ly of Q1
to other parasitic inductances.

Dynamic current balance occurs during switching transients.
During the switching transients, SiC MOSFETs work in the
saturation region. Therefore, SiC MOSFETs can be equivalent
to current sources controlled by the gate-source voltage vgs.
The drain-source parasitic capacitance C4s of MOSFETS can be
ignored [26]. The paralleled gate-drain capacitance Cyq and
gate-source capacitance Cgy are merged into input capacitance
Ciss,» Which is equal to the sum of Cgq and Cg.

The influence of the mutual inductance between two con-
ductors can be regarded as induced voltage sources determined
by the conductors’ currents and mutual inductances. Then, the
circuitin Fig. 5 can be equivalent to the circuit in Fig. 6 including
9 induced voltage sources representing mutual inductance cou-
plings. Vs, Vmse, and Viggs are the induced voltage sources
in the high-side power source branches caused by the magnetic
coupling from other power branches. Vg1, Vge, and Viigs
are the induced voltage sources in the high-side gate branches
caused by the magnetic coupling from other power branches.
Vamkis Vake, and Vs are the induced voltage sources in
the high-side driving source branches caused by the magnetic
coupling from other power branches. The induced voltages in
the power circuit caused by the drive currents can be ignored
since the gate currents i, and the driving source currents i are
much smaller than the power loop currents.

When the paralleled Q1-Q3 achieve dynamic current balance,
it can be considered that

141 = td2 = 143 = THd )
151 = 152 = 1s3 = 1Hs
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Fig. 6. Equivalent parasitic circuit model of the high-side MOSFETs in
switching dynamics.

where i17q and iy are the drain current and power source current
of a single high-side MOSFET. To simplify the analysis, it is
assumed that the currents of Q4—Q6 are equal. Equation (2)
is derived

144 = id5 = 46 = iLd )
g4 = 1s5 = g6 — ULs

where i1 q and it¢ are the drain current and power source current
of a single low-side MOSFET. Meanwhile, the specific expres-
sions of Vg1, Vg2, VMe3, VMsis Vas2, and Vg are shown
in (3) and (4) shown at the bottom of the next page

The KVL equation is derived from the driving loops 1, 2, and
3 in Fig. 6 and can be expressed by

Vg = Lgr 28t 1 Ly 91 4 0000 + Vargr + Varka
+Rg(ig1 + ig2 + Zg3)

Vg = Lga %82 4 Lya 92 1y oo + Varga + Varna
+Ry (Zgl "‘ g2 + Z'g3)

Vg = Lg3 25 4 Lpa 23 4 vgas + Virgs + Varks
+Rg(ig1 + ig2 +ig3).

)

According to (5), the gate-source voltage difference Avggio
between Q1 and Q2 and the difference Av,g23 between Q2 and
Q3 can be derived that

AUgle = Ugs1 — Ugs2
ng zﬁf o Lgl dzlil + 7 2dzkz
—Vamrgr + Ve — Ve

AUgsZB = Ugs2 — Ugs3

it T e - it

+Vargs — Vargz + Vares — VMk2~

di
L1 =5 + Vg

(6)
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The KVL equation is derived from power loop 4 and loop5 in
Fig. 6 and can be expressed by
La2 %32 — L

—Lin 2 + Vivike — Varia o
Log%es — [ %2 4 Vipog — Ve = Lyg 23

di
—Li252 + Vs — V-

di di
s1og + Vrs2 — Vias1 = Lo =32

During the switching transient, the gate currents are much
smaller than the power source currents. Therefore, by combining
(6) and (7), it can be deduced that

AUgsl2 = VMgZ - VMgl + Vmrsz — Vst
—|—L diga )’ digy
s27q; s17q¢ (8)

AUg.923 = VMg3 - VMgZ + Vmss — Varsz

di di
+Ls3 % — L2 T

By solving (1)-(4) and (8), it can be deduced that

di di di

Avgsiz = MHd172 Hd + Mpsi 255 + Mpar 2“5
+Mpgy o %L

Avgsaz = MHd2 3UHd | Myppn 39 4 My gy 5L

+Mpsp 3%

C))

The specific expressions of mutual inductance coefficients
(MICs: Myuq1_2, Mus1 2, Mvrai_2, Musi 2, Mudz 3, Mus2_3,
Mi,q2_3, and Myg 3) are shown in (10) and (11) shown at the
bottom of the next page, which are composed of two parts:
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1) power-source self-inductances and mutual inductance cou-
pling between power branches and power-source branches
(Mppower); 2) mutual inductance coupling between the power
branches and the driving gate branches (Mpgyive)-

The basic meanings of the MICs in (9) are analyzed below
through Q1 and Q2, taking Myq; 2 as an example. The expres-
sion of Myq; 2 is divided into four terms. The first two items
of Mpq4; 2 are the mutual inductances between the high-side
drain branches and power source branches of Q1 and Q2. The
last two items of Mpq; 2 are the mutual inductances between
the high-side drain branches and gate branches of Q1 and Q2.
Therefore, Myq;1 2 represents the influence of the magnetic
couplings from high-side drain branches on the current sharing
of Q1 and Q2. Similarly, Mt,q1_2 and M1 o reveal the influence
of the magnetic coupling from low-side drain and power source
branches on the current sharing of Q1 and Q2. Specifically,
M1 2 not only includes the influence of the magnetic coupling
from the high-side power source branches on the current sharing
of Q1 and Q2 but also includes the influence of power source
self-inductances of Q1 and Q2. The conclusion can be drawn
that each branch affects the current sharing through the mutual
inductance couplings between the branch to the power source
and gate branches of the paralleled SiC MOSFETs.

In summary, MHdLQ, MHSLQ, MLdLQ’ and MLSLQ can be
used to evaluate the influence of the high-side power source self-
inductances, and the magnetic couplings from high-side drain
branches, high-side source branches, low-side drain branches,
and low-side source branches on the dynamic current sharing
of Q1 and Q2 qualitatively. The positive or negative signs of

VMsl
VM82 -
VMS3

Mpsips2+Mrsipss
MLsZle +ML52LS3
Mpsapsi+Mpsars2

Mrsirai+Mrpsiraz+Mrsipas
Mpsordi+Mrpsard2+Mrs2ras
Mrpsardai+Mrpsspaz+Mrpsaras

diprd

Mrpgirai+Mrpgiraz+Mrgiras
+MLglL56
Mrgorai+Mrgaraz+Mrgaras
+Mpg2rse
Mrpgsrai+Mrgsraz+Mrgaras
+Mpg3Lse

dirrg

MpsirdaatMrpsiras+Mrsipde
Mps2rdatMrpsaras+Mrs2rde
MrpssraatMrpsaras+Mrsarde

Mrgirsi+Mrgirs2+Mrpgirss
Mpgersi+Mrpgers2+Mrpgarss

MLg3le + MLg3Ls2 +MLg3Ls3

MrpsipsatMrpsinss+Mrsipse
Mpsorsa+Mpsapss+Mpsarse
Mpsapsat+Mpsapss+Mpssrse

3)

Mrgirdaa+Mrpgiras+Mrgirae MrgirsatMrpgirss

Mpgaraa+Mpgaras+Mrpgarae Mrgarsat+Mpgarss

Mpgsraa+Mrgsras+Mrgsrae Mrgspsat+Mrpgsrss

“4)
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MICs indicate the promotion or inhibition of current sharing.
The closer MICs are to 0, the smaller influence on the dynamic
current sharing of Q1 and Q2 is. Therefore, the effect of each
part’s mutual inductance coupling on dynamic current sharing
can be analyzed by MICs. This has a strong guiding significance
for the dynamic current balancing design of the power module.
To further simplify the design guidance of dynamic current
balance, (9) is simplified below. The driving source currents iy
is much smaller than the drain currents and the source currents.

Then, it can be deduced that
{i'Hd = .7;Hs (12)

'Ld = lLs-

Meanwhile, the KCL equation for the ac point in the transient
process is as follows:

) ) Iy,
"Hs = 'Ld — ?

Solving (9), (12), and (13), it can be deduced that

13)

Avgs1z=(Mpa1_2+Mps1 2+ Mrpar 2+Mps_2) 22
Avgeas=(Mpaz 3+Mps2 3+Mrpaz 3+Mrpsz 3) dlj{‘i .
(14
During the transient period of turn-ON and turn-OFF, the
relationship between the drain currents of the high-side MOSFETS
and vy is as follows:

Z.dl = g(vgsl - ‘/th,)z
Z'd2 = g(vgs2 - ‘/th)2
Z-(13 - Q(Ugss - ‘/th)

5)
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where g is the transconductance of the SiC MOSFETs. Both g and
Vin depend on MOSFETs themselves. This model only considers
the dynamic current imbalance caused by the asymmetric layout.
Therefore, it is assumed that the device parameters of paralleled
chips are consistent. Therefore, in order to make the dynamic
currents of the three MOSFETs fully balanced, (16) needs to be
satisfied

{A%m o (16)

A’Ugsz3 =0.

Therefore, in order to satisfy (16), according to (14), it can be
deduced that

{M12 = Mpa1 2+ Musi 2+ Mpda1 2+ Mpsi2=0
Mz 3 = Mpaz2 3+ Mus2 3+ Mrpaz 3+ Mrps2 3 =0.
a7
In (17), My o and M5 5 are the dynamic current balancing
judgment coefficients (JCs) of Q1, Q2, and Q2, Q3, respectively.
When JCs are close to 0, Q1, Q2, and Q3 can realize fully bal-
anced dynamic currents. Therefore, JCs can be used as a design
guide for dynamic current balancing under the consideration of
various mutual inductance effects.

B. Dynamic Current Sharing Analysis Based on the Current
Sharing Model

The current sharing model considering various mutual induc-
tance couplings can be utilized to analyze the different dynamic
current sharing mechanisms of the high-side and low-side MOS-
FETs, respectively.

Based on the parasitic inductance matrix extracted by Q3D
Extractors, MICs between Q1, Q2, and Q3 can be calculated,

Mpa1 2 = —(Mpsizd1 + Mrsizdaz + Mrsizas) + (Mpsapd1 + Mrsaraz + Mrps2ras)
—(Mrgira1 + Mrgiraz + Mrgiras) + (Mrgard:r + Mrg2ra2 + Mrg2rds)
Mus1 2 = —(Ls1 + Mrsirs2 + Mrsins3) + (Mpsans1 + Loz + Mrs2rs3) — (Mrginst
+Mrgirs2 + Mrgirss) + (Mrpgars1 + Mrpgarns2 + MrLg2rss)
Mrai 2 = —(Mrsizda + Mrsizas + Mrsizae) + (Mrps2pda + Mpsaras + Mrs2r.de)
—(Mrgirdasa + Mrgiras + Mpgiras) + (Mrgaras + Mrg2rds + Mrg2rde)
Mpsi 2 = —(Mpsizsa + Mpsinss + Mrsizse) + (Mrs2rsa + Mpsarss + Mps2rse)

(10)

Mppower

—(Mpgipsa + Mrginss + Mrginse) + (Mrgersa + Mrgarss + Mrg2rse)

Mpdrive

Muaz 3 = —(Mrpsard1 + Mpsardz + Mpsaras) + (Mrsardar + Mrsspaz + Mrsspas)
—(Mrg2ra1 + Mrgeraz + Mrgaras) + (Mrgsrda: + Mrgsraz + Mrgsras)
Mps2 3 =—(Mpsars1 + Ls2 + Mpsarss) + (Mpssps: + Mpsaps2 + Ls3)
—(Mrg2rs1 + Mrgars2 + Mrgarss) + (Mrgsrs1 + Mrpgsrs2 + MrLgsrss)
Mpaz 3 = —(Mps2rds + Mps2ras + Mpsarae) + (Mpssrdasa + Mpsaras + Mrsarde)
—(Mpg2rda + Mrgaras + Mrgaras) + (Mrgsras + Mrgards + Mrgarde)
Mps2 3 =—(Mpsarsa + Mrpsarss + Mrs2rse) + (Mrsarsa + Mrpsspss + Mrsarse)

(1)

Mppower

—(Mpgarnsa + Mrpgarnss + Mrgarnse) + (Mrgsrsa + Mrgsrss + Mrgsrse) -

Mparive
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TABLE I
MICS AND JCS VALUES OF HIGH-SIDE MOSFETS

Q1,Q2
- 12 MHsz MHst MLdI?2 A/[leg A1‘172
20 MHz
simulated
0.32 0.52 -0.17 0.22 -0.25 2.32A
value
Q2,Q3
M, ;5 Mua 3 Mg 3 Mg 3 Mg 3 Al 3
20 MHz
simulated 500 025 066 060 023 -159A
value
TABLE II
MICS AND JCS VALUES OF LOW-SIDE MOSFETS
Q4,Q5
M, s Myas s My s Myas s My s Aly s
20 MHz
simulated
1.93 -0.01 0.02 -0.01 1.93 209 A
value
Q5, Q6
]‘4576 MHd576 MH5576 MLde ML5576 Ai576
20 MHz
simulated
0.87 -0.01 0.02 -0.03 0.89 6.52 A

value

as shown in Table I. For Q1 and Q2, M; 5 = 0.32 and Ai; o =
2.32 A, and for Q2 and Q3, M5 3 = —0.04 and Aip 3 =—1.59 A.
When JCs are close to 0, the dynamic current of Q1, Q2, and
Q3 is well balanced. Taking Q1 and Q2 as an example, the cur-
rent sharing mechanism of the high-side MOSFETs is analyzed.
According to the positive and negative signs of MICs in Table I,
it is concluded that the influence of the magnetic couplings
from the high-side and low-side drain branches (reflected by
Mi141 2 and M1,q1 2) cancels the influence of the power source
self-inductances of Q1 and Q2 and the magnetic couplings from
the high-side power source branches (reflected by myyg1 o). How-
ever, the influence of the magnetic couplings from the low-side
source branches (represented by My 2) gains the influence of
the source self-inductances and the magnetic couplings from the
high-side source branches (reflected by mys; 2). In general, the
power source self-inductances of Q1 and Q2 and various mutual
inductance couplings jointly affect the dynamic current sharing,
resulting in a good balancing performance.

Due to the symmetry of the high-side and low-side MOS-
FETs, MICs (Mua4_5, Musa_s5, Mra4_5, Mvysa_5, Muas_s» Muss_6»
Mi,q5 6, and Mrs5 ¢) and JCs (M4 5 and M5 g) between the
low-side MOSFETs can be derived and calculated, as shown in
Table II. For Q4 and Q5, M, 5 = 1.93 and Aiy 5 =20.9 A, and
for Q5 and Q6, M5 ¢ = 0.87 and Ais ¢ = 6.52 A. It shows that
the dynamic current is poorly balanced when JCs have a large
deviation from 0. Taking Q4 and Q5 as an example, Myy5 iS
much larger than other MICs in Table II. It indicates that the
influence of the power source self-inductances of Q4 and QS5
and the magnetic couplings from the low-side source branches
(reflected by M1s4 5) on the current balance of Q4 and QS is
dominant, leading to poor dynamic current balancing. Other
mutual inductance effects (reflected by Msq 5, Ma4 5, and
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M7.q44_5) are small and can be neglected. Therefore, based on the
proposed model, the different dynamic current sharing phenom-
ena on the high side and low side are well explained taking into
account all unbalanced inductances and mutual inductances.

IV. SIMULATION VERIFICATIONS

As illustrated in Section III, JCs can assess the dynamic
current sharing performance of paralleled SiC MOSFETs. In the
industrial production process, the shape and connection points of
the bonding wires are easily adjusted by adjusting the parameters
of the bonding machine. Therefore, the connection points of the
power source bonding wires of the paralleled MOSFETs are ad-
justed, achieving different values of JCs, to verify the proposed
model and optimize the dynamic current sharing performance,
JCs with different connection points are calculated by (10), (11),
and (17). Meanwhile, LTSIPCE is used to simulate the switching
transient currents under different connection points. Comparing
the relationship between JCs and current peak differences under
different current sharing conditions, the accuracy of JCs can
be verified. Finally, the proposed model is compared with an
existing model.

A. Simulation Verification of Dynamic Current Balancing
Criterion JCs

The current peak differences with different JCs between Q1,
Q2, and Q3 are shown in Fig. 7. The relationships of the
current peak differences and JCs are linearly fitted, where the
fitting coefficient R? of the fitting lines in Fig. 7(a) and (b) are
0.9819 and 0.9826, respectively. It shows that the current peak
difference has a good linear relationship with JCs. The intercept
of the fitting line indicates the dynamic current difference when
JCs = 0. The intercept of the fitting line of QI and Q2 is
—0.339 A, and the intercept of Q2 and Q3 is —1.489 A. It can
be judged that the dynamic current of paralleled MOSFETs is
balanced well when JCs = 0.

Two sets of special data (see S2 and S3 in Fig. 7) are selected
for illustration. The high-side power source self-inductances
of S2 are equal, and the high-side current balance of S3 is
achieved. The schematic diagrams of the power modules of
S2 and S3 are shown in Fig. 8. In S2, the difference in power
source self-inductances between Q1 and Q2 is 0.05 nH, and the
difference value between Q2 and Q3 is 0.18 nH. However, M »
= 0.98 and M, 3 = 0.81. The differences in peak current are
Ai; 9=9.17Aand Ais 3=4.13 A, asshowninFig. 9. Although
the differences between Lg1, Lso, and Lg3 are very small, the
effect of the dynamic current balance is not ideal. In S3, the dif-
ference in power source self-inductances between Q1 and Q2 is
1.05 nH, and the value between Q2 and Q3 is 0.60 nH. However,
My 2=0.19, M5 3 =—0.12. Ai; 2 =0.89A, Ais 3=—-2.09A,
as shown in Fig. 10. The high-side dynamic current is balanced
well because the influence of various mutual inductances cancels
the influence of power source self-inductances on the dynamic
current sharing. Itis shown that JCs considering self-inductances
and various mutual inductances can obtain more accurate results
when evaluating the dynamic current balancing degree.
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Turn on
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a
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Time(40 ns/div)
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“4-gef-- Intercept 1
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(b)

Fig. 7.

Relationship between current peak differences and JCs of Q1-Q3.

(a) Graph of Aij_o versus M7 . (b) Graph of Aia 3 versus M2 3.

Fig. 8.

dynamic currents.

Schematic diagrams with different connection points of the high-side
bonding wires. (a) S2 with equal power source inductances. (b) S3 with balanced

Turn on

i4(9 A/div)

io(6 A/div)

Time(30 ns/div)
(2)

Fig. 9.
of S2. (b) Turn-OFF current of S2.

Time(80 ns/div)
(b)

Dynamic current of S2 simulated for Q1-Q3. (a) Turn-ON current

Fig. 10. Dynamic current of S3 simulated for Q1-Q3. (a) Turn-ON current
of S3. (b) Turn-OFF current of S3.

Fig. 11.  Structure diagram of Module LE with current balancing low-side
MOSFETs.

(20 A/div)
i4(20 A/div)

L L | 1 | |
Time(100 ns/div) Time(100 ns/div)
(a) (b)

Fig. 12.  Dynamic current waveform of optimized low-side MOSFETs.

(a)
Turn-ON current. (b) Turn-OFF current.

The accuracy of the model has been validated with the
high-side MOSFETs. Therefore, only two data points are used
to compare and illustrate the model’s performance with the
low-side MOSFETs.

Based on the proposed model, the power modules with op-
timized low-side MOSFETs (referred to as Module LE) are de-
picted in Fig. 11. The maximum dynamic current difference is
Aiy g = —2.49 A, as shown in Fig. 12. Meanwhile, M, 5 =
0.11, M5 6 = 0.10. Aiy 5 = —1.64 A, Ais 6 = —0.85 A. In
Module LE, JCs approach 0 when dynamic current balance is
achieved. It indicates that the proposed model is also applicable
to the low-side MOSFETS.

B. Comparison of the Existing Model

To verify the improvement of the proposed model, a compar-
ison was made between the proposed model and the reference
model in [31]. The parameters Mpp1 2, Mpg1 2, Mpp2_3, and
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B

Fig. 13.

TABLE III
COMPARISON OF PROPOSED MODEL AND REFERENCE MODEL

Reference model Piﬁgg:d
Module S3
MPP MPE M
Q1,Q2 0.12 0.13 0.19
Q2,Q3 0.03 -0.12 -0.12
Reference model Piﬁgg:}d
Module LE
My, My M
Q4,Q5 0.46 -1.01 0.11
Q5,Q6 0.11 0.98 0.10

Mo 3 are defined in the Appendix. In the reference model,
when Mp,1 2 = Mpg1 2 = 0, Q1 and Q2 achieve the current
0 balance. When M5 3 = Mpz0 3 = 0, Q2 and Q3 achieve
the current balance. For the low-side MOSFETs, Myp4 5, Mpgea_s,
Mpps_ 6, and Mpg5_6 are similar.

For Module S3 (see Fig. 8) with balanced high-side currents
and Module LE (see Fig. 11) with balanced low-side currents,
comparative model results are presented in Table III. Both
models are accurate in the current sharing assessment of Module
S3. However, for the current sharing evaluation of Module LE,
there is a non-negligible error in the reference model. It shows
that the proposed model can achieve higher accuracy in some
layouts. It has great significance for the effectiveness of dynamic
current sharing optimized design.

V. EXPERIMENTAL VERIFICATION

To further verify the accuracy of JCs, the wire-bonding power
modules E1-E6 (corresponding to S1-S6 in Fig. 7) with the
different connection points of the high-side bonding wires are
fabricated and tested, as depicted in Fig. 13. Among Modules

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 39, NO. 9, SEPTEMBER 2024

Fabricated power modules. (a) Module E1. (b) Module E2. (¢) Module E3. (d) Module E4. () Module ES. (f) Module E6.

Capacitor
Board

- Driver .
Board To Auxiliary

Rogowski
Coil Source

Power
Module

To Load

Inductor 14 Signal

Generator

Fig. 14. Double pulse experimental test bench.

E1-E6, Module El is the initial state module. The high-side
power source inductances of Module E2 are equal (correspond-
ing to S2), and the high-side current is balanced in Module
E3 (corresponding to S3). A double-pulse test bench is built
to measure the switching dynamic current of paralleled SiC
MOSFETs, as shown in Fig. 14. 120 A/30 MHz Rogowski coils
are used as current sensors to measure the current on each SiC
MOSFETs. The switching waveforms are measured when the bus
voltage is 400 V, the load inductance is 100 pH, the driving
resistance is 10 €2, and I),.q is 180 A.

A. Experimental Verification of the High-Side and Low-Side
Dynamic Current of the Baseline Module

The turn-ON and turn-OFF transient currents waveforms of
the high-side and low-side MOSFETs in Module E1 obtained by
the experimental measurement are shown in Figs. 15 and 16. The
maximum turn-ON current difference of the high-side MOSFETS
is Ai; 2 = 3.6 A. The maximum turn-ON current difference of
the low-side MOSFETSs is Aiy ¢ = 11.7 A. Consistent with the
simulation, the high-side dynamic current is well balanced due
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Fig. 15.  Transient current of the high-side Q1-Q3 of the baseline Module E1.
(a) Turn-ON transient current. (b) Turn-OFF transient current.

Turn on Turn off
(E1) ias (El)

(25 A/div)
i4(25 A/div)

Time(100 ns/div)
(a) (b)

Time(100 ns/div)

Fig. 16.  Transient current of the low-side Q4-Q6 of the baseline Module E1.
(a) Turn-ON transient current. (b) Turn-OFF transient current.

Turn on —iy Turn off
(E2) iy (E2) fa

el PR

la3)

125 A/div)
1425 A/div)

Time(50 ns/div) Time(50 ns/div)
(a) (b)

Fig. 17.  Transient current of the high-side Q1-Q3 of the Module E2. (a) Turn-
ON transient current. (b) Turn-OFF transient current.

to the influence of various mutual inductance couplings, which
cancels the influence of source self-inductances. However, the
low-side dynamic current is poorly balanced due to the small
suppression effect of the mutual inductances on the influence of
power source self-inductances.

B. Experimental Verification of Dynamic Current Balancing
Criterion JCs

The switching waveforms of Module E2 and Module E3 are
shown in Figs. 17 and 18. In Module E2, the current peak
difference between QI and Q2 is 8.3 A when M; 5 = 0.98,
and the difference value between Q2 and Q3 is 5.3 A when
M5 3 = 0.81. The high-side dynamic current of Module E2 is
imbalanced, and its JCs have a large deviation from 0. However,
in Module E3, the current peak difference between Q1 and
Q2is 0.5 A when M; 5 = 0.19, and the value between Q2 and
Q3 is —1.4 A when My 3 = —0.12. The high-side dynamic

Time(50 ns/div)

. Time(SIO ns/div;
(a) (b)

Fig. 18.  Transient current of the high-side Q1-Q3 of the Module E3. (a) Turn-
ON transient current. (b) Turn-OFF transient current.

current of Module E3 is balanced well, and its JCs are close to
0. Their results are consistent with those of S1 and S2. It can
also indirectly prove the effect of mutual inductance coupling
on dynamic current sharing performance.

To further substantiate the linearity between the current dif-
ference and JCs as depicted in Fig. 7, the turn-ON currents of
Module E4-E6 were measured, as shown in Fig. 19. Conse-
quently, the relationship between the experimentally measured
current differences Aiy 2, Ais 3 and My 2, Ms 5 of Module
E1-EG6 is shown in Fig. 20. The relationships of the current peak
differences and JCs are linearly fitted, with fitting coefficients
R? of 0.9946 and 0.9993 for the fitting lines in Fig. 20(a)
and (b), respectively. The results confirm that the current peak
difference exhibits a linear relationship with JCs. The intercept
of the fitting line indicates the dynamic current difference when
JCs = 0. For the fitting line of Q1 and Q2, the intercept is
—1.755 A, and for Q2 and Q3, it is —1.256 A. This suggests
that when JC = 0, the parallel MOSFETs essentially achieve the
current balance. The experiment further validates that this model
can accurately assess the degree of dynamic current balance.
This discovery provides more robust guidance for the design
of current-sharing layouts in power modules. The mismatched
parameters of paralleled SiC MOSFETs and the error of the
bonding wires played by the bonding machine may lead to slight
differences between simulations and experiments. However, the
accuracy and linearity of JCs can still be verified.

VI. APPLICATION IN DIFFERENT LAYOUT

To further verify the effectiveness of the model in power
modules with different layouts, a multichip module with a new
layout from Cree is optimized in this section [34]. The layout
of the power module is shown in Fig. 21(a), where 3 SiC
MOSFETs are paralleled. Due to the symmetry of the analysis,
only low-side MOSFETS are analyzed.

In the initial state, the dynamic current balance of the low-
side MOSFETs is suboptimal, as shown in Fig. 22(a). The dif-
ferences in peak current are Aigy 5 = 13.3 A and Ais ¢ =
0.08 A, respectively. Simultaneously, My 5 and M5 ¢ are 1.31
and 0.19, respectively. The connection points of the bonding
wires for low-side MOSFETs are then modified, as shown in
Fig. 21(b). Subsequently, the differences in peak current are
Aiy 5 = —0.30 A and Ais ¢ = 0.33 A, as shown in Fig 22(b).



11070

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 39, NO. 9, SEPTEMBER 2024

Aiy 5=-0.30 A

T T T T T
Turn on —l Turn on et
(E4) (ES) ’:dz
E o =
< < <
gr S S
|
Time (100 ns/div) Time (100 ns/div)
(a)
Fig. 19. High-side turn-ON current waveforms of Module E4-E6. (a) Module E4. (b) Module ES. (c) Module E6.
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of Q1-Q3. (a) Graph of Aij o versus M1 o. (b) Graph of Aig 3 versus M2 3.

DC-

DC+

Fig. 21.  Multichip SiC power module with new layout. (a) Initial module.
(b) Optimized module.

affected by the internal self-inductances and mutual inductances
of the power loops (Mppower) but also the mutual inductances
coupling between the power loops to the driving gate loops
(Mpgrive). To further describe the contribution of this article,
a model-based dynamic current sharing layout optimization
considering mutual inductance coupling is presented below.

As shown in Fig. 1, for low-side MOSFETs, dynamic current
sharing performance can be improved by optimizing the width
(w) of the low-side gate copper trace and the distance (x) between
the gate and the power source copper trace to adjust Mpgrive-
The flowchart of the model-based layout optimization is shown
in Fig. 23. In Q3D, w and x are set as variables, and the proposed
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Layout optimization flowchart based on the proposed model.

Fig. 23.

JCs are set as output variables. The variable range for w is from
0.1 mm to 2 mm, and for x is from 0.1 mm to 0.9 mm.

The source inductance imbalance ALg and JCs versus w and x
is shown in Fig. 24. As shown in Figs. 24(a) and (b), imbalanced
power source inductances AL change very little. This is mainly
because the power loops have not been changed. However, JCs
decrease as x and w decrease, as shown in Fig. 24(c) and (d).
It shows that as the gate copper trace is adjusted, the impact
of the mutual inductances between the power branches and the
gate branches further offsets the impact of other inductances and
mutual inductances.

Considering the manufacturing process limitations of DBC,
w = 0.3 mm and x = 0.3 mm were selected as M4 5 = 1.28 and
M5 ¢ =0.56, which are smaller than the origin JCs (M4 5 = 1.92
and M5 ¢ = 0.88). Before and after optimization, the turn-ON
waveform is shown in Fig. 25. By simple adjustments of the
gate copper trace, the maximum current difference is reduced
by 42.3%, from 27.4 to 15.8 A.

Although completely balanced currents are not achieved, a
model-based optimization idea for adjusting mutual inductance
coupling is presented. Based on this idea, more dynamic current
sharing optimization methods can be proposed in the future and
more balanced current sharing can be achieved by simultane-
ously adjusting the power loop inductances and various mutual
inductances, which can be future research works.

11071

SiC MOSFETs Q4 and Q5 SiC MOSFETs QS and Q6

24
237
235
Imbalabced 232
| ?ource 23
AL 228

0.0 0.0

Decreased Decreased

@ by 4.62% (b by 5.00%

Orign

218 12 1.01
1.87 X H 0.854
1.56 0.699

Proposed 06

o) 125 | Mg O 0543
Sharing 0.94 0.388
Index JCs 0.63 0232
02 0. 00'4 Decreased Decreased

(6) by 71.1% by 77.0%

Fig. 24.  Surface diagrams of various parameters versus x and w. (a) ALgas.

(b) ALss6. (¢) My_5. (d) M5 6.

T T T T T T T T
L ‘— Qg treeee igg — — idé‘ Current imbalance {
‘ decreased by 42.2%

Origin Optimized}

iy (20 A/div)

Time (60 ns/div)

Fig.25. Transient current comparison of low-side MOSFETSs before and after
layout optimization.

VIII. CONCLUSION

This article presents a dynamic current sharing model con-
sidering all parasitic inductances and parasitic mutual induc-
tances. Based on this model, the dynamic current sharing mech-
anism about unbalanced inductances and mutual inductance is
analyzed. The phenomenon that unbalanced high-side source
inductances cause balanced high-side dynamic currents is ex-
plained. Furthermore, a more accurate dynamic current sharing
access index is obtained compared to the existing model. When
JCs = 0, the dynamic currents are balanced well and JCs and
the current differences remain linear. Simulations and exper-
iments have both validated the accuracy and linearity of JCs
by power modules with different connection points of bonding
wires, and the model also guides the optimization design of the
connection points. Moreover, a model-based layout optimization
is presented based on adjusting mutual inductances. By adjusting
the shape and position of the gate copper trace, the dynamic
current imbalance is improved.
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The contributions of the model in the current sharing opti-
mization design are discussed as follows. First, the mechanisms
of various unbalanced inductances and mutual inductances can
be used to guide design. In actual designs of multichip power
modules, current sharing performance can be improved not only
by adjusting self-inductances but also by adjusting the mutual
inductances. Based on this idea, many new current sharing
optimization methods can be proposed, such as those shown in
Section VII. Furthermore, a more accurate dynamic current eval-
uation index than existing models can improve the effectiveness
of various optimization methods. For example, in the presented
connection points optimization, more balanced currents can be
obtained, due to considering mutual inductances. Furthermore,
the model can also be applied in current sharing Clip structural
design and layout optimization. It can be researched in future
work.

APPENDIX

For the high-side MOSFETS, the parameters Mpp1 2, Mpg1_2,

Mpp2o 3, and Mo 3 are derived [31]

Mpp1 2 = Lar + Ls1 + 2Myains1 — Laz — Ls2
—2M1.421s2

Mpp2 3 = Laz2 + Ls2 + 2Mr,d21s2 — Las — Ls3
—2Mra3Ls3

(AD

M g1 2= MraivLgr + Mrairki +Mrsitgr + MisiLx
— Mra2rg2 — Mrazrk2 — Mrs2ng2 — MrLs2rk2
M g2 3= Mra2ng2 + Mrazrk2 + Mus2rng2 + Mus2Lk2
— MryasLgs — MrdsLk3 — Mrs3aLgs — Mrs3Lk3-

(A2)

Similarly, for the low-side MOSFETs, the parameters M4 5,
Mpga_ 5, Mpps 6, and M5 _g are as follows:

Mppa 5 = Laa + Lsa + 2My,dar.sa — Las — Lss
—2M1.45Ls5

Mpps 6 = Las + Lss + 2Mryasvnss — Lae — Lse
—2Mvr.a6Ls6

(A3)

M s 5= Mraavga +Mraarka +Mrusarga +Mrusarka
— Mryasrgs — Mrastks — MLssLgs — MLssLks
M o5 6 = MrasLgs +Mrdsnks +MrssLgs + MrssLks
— Mra61gs — MraerLke — MrseLge — MLs6Lk6-

(A4)
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