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Abstract—Multichip silicon carbide (SiC) power modules with
Kelvin-source connections are commonly used in applications re-
quiring large capacity. As a result of the parasitic effect induced
by the interconnections in module packaging, the dynamic current
mismatch among paralleled dies limits the available capacity of
power modules. This article presents a general analysis on the
mechanism of layout-dominated dynamic current balancing in
multichip SiC power modules, utilizing a coupled parasitic network
model. Focusing on the interrelation of parasitic parameters in the
power module, a coupled parasitic network model is developed
specially for switching transients, and the dynamic current bal-
ancing equations are derived. For the multichip power modules
with two different layouts, the parasitic parameters pertaining to
the proposed model are extracted by the finite-element analysis
(FEA). The acquired parasitic parameters considering magnetic
coupling are utilized to calculate and verify the dynamic current
balancing equations. Moreover, based on these parasitic parame-
ters, the electromagnetic coupling simulation is performed to eval-
uate the dynamic current sharing. Furthermore, for the validation
of the proposed model and equations, experiments are conducted
with the fabricated power module prototypes.

Index Terms—Coupled parasitic network model, dynamic
current balancing, multichip SiC power modules, package layout.

I. INTRODUCTION

ITH the rapid development of electrified vehicles such
Was electric vehicles and more electrical aircraft, the
high-capacity power electronic converters is becoming increas-
ingly prominent [1], [2], [3]. As a basic switching unit for
power electronic converters, the power semiconductor module
is extensively adopted in these fields due to its high-density
integration and easy-to-use interface [4], [5]. Particularly, silicon
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carbide (SiC) bare dies can theoretically achieve faster switching
speed, lower switching losses, and higher switching frequency
than the corresponding silicon (Si) bare dies, making them
more promising for high-capacity applications. Despite these
features, attributed to the low yield rate in the wafer and high
thermal-mechanical stress in the device, the imperfect manufac-
turing technique for SiC metal-oxide-semiconductor field-effect
transistor (MOSFET) limits the active area of the single die [6].
Therefore, the maximum current rating of SiC MOSFET bare
die designed for a commercial purpose is typically restricted
to 100 A at a voltage rating of 1.2 kV, which is inadequate
to meet the needs of high-capacity applications [7]. For the
purpose of increasing the current rating of power modules, the
multichip parallel operation is generally regarded as a feasible
and practical approach [8]. However, the parasitic effect induced
by the interconnections in module packaging, especially para-
sitic inductance, can cause a considerable adverse impact on
the dynamic current sharing among paralleled dies. Imbalanced
current sharing generates uneven power losses and nonuniform
junction temperature, resulting in the degradation of reliability
and lifetime for power modules [9], [10]. In order to prevent
irreversible damage to the multichip power modules from im-
balanced current, current derating of the modules is normally
adopted in practical applications [11]. Therefore, for the maxi-
mal capacity of each paralleled die, it is crucial to analyze the
layout-dominated dynamic current balancing characteristics and
investigate how to improve the balancing performance during the
design of the multichip power modules.

A comprehensive understanding of the mechanism for dy-
namic current balancing is essential to mitigate the mismatched
dynamic current effectively. Wang et al. [12] designed a double-
end sourced layout by incorporating an additional pair of dc-bus
terminals to improve the dynamic current sharing. Through
symmetric direct bonded copper (DBC) layout, the discrep-
ancies in parasitic parameters attributed to the unequal loop
length and area of individual bare dies are reduced. In [13], the
mechanism of transient current imbalance is elaborated through
a case study of a commercial half-bridge multichip power mod-
ule. It is indicated that the common source stray inductance
mismatch and the applied di/dt account for the transient cur-
rent imbalance between paralleled devices. Moreover, in [14],
the power source parasitic parameter matrix and the common
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branch impedance coupling matrix are presented to assess the
dynamic current sharing level. Similarly, based on the matrices
of parasitic impedances, common coefficients are proposed to
evaluate the current sharing characteristics in [15]. It is stated
that symmetric nondiagonal elements of the above-mentioned
parasitic impedance matrices are capable of balancing the dy-
namic current among paralleled dies. Additionally, a method to
balance dynamic current by adjusting the connection points of
bonding wires and copper traces is adopted in [16] and [17].
In this method, the power loop and drive loop are assumed
to be fully decoupled to simplify the analysis of the magnetic
coupling.

In the previous research, only the parasitics of the power
loops, drive loops, and their shared current paths are taken into
account. The parasitics of the drive loops affecting the power
loops through magnetic coupling are overlooked. This, however,
serves the same way as the shared current path and can induce the
mutual inductance between these two loops [18]. An inappropri-
ate layout of the drive and power loops may potentially introduce
the nonnegligible mutual inductance derived from the magnetic
coupling effect [19]. As a typical representative, common source
inductance generally serves as negative feedback from the power
loop to the drive loop. During the switching transients, the
voltage drop across common source inductance counteracts the
variation of gate-source voltage and consequently mitigates the
overshoot of the drain current [20], [21]. Due to the magnetic
coupling, the Kelvin connection may not eliminate the effect of
the common source inductance. Therefore, their discrepancies
can create the dynamic current imbalance among paralleled dies
in the power module. Consequently, the conventional mechanis-
tic analysis exclusively based on the shared current paths lacks
universality in cases where the magnetic coupling has a notable
impact.

In this article, a coupled parasitic network model and dy-
namic current balancing equations are proposed for the anal-
ysis of dynamic current balancing in multichip SiC power
modules. For relatively high accuracy of the current sharing
prediction, the impact of the self and mutual partial induc-
tances among multiple current segments in switching tran-
sients is discussed. In addition, the parasitics extraction and
electromagnetic coupling analysis are conducted to assess the
switching performance of paralleled SiC MOSFETs. Experi-
mental tests are performed on a fabricated power module
with two different layouts, to verify the proposed model and
equations.

The rest of this article is presented as follows. Section II
illustrates the configuration and DBC layout of the studied
multichip SiC power modules. Based on this, the mechanism of
layout-dominated dynamic current balancing based on coupled
parasitic network model is analyzed. In Section III, the par-
asitic parameters considering magnetic coupling are extracted
to verify the derived dynamic current balancing equations via
electromagnetic coupling simulation. Section IV provides the
experimental verifications of the parasitics extraction and the dy-
namic current sharing prediction. Finally, Section V concludes
this article.
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Fig. 1. Internal layer structure of wire-bonded packaging module.

II. PROPOSED COUPLED PARASITIC NETWORK MODEL FOR
DYNAMIC CURRENT BALANCING ANALYSIS

Taking the multichip power modules with common layouts
for instance, a coupled parasitic network model is established
according to the concept of partial inductance. Based on the
proposed model, the dynamic current balancing equations are
presented as optimization guidelines for the layout designing.

A. Studied Multichip SiC Power Modules: Configuration and
DBC Layout

The internal layer structure of the conventional wire-bonded
packaging module is revealed in Fig. 1. Overall, DBC substrate,
dies-solder, busbars, and bonding wires are involved in the
interconnections of module packaging. The parasitic effect is
generated from these sections in a multichip power module,
which varies the distribution of the dynamic current among
paralleled dies.

For dynamic current balancing analysis, multichip SiC phase-
leg power modules with two commonly used DBC substrate
layouts are investigated in this work, as shown in Fig. 2(a) and
(b). The configurations of the studied modules are depicted in
Fig. 3(a) and (b), which share an identical structure. Each switch
consists of three SiC MOSFET dies (CREE CPM312000075A)
with Kelvin-source connections and three antiparallel SiC
Schottky barrier diode dies (CREE CPW41200S010B). The
MOSFETs and Schottky barrier diodes (SBDs) at the high side
switch are denoted as M;-Mj3 and D4 -D3, while those at the low
side are denoted as My-Mg and D4-Dyg, successively. The gate
and Kelvin-source busbars for the high and low side switches are
marked as Gy, KSy, Gr,, and KSy,, respectively. The dc busbars
oflayout A are recorded as DC+, DC; -, and DCs-, while those of
layout B are recorded as DC+ and DC-. In addition, ac represents
the output busbar for both layouts A and B. For a fair comparison,
the two layouts of the studied modules are designed with the
same DBC substrate size. The detailed physical dimensions and
materials of the multichip phase-leg power modules are listed in
Table L.

B. Mechanism of Layout-Dominated Dynamic Current
Balancing Based on Coupled Parasitic Network Model

As to a multichip power module, the layout-dominated par-
asitic parameters are primarily composed of partial inductance
and equivalent series resistance (ESR). Particularly, the partial
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Fig. 2. Multichip SiC power modules with (a) layout A and (b) layout B.
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Fig. 3. Configurations of the phase-leg power modules with (a) layout A and

(b) layout B.
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TABLE I
PHYSICAL DIMENSIONS AND MATERIALS OF THE POWER MODULES

Layout A Layout B
DBC Size (mm) 60.0 x 40.0 60.0 x 40.0

. 0.2 (Cu) 0.2 (Cu)

DBC Thickness (mm) 1.0 (AIN) 1.0 (AIN)
SiC MOSFET Size (mm) 2.50 x 2.80 2.50 x 2.80
SiC SBD Size (mm) 2.26 x2.26 2.26 x2.26

SiC MOSFET 15 (Power Loop) 15 (Power Loop)
Bonding Wires Diameter (mil) 10 (Drive Loop) 10 (Drive Loop)
SiC SBD

15 15

Bonding Wires Diameter (mil)

e Loop 1 (High Side MOSFETs)
e Lo0p 2 (Low Side SBDs)
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Fig. 4. Commutation loops of paralleled dies with layout B.

inductance is divided into self-partial inductance and mutual
partial inductance [22]. Within a current loop, the self-partial
inductance of each segment is the ratio of the magnetic flux
(between the targeted segment and infinity) to the current of that
segment. Between two segments of the same or different current
loops, the mutual partial inductance is the ratio of the magnetic
flux (penetrating the surface between the second segment and
infinity) to the current of the first segment. Accordingly, it is
feasible to develop a lumped-circuit model of a closed current
loop, where the segments of the loop perimeter are denoted by
self-partial inductances and mutual partial inductances between
every two segments.

Under inductive load, the commutation loops of paralleled
dies with layout B are shown in Fig. 4. Depending on the
direction of the load current, the current commutation occurs
between the high side MOSFETs (M1-Mj3) and low side SBDs
(D4-Dg) or between the low side MOSFETs (M4-Mg) and high
side SBDs (D;-D3). In the former case, loop 1 for the high
side MOSFETs is referred to as the power loop, which covers the
segments before commutation. Loop 2 for the low side SBDs
covers the segments after commutation. Thus, focusing on the
dynamic current sharing among paralleled MOSFETS, the partial
inductances relevant to the segments of the power loop and the
gate drive loop are followed with interest.
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Fig. 5. Coupled parasitic network model for high side paralleled MOSFETSs at

switching transients.

With the consideration of magnetic coupling among each
current segment, a coupled parasitic network model at switching
transients is presented in Fig. 5. This proposed model describes
the interrelation of parasitic parameters inside the multichip
power module. Since the high side switch shares similar char-
acteristics with the low side switch in a phase-leg module, the
proposed model is illustrated by the paralleled SiC MOSFETs
of only the high side switch. The coupled parasitic network
model consists of a power loop and a gate drive loop, which
are closely coupled through mutual inductance. For these two
loops, L, and M, indicate self-partial inductance and mutual
partial inductance of correlative current segments. For instance,
L is the self-partial inductance between DC+ busbar and the
drain of bare die My, and L, is the self-partial inductance
between ac busbar and the source of the bare die M;. Likewise,
Ly, is the self-partial inductance between Gy busbar and the
gate of bare die My, and Ly is the self-partial inductance
between KSy; busbar and the Kelvin-source of bare die M;.
In addition, Mgs1, Mgg1, Mar1, Msg1, M1, and Mgy are
the mutual partial inductances between the corresponding two
segments of the current loop. For simplicity, only the mutual
partial inductances between two segments pertaining to the same
die are labeled in detail. While those concerned with the different
dies are summarized by symbols with only numeric subscripts,
e.g., My5 and M3 refer to the mutual partial inductances related
to the bare die M;. Specifically, M2 includes Mg142, Mg1s2,
Maig2, Maino, Msiaz, Msis2, Ms1g2, and Mgo. Similarly,
M3 contains Mg143, Ma1s3, Maigs, Maiks, Ms1az, Ms1s3,
M43, and Mqy3. The mutual partial inductances within the
gate drive loop are not considered, due to their slight impact on
the dynamic current sharing. Besides, compared with the partial
inductances, the ESRs have negligible effect during turn-ON and
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turn-OFF periods, and thus they will be neglected during the
following analysis for simplicity [23].

Dynamic current imbalance primarily occurs during the
switching transients when MOSFETs operate in the saturation
region [24]. Accordingly, the drain-source parasitic capacitance
(Cas) can be neglected [15]. The gate-source capacitance (C'y)
is dynamically connected in parallel with the gate-drain capac-
itance (Cyq), which together form the equivalent input capaci-
tance (C';s5). Thus, each SiC MOSFET die is modeled as a current
source (i4) controlled by its gate-source voltage (vy,) in the
power loop and input capacitance (C}) in the gate drive loop.
To focus on the layout-dominated dynamic current balancing
issue, the device parameters of the paralleled SiC MOSFETs are
regarded to be basically identical, which can be achieved by
preselection for dies before module manufacturing.

In the coupled parasitic network model, Lg; 23 and L 23 can
be regarded as two-port coupled inductors, whose port voltage
is derived from both the self and mutual inductances. According
to the definition of inductance and the Law of Electromagnetic
Induction, the port voltage vg1 of Lg1, vgo of Lgo, vqs of Lgs,
vs1 Of Lg1, vso Of Lo, and vgz of L¢3 can be expressed as

di

Udl—Ldl dcél“FMdsl e +qu1 2+ Mg~
L

+ M2 %2 4 M gy 5o Gz +Md1g2 dt 2+ Maipo—>

+ Ma1g3 Lt + Mgy 5 Lids 24 My g3 Lo A +Md1k3
di di, dl 2
Udz—Ldz 2+ Mgso ”2+Md92 dt 2+ Mapo—

+ Mazg1 Lt + Mg Lt L Mgagy Lot d, L+ Mok zgl ()

+Ma243 fﬁ + Mg s dt 2 Mpgs a2 3 S Mgopz 22
dig d’L
Uds—Ld:s dids 4 M g3 25 4 Mygs S22 dt >+ Mars 93

di gy

+Masar Bt 4+ Mgz Lt dt L Myzgr Lot dt -+ Mz~
7/

+ Mg L2 4 M g0 % 2 4 Myago a2 T+ Magre =35>

di digy dig1

USIZLSI d(él +Mgs1 dtl +Msgl dt + M1 di
digo

+ My g2 L2 T 2 My g0 L2 Fr +Mslg2 dt 2+ Mgiro dg,

+M‘;1d3 dt +Ms1s~3 dt +Melg3 at +Ms1k3 dt
di g2

Vs2 = Ls? d‘f +M ds2 7 g¢ dt +Msg2 dat +Msk2 df
+Ms2d1ﬁ—FMszslﬁ-i-MszﬁTi—FMszmTi
+Ms243 dfﬁs + Mi2s3 df[,? + Ms2q3 d;f + Mors3 d;id
vs3=Ls3 dts +Mds3 dt +Msg?> I +M9k3d;;753
—&-Ms:zdl,Tt14-]\4s351(Ttl-i-MsgglLT‘Z+J\4S31€1,T§’5

dtgg

di di digo
+Msgae g + Msgs2 "2 + Mszga—7 + Msara—5 -

2

Due to the compact arrangement of the paralleled
dies, the discrepancy of the mutual partial inductances concern-
ing the same kind and different dies can be ignored. Specifically,
the same letter subscripts of M, denote the same kind, and the
different number subscripts of M, represent different dies. The
validity of this assumption is illustrated in Section III-C. Based



2244

on this assumption, there are

Mara2 = Maraz3 = Mazaqr = Ma2a3 = Maza

= Mgza2 = Maaq

MdlsQ - Mdls3 - Md2$1 = Md233 - Md3sl

= Myzs2 = Mys 3)
Maigo = Mgigz = Maagr = Mgagz = Mgzg1

= Mgzg2 = Mg

Maig2 = Ma1gz = Masg1 = Masrs = Masia

= Mazk2 = Mgy

Mg142 = Mg1a3 = Msaaq1 = Msoqs = M3ar

= M3q2 = Myq

Mg1s2 = Mg1s3 = Myas1 = Myasz = M3s1

— s3s2 — Mss (4)
Mslg2 = MslgS = MsZgl = MngB = MsSgl

= M53g2 = Msg

Mgk = Ms1xs = Msop1 = Mooz = Mzpa

= s3k2 — Msk-

Based on (1), (2), (3), and (4), the following equations hold:

var = (La1 + Mas) L4t + (Magy + Mag) S22
(Mg + Myy) Loztias) o (A0 4 Myy) d(lﬂﬂgd)
Va2 = (Laz + Mas2) = di‘” + (Maga + Mara) = 192
+ (Mad + Mys) w + (Mag + May) M
vas = (Las + Mass) % + (Mags + Mars) 5
(Mg + Myg) Watian) g,y My, ) Qaitie)
)

o1 = (Lst + Mao) Bt 4 (Myg1 + M) 2
+ (Myq + M) Qaztlas) o (pp o M) M
Vsr = (Lo + Mas2) L2 + (Mgo + Mga) 2
(Mg + M) Qo) 4 (A 4 M, )7< ig1 +igs)
§ 88 dt 89 t
Vs = (Lsg + Mys3) Lz + (Mygs + Mops) “3
(Ol ) R 4 (11, 4 1) Lkt
(6)
In the saturation region of SiC MOSFETs, the correlation be-

tween the drain current and gate-source voltage of the paralleled
dies is expressed as

Vin)®
Z.d2 = g(vgs2 - V:‘.h)2

V;fh)2

iq1 = g(vgsl -
@)
Qg3 = g(vgs3 —

where g and Vy, represent the transconductance and threshold
voltage of the SiC MOSFET dies separately. Both parameters
are determined only by the device material and manufacturing
process [7]. As previously mentioned, these device parameters
of the paralleled dies are considered to be equal.
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To derive the conditions for dynamic current balancing, the
drain current of the paralleled SiC MOSFET dies need to be
assumed as

ig1 = td2 = 143 = id- 3
Combining (7) and (8) yields
Vgs1 = Vgs2 = Vgs3 = VUgs- (9)

Provided that (8) and (9) are satisfied concurrently, the drain-
source voltage of the three paralleled SiC MOSFETs can be
deduced as

Vds1 = Uds2 = Uds3 = Uds- (10)

In addition, the relevance between the gate current and gate-
source voltage in the gate drive loop can be denoted as

dv s1
= Cissl dqt

. dvgso
g2 = C’LSS2 dgts

g1

(1)

. dvgss
ig3 = Cliss3 PR

Although the junction capacitance of each SiC MOSFET may
vary during the switching transients [25], the input capacitance
can be fitted as

) _ Coiss—Chiss )

Clssl T T+ (vasi/ V)" + thss
. — C0iss—Chiss )

01582 - 1+(7;;2/‘L;:)T + Chzss (12)
o — Coiss—Chiss )

Czsss - 1+(1v453/Vb)"‘ + Chzss

where Cp;ss and Cp;ss are values of the input capacitance
provided from the datasheet in zero voltage and high voltage,
respectively. In addition, V;, and r are the fitting parameters
determined by the device selection [26]. Accordingly, once the
device is specified, the input capacitance during the switching
transients is determined only by the drain-source voltage of the
paralleled dies.
Based on (10) and (12), there is

Cissl = Ciss2 = CissB' (13)
Combining (9), (11), and (13) yields
ig1 = 1g2 = 1g3 = ig- (14)

Substituting (8) and (14) into (5) and (6), the following
equations hold for the dynamic current balancing:
(Lar + Mgt + 2Mgq + 2M ) L

+ (Mag1 + Mag1 + 2Mag + 2Mar,) dzy
= (Laz2 + Mgs2 +2Maq + 2My5) dd%f

+ (Maga + Magz + 2May +2May) d“’
va3 = (La3 + Mas3z + 2Maa + 2Mas) % %

+ (Magz + Mars + 2Mag + 2Mar) dlg

Vd1 =

Vd2 =
(15)
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Vg1 = (le + Mdsl + 2Msd + ZMSS) dld

+ (Msgr + My +2Myg + 2M) & ‘“q

Vg2 = (L52 + Md52 + 2Msd + 2Mss) UZ{?

+ (Msg2 + Msk2 + 2Msg + 2Msk) dlq
Vs3 = (L93 + Mde3 + 2M€d + 2M€€) %

+ (Mg + Mygs + 2M,y + 2M) Sa

(16)

Applying the Kirchhoff Voltage Law (KVL) to every parallel
branch of the power loop gives

Vg1 + Vds1 + Us1 = V42 + Vds2 + Vs2 = Vg3 + Vds3 + Us3-
(17)
Substituting (10), (15), and (16) into (17) yields

dig

dt

(Mdgl + Mdkl + Msgl + Mskl)
dig

dt
(MdQQ + Mdk2 + Msg2 + Mst)
dig

dt
(Mng + Mdk3 + MsgB + MskB)

(La1 + Ls1 +2Mge1) —
i,
dt
= (Lag + Ls2 + 2Mge2) —
i,
dt
= (Lg3 + Ls3 +2Mgs3) —

dzg

T (18)

Based on (18), the dynamic current balancing among all par-
alleled dies can be achieved when the following two equations
hold simultaneously, i.e.,

Lagy + L1 +2Mgg1 = Lga + Lga + 2Mgeo (19
Lao + Lgp +2Mggp = Lg3 + Lgz + 2Mggs
Mag1 + Mag1 + Mgg1 + Mgy = Mago + Mago

M, M,
+ Mggo + Mgga (20)
Mago + Mapo + Mggo + Mo = Mgz + Mays

+ MsgS + MskS-

Accordingly, (19) and (20) are jointly regarded as the dynamic
current balancing equations. They can serve as the current
balancing optimization guidelines for designing the layout of
the multichip power modules.

III. PARASITICS EXTRACTION AND ELECTROMAGNETIC
COUPLING ANALYSIS FOR STUDIED POWER MODULES

The parasitic parameters involved in the coupled parasitic
network model are extracted by ANSYS Q3D and then are
utilized to calculate the dynamic current balancing equations.
Additionally, based on the state space frequency-dependent
model derived from the extracted parasitic parameters, the elec-
tromagnetic coupling simulation is conducted using ANSYS
SIMPLORER to evaluate the switching performance of the
paralleled SiC MOSFETs. The close match between the calculated
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Fig. 6. Current conducting nets for layout A in ANSYS Q3D.

values of the proposed equations and the simulation results ver-
ifies the effectiveness of the derived dynamic current balancing
analysis.

A. Parasitics Extraction

In the studied case, ANSYS Q3D is used as a finite-element
analysis (FEA) tool to acquire the parasitic parameters related
to the dynamic current balancing analysis. To establish a more
accurate switching current in the subsequent electromagnetic
coupling simulation, not only the partial inductances, but also
the ESRs ignored in the coupled parasitic network model are
extracted. Based on the proposed model, the power module
geometry is arranged in multiple current conducting nets. These
nets are further divided into several segments pertaining to
the power loop and the gate drive loop. Each segment can be
extracted with a self-partial inductance and an ESR.

Accordingly, the studied power module with layout A is
separated into eight nets, as shown in Fig. 6. Likewise, the power
module with layout B can be separated into seven nets. Inside
the current conducting nets, Source and Sink are the measuring
points of each segment, which specify the current reference
direction. Any net included in the inductance or resistance
matrix must have a single Sink defined, along with at least
one Source [27]. Based on this, the top surface of dc, ac, gate,
and Kelvin-source busbars are set as Sink. The solder layers
at the bottom pads of dies are set as Source, and the ends of
bonding wires connected with the top pads of dies are also set as
Source. The current reference direction is defined from Source
to Sink, which is inconsistent with the actual current direction of
several segments. Hence, the positive and negative polarities of
the extracted mutual partial inductances are corrected according
to the actual current direction.

Using the Q3D electromagnetic field simulation, the proxim-
ity and skin effects are all considered, and the partial inductances
and ESRs can be recorded as a function of frequency. Through a
frequency sweep from O to 100 MHz, the frequency-dependent
parasitic parameters of the power modules with two different
layouts are extracted. Taking the layout A for instance, the
partial inductances and ESRs are illustrated in Fig. 7(a) and
(b). Among these solutions, the negative parameters contain
some mutual partial inductances and ESRs between every two
segments, indicating their actual current direction is opposite to
the reference direction. It is clear that the partial inductances
enter the region with the complete skin effect at a frequency
around 10 MHz. In this region, the extractive solutions of partial
inductances remain basically constant. Therefore, for layouts
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Fig. 7. Frequency-dependent parasitic parameters of the power module with
layout A. (a) Self and mutual partial inductances. (b) ESRs.

TABLE I
PARTIAL INDUCTANCE EXTRACTED FOR LAYOUT A

Layout A High side switch Low side switch
/=10 MHz M, M M; Ms Ms Ms

La 1320 1351 13.79 1402 13.72 1340

Ls 2448 2313 21.78 31.62 3356 3574

Mas 0.17 -0.01 -0.12 0.22 0.33 0.51
Partial

inductance Mg 4.68 4.88 5.08 5.38 5.18 497
(nH)

Max -4.65 -474 486  -5.16  -5.04 495

Mg -0.98  -0.87 -0.82 -0.57 -0.68 -0.84

Mk 0.90 0.83 0.81 0.48 0.59 0.72

TABLE III
PARTIAL INDUCTANCE EXTRACTED FOR LAYOUT B

Layout B High side switch Low side switch
J =10 MHz M M M; M Ms Ms

La 1320 1386 1447 1430 13770  13.07

Ls 1998 1895 1792 21.67 2691 32.19

Ms -023  -0.31 -0.30 0.00 0.12 0.38
Partial

inductance Mag 0.12 0.46 0.68 0.55 0.28 -0.07
(nH)

Mk -028  -057  -0.74  -0.61 -0.38  -0.05

Mg -343 316 285  -6.66 -8.94  -11.44

Mk 3.61 3.37 3.09 7.54 1047  13.57

A and B, the partial inductances used in the dynamic current
balancing equations at 10 MHz are listed in Tables II and III.

B. Electromagnetic Coupling Analysis

As demonstrated in Section II, the dynamic current sharing
relies heavily on the frequency-dependent parasitic parameters
in module packaging. In the frequency sweep mode of Q3D,
each frequency point contains a matrix solution, whose ele-
ments consist of the extracted partial inductances and ESRs.
These matrix solutions can be reorganized into the state space
frequency-dependent model in ANSYS SIMPLORER, as shown
in Fig. 8. The model implements bidirectional dynamic data
transmission with an application circuit through a multipin
connection. Furthermore, the partial inductances and ESRs are
fit as functions of the instantaneous switching frequency. As
to the state space frequency-dependent model, each pin corre-
sponds to a measuring point designated in Q3D, i.e., Source
or Sink. Therefore, as an interface circuit between Q3D and
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Fig. 9. Electromagnetic coupling simulation topology for high side MOSFETs
of layout A as the active switch.

SIMPLORER, the state space frequency-dependent model can
be utilized to evaluate the dynamic current sharing.

The electromagnetic coupling simulation is performed us-
ing SIMPLORER, as illustrated in Fig. 9. In the state space
frequency-dependent model, pins d1-d6 refer to the solder layers
at the bottom drain pads of the MOSFET dies. Pins g1-g6 represent
the ends of bonding wires connected to the top gate pads, while
pins ks1-ks6 and s1-s6 indicate those connected to the top source
pads of MOSFET dies. Moreover, pins al-a6 describe the ends of
bonding wires connected to the top anode pads of SBD dies. Pins
cl-c6 denote the solder layers at the bottom cathode pads of SBD
dies. When the high side MOSFETs are set active, the high side
gate driver connected to the Gatey; and Kelvin-sourcey; pins is
enabled. Meanwhile, the low side gate driver linked to the Gater,
and Kelvin-sourcey, pins is shorted. DC+, DC; -, and DC,- are
pins connected to the dc busbar voltage source. DC;- and DCs-
pins refer to the paralleled double-end negative busbars of the
power module with layout A. Pin AC is the output busbar serving
a load of the application circuit.

C. Simulation Verification

As illustrated in Section II, dynamic current sharing among
paralleled dies depends on whether (19) and (20) are met simul-
taneously in a multichip power module. Comparing the calcu-
lated values of these two equations with the transient switching
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TABLE IV
CALCULATED VALUES OF DYNAMIC CURRENT BALANCING EQUATIONS

Layout A High side switch Low side switch
f =10 MHz M, M, M; Ma Ms Ms
Calculated  Ei9 38.02  36.62 3533 4608 4794  50.16
values
(nH) Ex -0.05 0.10 0.21 0.13 0.05 -0.10
Layout B High side switch Low side switch
f=10MHz M M M; Ma Ms Me
Calculated  E'o 3272 3219 3179 3597 4085  46.02
values
(nH) Ex 0.02 0.10 0.18 0.82 1.43 2.01

waveform, the effectiveness of the dynamic current balancing
analysis can be verified.

For comparison among paralleled MOSFET dies, the calculated
values of the dynamic current balancing (19) and (20) are
denoted as E'19 and Fy, respectively, i.e.,

Eig = Lgj+Lgj+2Mgs; )
7=1,2,3,4,5,6
Eoo = Mag;+Map;+ Mg+ Mgy
(2D

where Lg; and Lg; are the self-partial inductances extracted
in Section III-A for each paralleled MOSFET die. Similarly,
Mgas;, Magj, Marj, Msgj, and My, are the mutual partial
inductances extracted in the same manner. Besides, all of these
partial inductances mentioned in (21) are listed in Table II for
layout A and Table III for layout B.

Based on the partial inductances from Tables II and III, the
calculated values Eg and FEsq for the paralleled MOSFET dies
of layouts A and B are listed in Table IV. Taking the die M;
of layout A for instance, L4 = 13.20 nH, L, = 24.48 nH, and
Mgs1= 0.17 nH can be collected from Table II. According to
(21), Ehg for die M of layout A can be calculated as 38.02 nH.
A total of 24 calculated values are obtained in a similar way.
The calculation results are divided into four sets representing
the high or low side switches for the layout A or B. These four
sets of results essentially demonstrate four different cases of
the dynamic current sharing. Specifically, the high side switch
of layout B presents the slightest difference among the three
paralleled MOSFETs, indicating potentially the best dynamic
current sharing performance. On the other hand, the low side
switch of layout B presents the most significant discrepancy
among the three paralleled MOSFETs in (19) and (20), indicating
potentially the worst performance.

Additionally, the mutual partial inductances mentioned in (3)
and (4) are listed in Table V for layout A and Table VI for layout
B, which are extracted from Q3D utilizing the same approach
as in Section III-A. The results indicate that the discrepancy of
the mutual partial inductances concerning the same kind and
different dies can be ignored. Thus, the effectiveness of the
assumption in (3) and (4) is verified.

In ANSYS SIMPLORER, a double pulse test circuit is estab-
lished to assess the switching performance of the three paralleled
MOSFETs. This test circuit mainly contains the dc busbar voltage
source, energy storage capacitors, decoupling capacitors, load
inductor, gate driver, devices under test, and the developed state
space frequency-dependent model, as shown in Fig. 9. The gate
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TABLE V
ASSUMPTION VERIFICATION OF PARTIAL INDUCTANCE FOR LAYOUT A

Layout A Mutual partial inductance
/=10 MHz with the same kind and different dies (nH)
Maraz Maras Marar Ma2az Mazar Maszaz
13.23 13.26 13.23 13.30 13.26 13.30
Mais2 Mas3 Mazst Mazss Mass Massz
Equation (3) 0.11 0.08 0.05 -0.02 -0.06 -0.08
of the
assumption Maiga Mags Mz Mazgs Mazg Maszg2
4.76 4.80 4.85 4.92 4.97 5.00
Maik2 Maiks Mazi Mazis Masi Masi>
-4.68 -4.70 -4.73 -4.76 -4.79 -4.82
Miiaz Miias Mi2a1 Mi2a3 Msza Mi3az
0.05 -0.06 0.11 -0.08 0.08 -0.02
Miis2 Miis3 Mi2s1 Mi2s3 M3 Miss2
Equation (4) 16.88 16.75 16.88 16.82 16.75 16.82
of the
assumption Msg2 Msgs Mg Mi2g3 M3 Mg
-0.95 -0.93 -0.90 -0.86 -0.84 -0.83
M M M2kt M2z M3 Misk2
0.88 0.87 0.85 0.83 0.82 0.81
TABLE VI

ASSUMPTION VERIFICATION OF PARTIAL INDUCTANCE FOR LAYOUT B

Layout B Mutual partial inductance

f=10MHz with the same kind and different dies (nH)
Maaz Maas Mazar Mazas Mazar Masaz
13.26 13.28 13.26 13.34 13.28 13.34
Mars2 Mais3 Ma2rsi Mazss Mazst Mass2

Equation 3) ~ -0.24 -0.25 -0.26 -0.26 -0.28 -0.29

of the

assumption Mag2 Maigs Mz Mazgs Mazg Masg2
031 0.36 0.42 0.47 0.48 0.49
Mak2 Maks Mz Mazks Masi Maskz
-0.49 -0.53 -0.56 -0.61 -0.64 -0.65
Miiaz Miias Mi2a1 Mi2a3 Mz Mizaz
-0.26 -0.28 -0.24 -0.29 -0.25 -0.26
Miis2 Miiss Mi2s1 M;2s3 Miss1 Miss2

Equation (4) 1255 1240 1255 1247 1240 1247

of the

assumption Mg Mg Mg Mg Mg Misg2
-3.26 -3.22 -3.18 -3.13 -3.10 -3.08
Miik2 Miiks M2k Mi2k3 M3k M2
3.46 342 3.39 335 332 3.30

driver is modeled as a programable voltage source in series with
an external gate resistor. Depending on whether the active switch
is located on the high or low side, one end of the load inductor
is connected to the negative or positive polarity of the dc busbar
voltage source. The device models of SiC MOSFETs and SBDs are
established using SIMPLORER s inbuilt device characterization
tool. Under the operating condition with a 600-V busbar voltage
and a 135.6-pH load inductance, the comparison of the simulated
switching current at turn-ON and turn-OFF transients are pre-
sented in Figs. 10 and 11 separately. Based on the comparison,
the high side and low side switches of layout B have the best
and worst dynamic current sharing performance, respectively,
which is consistent with the calculation results in Table I'V.
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IV. EXPERIMENTAL VERIFICATION ON DYNAMIC CURRENT
BALANCING IN MULTICHIP POWER MODULES

To further verify the coupled parasitic network model and the
dynamic current balancing equations, experiments have been
performed on the developed power module prototypes and the
results of partial inductances and dynamic switching current are
recorded.

A. Experimental Verification of Parasitics Extraction

To verify the extracted parameters of partial inductances, the
multichip SiC phase-leg power module prototypes with layouts
A and B are developed and measured, as shown in Fig. 12(a).

The measurement of impedance involves applying a current
to the device under test and measuring its terminal voltage. Due
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Impedance
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Fig. 12.  (a) Fabricated power module prototypes with layouts A and B. (b)
Impedance analyzer and probe fixture in the experimental test.

Measuring Points of | Mgq --* i
Partial Inductance AC --=-n-- -

Fig. 13.  Measuring points of partial inductances for parasitics verification.

to the relatively small inductance of the device, adopting a high-
frequency current injection for a measurable voltage is neces-
sary. As a solution, a KEYSIGHT impedance analyzer E4990A
with the frequency ranging from 20 Hz to 120 MHz is utilized to
measure the partial inductances. It is worth mentioning that the
probe of the impedance analyzer (alligator probe) is excluded
due to the nonnegligible inductance of its connecting wires.
Compared to the device under test, the wires of the alligator
probe introduce parasitics with the same order of magnitude.
Therefore, a pin probe is employed instead to more accurately
measure the partial inductances with relatively small values, as
illustrated in Fig. 12(b). Through careful calibration, the small
parasitics of the probe can be well compensated.

On account of the fixed shape, the distance between the
two pins of the probe can be adjusted to a limited extent.
As a consequence, when the distance between the measuring
points exceeds the maximum range that the pins can adjust,
the inductances cannot be measured. Accordingly, two partial
inductances matching conditions are illustrated in Fig. 13 for
experiment verification. However, there are some differences
between these two inductances and the partial inductances ex-
tracted in Section I1I. The inductances measured from Fig. 13 are
smaller than that extracted in Section III, as one of the measuring
points for the former inductances is located on the bottom
surface of the busbar. In other words, the parasitic inductances
of the busbars are not included in these two inductances. Fig. 14
shows the experimental results of these two partial inductances
with a frequency sweep from 100 kHz to 10 MHz. Same as in
Section III, the inductances at 10 MHz are recorded. Moreover,
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Fig. 15.  Double pulse test platform for the studied power modules.

TABLE VII
COMPARISON OF SIMULATION AND EXPERIMENT

Partial inductance (nH)

f =10 MHz Error
Simulation Experiment

Layout A: AC to Me.a 2.45 2.26 7.76 %

Layout B: DC- to Ds.a 6.73 6.08 9.66 %

the comparison of simulation and experiment for these two
inductances is listed in Table VII.

B. Experimental Verification of Dynamic Current Sharing

A double pulse test platform is built to assess the switching
performance of paralleled SiC MOSFETs for layouts A and B,
as shown in Fig. 15. To obtain the current of each MOSFET
die in the power module, a PEM Rogowski coil (30 MHz/60
A) is adopted as the current sensor. Due to the small intervals
between every two dies, the drain currents of the paralleled SiC
MOSFETs are measured one after another. The same Rogowski
coil and identical test conditions are applied to each MOSFET
die. For ease of the coil passing through the bonding wires,
the power modules are submerged in the insulating oil instead
of encapsulated by silica gel. In addition, a solid-state circuit

2249
30 r 30
T Ve Tqrn on T Veu Turn on
2 20— Ves2 z 20p— Vess
) K
= 10 = 10
g -]
g r £ :
20 ] Layout A g0 " Layout A
High Side | Low Side
-1{] - - - -10 -
1.9 120 121 122 123 124 119 12,0 121 122 123 124
time (pus) time (ps)
(2) (b)
30 T T 30 r
Tqrn on —_— ng Turn on
s 2 S 20} Vg5
;‘g‘ ;Q — ng
= 10 = 10 A
g g
£ : £
e 0 LayoutB | & Op " Layout B~
' High Side Low Side
-10 - : . -10 .
119 12,0 121 122 123 124 119 12.0 121 122 123 124
time (pus) time (pus)
(©) ()

Fig. 16.  Experimental turn-ON terminal v4s. (a) High side for layout A. (b)
Low side for layout A. (c) High side for layout B. (d) Low side for layout B.

30 r r 30
Turn off

Turn off

I~
S
=
I~
S

A

terminal Ves V)
S
terminal Ves V)
=

>

o

" Layout A
High Side |

" Layout A
Low Side

9 100 101 102 103 104 %.9 10.0 101 102 103 104
time (ps) time (ps)
(a) (b)

—
=3

w
S

Turn off —_— vgs 4

Turn off

»
>
[~
S

'”””"'”””'”””":””_vgsS

terminal Ve )
-
>

o

terminal v,, (V)
-
> >

" LayoutB

""""""""""""" “LayoutB '\, =
High Side | Low Side !
R : : 19 ;
9 100 101 102 103 104 9 100 101 102 103 104
time (pus) time (us)
(© (d)

Fig. 17.  Experimental turn-OFF terminal vg. (a) High side for layout A. (b)
Low side for layout A. (c) High side for layout B. (d) Low side for layout B.

breaker (SSCB) is equipped to the double pulse test platform
for overcurrent protection.

The experiment tests are performed by four groups, i.e., high
or low side switches for the layout A or B. The busbar voltage
is set to 600 V, while the 135.6-uH load inductance is selected.
With regard to the drive board, Ry, and R4,y are both 6.8
Q. The drive voltage applied to the gate and Kelvin-source
busbars is -4/4-16 V. Additionally, the gate-source voltages of
these two busbar terminals are recorded in Figs. 16 and 17.
The results indicate that the test conditions are set uniformly
for each paralleled MOSFET die, allowing for a fair comparison
of the dynamic current sharing. The experimental switching
current at the turn-ON and turn-OFF transients are depicted in
Figs. 18 and 19. Due to the lack of preselection for the paralleled
dies before fabricating the studied power module prototypes,
the mismatches of device parameters induce errors between the
simulation and experiment. Overall, since the dynamic current
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balancing equations are basically satisfied, the high side MOs-
FETs of layout B achieve desirable dynamic current balancing.

V. CONCLUSION

This article presents a coupled parasitic network model to
analyze the mechanism of the layout-dominated dynamic current
balancing in multichip SiC power modules. Particularly, the
impact of self and mutual partial inductances among several
current segments involved in the switching transients is taken
into consideration. Based on the proposed model, two dynamic
current balancing equations are identified, which can serve
as current balancing optimization guidelines for designing the
layout of multichip power modules. By comparing the power
modules with two commonly used layouts, both simulation and
experiment verify the effectiveness of the proposed model and
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equations with high accuracy. As for the application in the layout
designing, to satisfy the dynamic current balancing equations,
the relevant partial inductances can be varied by adjusting the
shape of the copper trace, the arrangement of the paralleled dies,
and the connection points of the bonding wires on the copper
trace.
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