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Abstract- This paper firstly developed an inductance model that
includes the parasitic mutual inductance between parallel current
path segments for SiC multichip power modules. Based on the
developed model, the SiC multichip module’s transient response
was analyzed, important parasitic inductances were identified.
The layout was improved based on the transient analysis. The
improved package layout can reduce the parasitic inductance
without increasing the fabrication difficulty. Experiments were
conducted to validate the reduction of parasitic inductances. The
parasitic ringing and the crosstalk effect were significantly
reduced with the proposed technique. The thermal performance
was also improved with the proposed layout.
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. INTRODUCTION

Wide bandgap (WBG) devices can achieve higher efficiency,

higher power density, and higher operating temperature [2] than
Si devices. Among WBG power devices, SiC MOSFETSs have
characteristics such as high breakdown voltage, high operating
temperature, and low switching power loss, so they are widely
used to replace Si IGBTSs in high power applications such as
electric vehicle and aviation industry. Due to the limited current
capability of a single SiC MOSFET chip [3][4], the paralleled
multichip structure is typically adopted in SiC MOSFET
packages. The wire-bonded direct bond copper (DBC) packing
technology is the most popular in multichip power modules.
However, the bond wires and 2D layout have large parasitic
inductance resulting in severe voltage overshoots and
oscillations at high di/dt switching. This leads to high
switching power loss, high voltage stress, and electromagnetic
interference (EMI) issues [2][28][29].

The parasitic inductance in power modules has been modeled
in many papers. In [7], the current commutation loop (CCL) is
used to model parasitic inductance, and the switching cell
concept is used in the reduction of CCL loop area and the
parasitic inductance. The loop inductance model was also used
in [9] to develop a multiloop design technique in multilayer
PCB prototypes. However, the mutual inductance between
paralleled current path segments is not included in the model.
The parasitic inductance is extracted via finite element analysis
(FEA) software in [10][25] for the simulations of the voltages
and currents outside the module. [10] shows that the simulated
overshoot is 14% smaller than the measured. A measurement-
based parasitic inductance extraction technique is proposed in
[26] for multichip power modules. The parasitic inductance of
each parallel path segment was measured using an impedance
analyzer. However, the mutual inductance between parallel
path segments is still not modeled. A detailed parasitic
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inductance model that includes mutual inductance was
developed in [19] for the planar bus bar of an IGBT H bridge.
The relationship between current paths and parasitic inductance
was firstly illustrated in a bus bar, but the mutual inductance
between the parallel current path segments inside multichip
power modules has not been thoroughly investigated.

The reduction of parasitic inductance is mostly realized by
reducing the CCL area. Some general design guidelines were
summarized in [7]. [8] adopted the switching cell concept in [7]
to reduce the parasitic inductance. Bond wires and the planar
hybrid structure was proposed in [20]. PCB and DBC hybrid
structures were proposed in [17] and [21] — [23]. Mutual
inductance between the partial inductance of the same power
loop isanalyzedin [17] and [21] —[23]. A twisted loop structure
is designed to reduce loop inductance. However, the mutual
inductance between parallel power loops is not considered. The
mutual inductance between the driving loop and the power loop
is investigated in [17]. It is discovered in [18] that interleaving
half-bridge (HB) units can reduce parasitic inductance, but the
resulting structure requires complicated bus bar design with DC
capacitors on each unit. The mutual inductance between loops
was discussed in [9] for multilayer PCB trace loop design but
not for 2D power module design. [6] [10] [12] - [16] showed
that planar and 3D structures could reduce parasitic inductance
by eliminating bond wires, but they significantly increase the
fabrication difficulty. The DBC with a wire-bonded structure is
still the most economical and suitable package technology for
SiC multichip power modules at this time.

Different from the above techniques, the mutual inductance
among the parallel current path segments will be investigated
in this paper. A parasitic inductance model is developed to
predict voltage overshoots and oscillations during switching
transients. A wire-bonded package layout is proposed to reduce
parasitic inductance based on the developed model.

Il. DEVELOP THE PARASITIC INDUCTANCE MODEL

A. Inductance Model

A commercial HB SiC multichip power module layout is
shown in Fig.1 (a). The module has a maximum power rating
of 1200 V / 300 A. There are two cells in parallel. In each cell,
both top and bottom switches have three parallel SiC MOSFET
and three antiparallel SiC Schottky diode chips. There are
equivalently six HBs in parallel. The gate drivers are connected
to high gates (HG) and high source (HS), and low gates (LG)
and low source (LS) pins. The schematic is in Fig.1 (b). In Fig.
1 (a), the output terminal branches are not in CCL, so its
parasitic inductance will not be analyzed.

In Fig. 1 (a), each paralleled HB consists of three current path
segments labeled with red, black, and green. Fig. 2 shows the
side view. For clarity, gate drive loops and gate resistors are
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hidden. Different materials are labeled with different colors.
Because the copper plane that connects to the negative terminal
(N) overlaps the copper plane that connects to the output
terminal OUT, a different color (brown) is used for the overlap.
As shown in Figs. 1 and 2, the 1% path segment (red arrow) with
inductance Lq is from positive terminal (P) to the DBC copper
plane, and to the drains of top switches and the cathodes of top
diodes. The 2" path segment (black arrow) with inductance Lo
is from the bond wires to the DBC copper plane, to the output
terminal OUT, the drains of low switches, and the cathodes of
low diodes. Finally, the 3 path segment (green arrow) with
inductance Ls is from the bond wires, to the DBC copper plane
and to terminal N. A partial and mutual inductance modeling
technique is used to model the total parasitic inductance. The
inductance includes the self-inductance of each path segment
and the mutual inductance between each pair. The current paths
for each paralleled HB are different in Fig. 1 (a).

LG LS HS HG
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MOSFETs

Diodes
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chips

Fig.1 Commercial SiC multichip power module layout: (a) top view with the
case and terminals hidden, (b) schematic with parasitic inductance.
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Fig. 2 Illustration of the three conduction path segments of the current
commutation loop inside the power module with side view.

To investigate the mutual inductance between paralleled path
segments, a model is developed in Fig.3. Points P, A, and B
have voltage potentials V;, V; and V, on a copper plane. The
mutual inductance between current path segments PA and PB
can be calculated as:

My, = fIf uOHllflljzcose av (l)
where H; and H, are the magnetic field generated by I, and I,
respectively and the position angle between PA’and PE is 6.

In a traditional multichip power module in Fig. 1 (a), the
paralleled chips are very close to each other, and the parallel
current segments share the same conductors such as copper

planes and some bond wires. As a result, the angles between
any two are very small, leading to large mutual inductance.

Currentinput | Vo I

lCurrent output 1 ICurrent output 2

(@) (b)
Fig.3 Current paths on a copper plane with one input and two outputs: (a)
current paths, and (b) simulated current vectors.
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Fig.4 Self and mutual inductance of paralleled HB i and ;.

In the inductance model in Fig. 4, Lg;, L,;, and Lg; are the
self-inductance of the three path segments of the HB i in Fig. 2,
respectively. The mutual inductance M,os)i d.05) j between any
two path segments of HB i and j are also shown in Fig.4.
Because the drains of switches are bonded on a low impedance
DBC copper plane connected to OUT, there is no inductance
between the drains. The induced voltages across different
inductances during switching transients are different because
the parasitic self and mutual inductances of each path segment
are different. Each HB includes a top and a bottom branch. The
voltage difference between parallel branches leads to inter-
branch current in Fig. 4, resulting in an unbalanced dynamic
current: if the currents flowing through the top and bottom
switches of the i" and j'" HBs are represented with ig; , i,;, and
lqj . isj, because of the inter-branch current, they are not equal.
In Fig. 4, the parasitic inductance can be represented with self
and mutual inductance matrices Li and Mi;:

Lai  Maioi Maisi

L= lMoidi Loi Msioi]

Mgigi  Moisi  Lg
Mgiqj Mg
Mij = Moidj Moioj Moisj (3)
Mgiqj Msioj Mg

L; consists of the self-inductance of each path segment and
the mutual inductance between any two path segments within
HB i. M;; consists of all the mutual inductance between any
two path segments on HB i and HB j. During the transient, the
voltage drops on the parasitic inductance of the i" HB is:

@

Mgio;
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Vai lqi ig1 iqj
Voi =Li'd idi /dt +Mi1 -d idl /dt +M11d idj /dt (4)
Vsi Isi is1 isj

The transient responses of the power module can be
discussed based on the inductance model in the analysis below.
B. Turn-off Transient Analysis

The turn-off transient of the top switches is firstly analyzed.
Fig. 5 (a) shows the turn-off transient of the i"" HB in four
stages. L, IS the inductance of the conductors between the
DC source and the DC-link capacitors. ESL and ESR are the
equivalent series inductance and resistance of the DC capacitors
Coc, respectively. L;..q is the parasitic inductance of the
interconnections such as lead wires, PCB traces and the external
bus bar between the DC capacitors and the module terminals.
The physical structure which results in L;,,4 is shown later in
Fig. 8. The inductive couplings between L,.,4 and the CCL
segments inside the module are very small, so they can be
ignored. This assumption will be validated in Section I1-D.
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Fig.5 (a) The turn—oéf )transient waveforms of the top switch (an)d the equivalent
circuits during: (b) stage 1, (c) stage 2 and 3 (d) stage 4.

Stage 1: before top switches are turned off (< t,).

In Fig. 5 (b), the load current I is the sum of the current igi
in all branches. The currents are given by:

Yiia =1, ®)

g1 =lp="=155=0 (6)

In multichip power modules, the current in each branch is
nearly equal to [; /j at the steady-state and I, is constant due to
the large load inductance.

Stage 2: before Miller plateau (t, — t;).

The gate voltage Vgsi of top switches decreases after the
driving signal switches from high Vy to low V.. The drain to
source voltage Vgsi of the top switches is still low. The MOSFET
operates in the Ohmic region. The drain current is given by:

leni = lgi = m(Vgsi - Vthi)Vdsi (7)
where i.,; and Vi, are the channel current and top switch
threshold voltage in the i"" HB; Ky, is transconductance in A/V2.
igi is controlled by Vs, not affected by the parasitic inductance.

3

Stage 3: voltage rising stage (t; — t,).

At t,, the drain to source voltage of the top switches rises,
and the gate voltage reaches the Miller plateau. The MOSFETSs
operate in the saturation region. gn is transconductance in A/V.

lchi = gm(Vgsi - Vthi) (8)
. . avgsi
lai = Lleni + Cossil dl; (9)
Cossin = ngil + Cysin (10)
. avgsi avgsi avgsi
lgi = Lgai1* ( d!i - d—i) + Cgsil d!i (11)
. avgsi
lsi = _Cossiz dl; (12)
Cossiz = ngiz + CdsiZ (13)
At Miller plateau, dVy; /dt = 0, from (11):
AVasi _ _ lgi

dt - ngi (14)
The gate current igi and Miller voltage Vwminer are given by:

. VL_Vgsi
o= Vi Vesi 15
gt Rg; 1 (15)
VMiller = Vgsi = j + Vthi' (16)

where R; is the gate resistance of the top switch of the i" HB.
From (8) (9) (12) (14) and (15), during the Miller plateau
period, dV‘iSi, igi, and isi are constant [30]. The drain current of
the i"" HB is given by:

idi = Iconst = %+i5i (17)
where, ig; is negative during this stage in (12). Therefore, the
drain current is a constant value smaller than ITL as shown in

Fig. 5 (a). Because the parasitic inductance is much smaller than
the load inductor, it has little impact on the device current.

Stage 4: ringing stage (> t,)

In Fig. 5 (d), the ringing stage starts when the bottom diodes
start to conduct currents (isi<0). The magnitude of the ringing
depends on the initial current in the parasitic inductance and the
initial voltage of the output capacitance.

Lwire Llead

Llead

ESL

1 ESR gI I

a b
Fig.6 Equivalent c(ir():uits during the ringing stage: (a) time( d)omain and (b)
frequency domain.

In Fig. 6 (a), Ry; and Ry; are the total resistance of the path
segments and the diode which i;; and ig; flowing through. The
impedance of the DC link capacitor is in parallel with the power
module. The DC link capacitors include high frequency (HF)
film and ceramic capacitors with small ESL and ESR. Their
small impedance bypass HF currents and decouple the power
module from the DC source. As a result, the frequency domain
circuit without Lwire and Vpc in Fig. 6 (b) will be analyzed later.
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In Fig. 6 (b), the initial currents in the parasitic inductances
and initial voltages on output capacitances are represented with
equivalent voltage sources Vi and Vy for top and bottom
branches, respectively.

By solving (9), (12), (14), and (17), the initial currents at t»
in the parasitic inductance are:

i I .

iqi(ty) = 7’7"' I5i(t2) (18)

. VL=Vmilier

Lsi (tz) = Cossiz * % (19)
gitgdi

The initial voltages on the output capacitance of the top
switch can be calculated from Fig.6 (a) with KVL:
Vei(t2) = Voo — [iai(t2)Rai + isi(t2)Rs; + ic(t)ESR +

Vlead(tz) + Vdi + Voi + Vsi]' (20)
where, .
ic(tz) = Xi_, iqi (t2) (21)
Vai iqi(t2) iq1(t2) iqi(tz)
Voi| =Li-d|ig(tz)|/dt + My -d|iag(t2)|/dt +... Myd |ig;(¢5) | /dt
Vsi t; i5i(t2) is1(t2) isi(t2)
_ (22)
Vieaa(t2) = (ESL + Ligaa) - 52, (23)

dt
Vieaq 1S the total voltage on L,.,4 and the ESL. With the initial

conditions, Vi and Vo; are calculated from (24) and (25).

(&))" ()] @)\ |1
Vip = | L[| | +| Mu-|ian @] | + | My-|ia(tz) 1+
isi(tz) isl(tz) isi(tz) 0.

Vei(t2) , (24)

iqi(t;) ! ig:(t;) ! iqi(t;) ! 0
Voo = | | Lir|iai ()| | +| Miy- e | Mye|ig;(t2) [0] (25)
i5;(t;) i (t;) 1

ig:(t;)
isl(tz)

Based on Fig. 6 (b), the drain-to-source voltages of the top

switches are given by (26).

Vd51. (s) Vi + Vay Var(s) + Vul.(s) + Vi1 (s) Idl(SZ)Rdl
VdSJ.'(S) Vij + Va; Vai(s) + Voj.(s) + Vs (s) Idj(s.)Rdj
Is1(S)Rs Ic(s) " (s " (ESL + Lieqq) + ESR)
: - [ : (26)
ISJ-(S)RSJ- Ic(8) - (s (ESL + Lipqq) + ESR)
where,
Idl(s) Coss11 * Vst (5)
Pol=s ! (27)
14 (s) Cossj1 * Vasj(s)
Vai(s) Ig;(s) La1(s) Iq;(s)
Voi($)| = Ly s |lar(5)| + Mix s |Taa ()| +... My -5 |1aj (5) (28)
Vsi(s) Lsi(s) L1 (s) L (s)

Because of the unbalanced inductance in each parallel HBs,
the initial conditions of each HBs are different. The DM current
Iomij flowing between the i"" HB and the j'" HB due to different
initial voltages can be calculated as:

Toaij () = S(Lsi+Lsil/;"’s‘i/sj'l)+Rsi+st * SLdij+5'2(‘;/11;i/1;%m+Rdi/ (29)
Where Lg;j, Mg;j, Cqij and Rg;; represent the sum of the
impedance of the current segments where I;; and I,; flow.
Laij = Lagi + Lo; + Laj + Lo; Maij = Maioi + Majoj — Maiaj —
Mgioj — Moiaj — Mojoj- Caij = % Rgij = Rgi + Rqj.

For the i"" HB:

I5i(s) = 14;(s) — Ipmij(s) (30)

Because there are 3xj unknown parameters in (26), and 3xj
equations from (26) to (30), the voltage and current of each
switch can be solved.

C. Turn-on Transient Analysis

The analysis of turn-on transient is similar to that of the turn-
off transient. Fig. 7 (a) shows the turn-on transient of the top
switch in the i HB.

Vgsi Lieqa ien HB
Vi L’Llil $Lai
Vmitierf--4-- ¢ R
;: : on
V, Vb
L Vi Coc |, L
) Vpe Lo o load
Vasig | i iqi e
Vpe Lqi + I
______ . . L
v [N " IL/j Cossizg™ 7,
aip ESRE
i
asi L
¢ st
t3 ty t5

(
Fig.7 The turn-on transient of the top switch: (a) time-domain waveforms, (b)
time-domain equivalent circuit and (c) frequency-domain equivalent circuit

Stage 1: before top switches are turned on (< t3).

The circuit is the same as Fig. 5 (b). The load current flows
through the antiparallel diodes of the bottom switches.

i =1, (31)

lgg =lgp = = idj =0 (32)

Stage 2: current rising stage (t; — t,).

During the current rising stage, the equivalent circuit is the
same as Fig. 5 (c). The MOSFETs are operating in the
saturation region. The channel current is governed by (8). The
drain to source voltage of the top switches due to the power loop
parasitic inductance is,

Vasi(t3) = Vpe — [lai(t3) Ry + isi(t3)Rg; + ic(63)ESR +

Vlead (t3) + Vdi + Voi + Vsi] (33)
where,
A, isilts)
Vieaa(ts) = (ESL + Lieqa) - ;71.3 (34)

Vai, Vois Vi are governed by (4). The voltage drops caused by
the parasitic inductance in this stage have little impact on igi.

Stage 3: voltage decreasing stage (t, — ts).

After igi reaches I, /j, the top MOSFET enters Miller plateau.
Vusi decreases. The decreasing rate is governed by (14).

Stage 4: current ringing stage (> t,).

After the MOSFET is on, the channel resistance is R,,,. Vasi
is very small due to the small R,,, of SiC MOSFET. Fig. 7 (b)
shows the time-domain equivalent circuit.

The drain current overshoot during top switch turn-on
transient is caused by the initial conditions and reverse recovery
charge of the antiparallel diodes of the bottom switches. In the
all-SiC power modules, the reverse recovery current is very
small [28]. The magnitude of current oscillation largely
depends on the initial conditions. Fig 7 (c) shows the equivalent
frequency-domain circuit. Similarly, the initial voltage on the
output capacitance of the bottom switch in the i" HB is:

Veiz (84) = Vpe — [lai(ta) (Rai + Ron) + isi(€4)Rs; +
iC(t4)ESR + Vlead (t4) + Vdi + Voi + Vsi] (35)
where,
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Vai iqi(ts) ig1(ts) iqi(ts)
Voi| =Li-d|ig(t)|/dt + My - d|ig(t)|/dt +...Myd |ig;(t,) | /dt
Vsi ty i5i(ts) is1(ts) is(ta)

(36)
The equivalent voltage sources are calculated by:
iqi(ts) ! ig1(ts) ! iqi(ty) ! 1
Vig = | Li[ia(@)| | +| Mig-|iar (€D | | + | My-|iai(t,) H (37)
i (ts) is1(ts) i (ty) 0

iqi(ts) ! ig1(ts) ! iqi(ts) ! 0
Vo= | L) i || +| M- |iaa@E)| | + | My-|ia:(ts) -|of +
is;(4) i1 (ts) i (ts) 1
Vcizs(f4) (38)
v, _ L dic(ts)
lead(t4) - (ESL + Llead) dt (39)
ic(ts) = Y-y iqi (ta) (40)

~ The voltages and currents can be solved from,
Vdsl.Z () Vi + Vo Var(s) + Val_(s) + Vi (s)
Vi@ 4] [V + 70, + 7
IMOK (sz1 + Ronl)] [131(5). "Ry

[IC ()" (s* (ESL + Lipgq) + ESR)D

s ) Rej+ Ronp) | |15 Ry | L1c(5) 5+ (BSL + L) + ESR)
(41)
where,
I51(s) Coss12 * Vas12(s)
Pol=s i (42)
_Isj(s) Cossjz ' Vdsjz(s)
[Vai(5) Ly (s) g1 (s) La(s)
Voi($)| = Ly * s |1ai(S)| + Mg+ s |1aa ()| +... My - 5 |1a; (5) (43)
_Vsi(s) Isi(s) Isl(s) Isj(s)
_ V2j=Vai V1i=Vij
IDMU(S) B 5(L5i+sz_2Msi5j)+Rsij+%sij + sLqij+s-2(Maij)+Raij+Roni+Ronj (44)
g (s) = Ipmij(s) + I5;(s) (45)
Cossiz2Cossj:
where Rsij = Rsi + st and Csij = m.

D. Discussion and model verification

Although the math model from (26) — (30) or (41) — (45) are
very difficult to analytically solved, based on the model, the
following important analysis and optimization can be
conducted: 1) the proposed parasitic inductance model
discloses that the switching transient of the power devices is not
merely determined by the self-inductance and the mutual
inductance within one HB as used in existing literatures, but
rather by an inductance matrices which includes both self and
mutual inductances of parallel branches; 2) the developed
model discloses that the magnitudes of voltage and current
ringing depend on the self-inductance of each HB branch, the
mutual inductance between the HB branches and the ESL of the
DC link capacitor because they determine the initial voltage
sources; large self-inductance and positive mutual inductance
lead to large initial voltage sources (note: di/dt<0 in (22)); 3)
based on (24) and (25), the SiC module layout can be optimized
with negative mutual inductance to cancel the 1% term of the
initial voltage equations, so the proposed layout technique
generates negative mutual inductance to reduce initial values to
reduce overshoot and ring magnitude; while most other papers
focuses on reducing self-inductance within one HB; 4) based on
the developed model, the overshoot and ring magnitude can be
reduced by reducing both self and mutual inductance; 5) The
proposed model gives more accurate voltage overshoot and

5

ringing predictions because the mutual inductance is included
as evidenced in Fig. 9.

P\ [

(b)
Fig. 8. The SiC power module with the external bus bar: (a) prototype and (b)
3D simulation model.
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Fig. 9. Measured turn-off transient waveform compared with the simulated
based on: (a) the proposed model (b) the model without mutual inductance.

In this paper, the parasitic inductance is extracted with Ansys
Q3D in Fig. 8 (b). The maximum mutual inductance between
Liead and the CCL segments inside the module is 1.05 nH, much
smaller than the self- inductance (around 20 nH) of each
segment of the HB in (46) — (48). Therefore, it can be ignored.
The assumption in Section I1-B is thus valid.

To show the influence of mutual inductance, the self and
mutual inductance matrices are extracted. The inductance
matrices of the left two HBs in Fig. 2 are shown in (46) — (48),

2073 —-122 —6.12

L1=[—1.22 2161 —4.17| nH (46)
—6.12 —417 19.59
203 -1.01 —6.05

L2=[—1.01 21.58 —4.19| nH (47)
—6.05 —419 19.1
17.74 —093 —6.1

M12=l—1.02 9.49 —4.14| nH (48)
—6.07 —497 17.61

(46) and (47) are the self-inductance matrices of HB 1 and 2,
as defined in (2). (48) is the mutual inductance matrix, as
defined in (3). The effects of P and N bus-bar terminals have
been included in both self and mutual inductance matrices as all
half-bridges share P and N bus-bar terminals. As mentioned,
due to the small position angle between two HBs, the mutual
inductances are large and positive.
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In power modules with a phase leg configuration, the voltage
and current oscillations can cause crosstalk. The crosstalk is
caused by the capacitive and inductive couplings between the
device gate loop and the power loop [28]. The switching of one
switch can induce spurious gate voltage on the complementary
switch. The capacitive coupling is through the device gate to
drain capacitance. When the drain to source voltage changes, a
current will be induced across the gate to drain capacitance,
causing gate voltage variation. The inductive coupling is
through the mutual inductance between the gate loop and the
power loop. The current in the power loop induces a voltage in
the device’s gate loop. Both voltage and current oscillation
contribute to the crosstalk. Serious crosstalk can lead to false
turn-ons and the negative gate voltage breakdown.

To validate the developed model, the self and mutual
inductance matrices, as well as the Lieaq, are extracted with
Ansys Q3D. SiC MOSFETs and Schottky diodes are
characterized using the Ansys  Simplorer  device
characterization tool. Both static and dynamic characteristics
are curvedly fitted based on the device datasheets. The drain-
to-source voltage of the top SiC MOSFETSs on the 1% HB is
measured and simulated.

The measured and the simulated turn-off switching
waveforms match very well in Fig.9 (a). On the other hand, the
simulation results without the mutual inductance between two
HBs in Fig. 9 (b) cannot match the measured. The measured
turn-off overshoot voltage in Fig. 9 (a) is about 120 V, while
the turn-off overshoot voltage in Fig. 9 (b) is about 70 V. With
the proposed model, the transient analysis is much more
accurate than the traditional model. The comparison also proves
the significance of mutual inductance.

1. LAYOUT IMPROVEMENT

Based on the transient analysis in Section Il, the magnitude
of voltage and current ringing is determined by both the self and
mutual inductance matrices. Therefore, the oscillations could be
reduced through power module layout optimization. The layout
optimization should not only focus on the reduction of the self-
inductance, but also the mutual inductance. In self-inductance
matrix Li, the self-inductance should be as small as possible,
and the mutual inductance should be negative; the mutual
inductance in Mj; between parallel HBs should be negative or
small. Three techniques are used to achieve this. First, both the
loop length and area of each HB should be as small as possible.
Second, the position angle of corresponding current path
segments in parallel HBs should be 180° to achieve negative
mutual inductance. Third, the P-N HB loops should not be
overlapped to reduce mutual inductance. In this paper, the DBC
layout and the internal bus bar structure are improved.

The layout of the two parallel HBs, internal bus bar structure
and the equivalent circuit of HB 1 and 2 along with the current
path segments and their associated parasitic inductances in the
original and the proposed modules are shown in Figs.10 and 11
respectively. In the original layout in Fig. 11, the top and bottom
switches are located in the top and bottom regions of the
module; consequently, the current path loop area and the total
self-inductance from P terminal to N terminal is large for each

HB. At the same time, the current path segments share the same
path on the internal bus bar. The mutual inductances between
current path segments, such as L;, and Ly, are, therefore
positive and large due to the very small position angle.

- Equivalent circuit of HB 1 and 2
Original layout for HB 1 and 2

Fig. 10 The original module has large self and mutual inductances between two
parallel HBs.

Proposed interleaved internal bus
bar structure N

Proposed layout for HB 1 and 2 Equivalent circuit of HB 1 and 2

Fig. 11 The proposed module has small self and mutual inductances between
two parallel HBs.

LG LS‘ HG HS
TRET

LT fF Jl:'U

a) (b)
Fig.12 (a) proposed layout design with terminals hidden and (b) proposed
module design with terminals.

In the proposed layout in Fig. 11, the top and bottom switches
are very close, so the P-to-N loop is small, and the inductance
of every single HB is reduced. Meanwhile, the corresponding
current path segments in two parallel HBs are separated and
positioned at a 180° angle on the layout. The current path
segments on the internal bus bar are also separated and
interleaved. So, the mutual inductance between them is small.

As shown in Fig. 12, an HB multichip power module with
the same power rating as the original commercial module is
designed. The distances between parallel chips and between
parallel HBs are determined by the heat dissipation angle [5]
and power clearance distance IEC 60664-1. The minimum
distance is determined by the larger distance of the two to avoid
heat overlaps. Drivers are connected by kelvin connection. The
internal bus bars are soldered on DBC copper, as in Fig. 12 (b).
The terminal locations and layout are the same as the original.
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The parasitic inductance matrices of the top two HBs in Fig.
12 (a) are shown as (49) — (51) in comparison to (46) — (48).

1325 0.01 -7.16
L1_p=[0.01 1.60 —0.22| nH (49)

-716 —022 13.98

13.57 —0.05 -5.74
Lz_p=[—o.05 1.64 —0.17| nH (50)

-547 —0.17 10.63

341 —-022 —4.17
M1z_p=[—0.02 001 —0.2|nH (51)

-3.75 -0.01 2.02

Compared to (46) — (48), both self and mutual inductance are
reduced. In (51), the mutual inductance My, 4, and M, are
greatly reduced compared with those in (48). They are still
positive because they include the inductance of the shared P and
N bus bar terminals. The comparison of the simulated drain-to-
source voltage ringing of the MOSFET in the first HB (from the
left) in a double pulse tester is shown in Fig.13. Due to the
reduced parasitic inductance, the overshoot and oscillation are
both significantly reduced.

800.00
600.00

400.00

Voltage (V)

200.00

79.75 80.00 80.50 81.00 81.50
time (us)

Fig.13 The comparison of the simulated drain-to-source voltage of the top
switch during the turn-off transition between the original and proposed layouts.

The turn-off voltage overshoot and oscillation depend on the
parasitic inductance not only inside but also outside the module.
A parametric study was conducted on the proposed inductance
model with Lieaq increases from 0 nH to 30 nH. The simulated
peak voltage overshoot in Fig. 14 shows that for the module
under investigation, if Lieag is above 15 nH, the benefits of the
minimized-inductance inside the module would be limited.
Therefore, it is critical to minimize L,,; to fully take
advantage of the proposed module layout. In this paper,
paralleled DC link capacitors are used to minimize ESL and
they are directly mounted to the terminals of the module, as a
result, the measured total inductance Lieag+ESL is only 4.8 nH.
Because of this, the module layout and internal bus bar
optimization lead to a greatly reduced parasitic inductance.

250

200

=~ Original module
=&~ Proposed module

Peak overshoot voitage (V)

50

0 ’: 10 I‘E 20 2‘5 30
Llead (nH)
Fig.14 Simulated peak overshoot voltage comparison between the original
module and the proposed module with different L;.q4-

IVV. EXPERIMENTAL VERIFICATION

An HB SiC multichip power module with the proposed
layout was fabricated using wire bonds with a DBC process.
The proposed module consists of 12 SiC MOSFETs (CPM2-
1200-0025B) and 12 SiC Schottky diodes (CPW51200Z050B),
the same as the commercial module. The fabricated prototype
is shown in Fig.15. The self and mutual inductance of the
original and proposed layouts are firstly extracted with S-
parameter measurement. The transient responses of the two
modules are tested with a double pulse tester.

Fig.15 The prototype of the proposed HB SiC multichip power

A. Two-port S-parameters Measurement

Fig. 16 shows the extraction of self and mutual inductance of
two inductors using S-parameters [24]. The inductance can be
derived from the measured S-parameters in (52)-(56).

I S21 I,
Portl +—=— 4 Port2
i d
Vi E%Ll Lz% S22 W,
Ground - P —— -
Si2

Fig. 16 Extraction of the inductance of two inductors with S-parameters.

For a pair of conductors with a common ground connection
inside the power module, as in Fig. 17, port 1 and port 2 are
connected to the DBC plane where the drains of the parallel
MOSFETSs S; and S are positioned. The reference ground plane
of the two ports is connected to the P terminal. Calibration was
first conducted to the measurement interface, so the parasitics
of the extra interconnections were excluded from the
measurement results. The measured S-parameter matrix with
PLANAR-808/1 network analyzer was converted to Z
parameters based on (52) to (56). Self-inductance Ly, L4, and
the mutual inductance M, 4, are derived from (56).

P (ground) M,ﬂdz

P idl 5‘ g Laz
= Port 1——<
1

Port Ground

Port 1
connector
o

Port 2

C

S.

Port 2
N\
connector

-

(@ (b)
Fig. 17 Using two-port S-parameters to extract inductance with common
ground connection: (a) ports and ground connections and (b) equivalent circuit.
(1-S522)(1+511)+512521

le =4y (1_511)(12—;22)—512521 (52)

g L 53

P s 550 >
_ 21

Zn =2 (1-511)(1-522)—S12521 o
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Fig. 18 Two-port S-parameters measurement with different ground connections:

(a) ports and ground connections and (b) equivalent circuit.
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Fig. 19 Extracted impedance: (8) Lqq, () Ly, and (C) Mgy g4z

If the conductors don’t share the ground, one of the terminals
of each conductor is locally connected to the reference ground
of the two ports, as in Fig. 18. Port 1 is connected to the DBC
plane where the drain of the MOSFET S, is positioned. Port 2
is connected to the source of the MOSFET S;. The reference
ground plane of the two ports is connected to the P terminal and
the drain of S,. This extracts the self-inductance Lyq, L,; and
the mutual inductance M4 -

19.63
23.21

Inductance (nH)
nH
3 (G )8

Inductance

O 1l t
riginal layou Original layout

T by

= L ol Proposed layout <7 Motaz
a1

@ (b)
Fig. 20. Comparison of the measured self and mutual inductance of the two
modules: (a) self-inductance and (b) mutual inductance.

The extracted impedance curves are shown in Fig. 19. The
extracted inductances for both the original and the proposed
layouts are compared with the simulated in (46) - (48) and (49)
- (51) in TABLE | and TABLE Il. The simulated and the
extracted match well.

8

Proposed layout -
Ma‘le

The comparison of self and mutual inductance is shown in
Fig. 20. Both self and mutual inductance are reduced.
TABLE |. INDUCTANCE OF THE ORIGINAL LAYOUT

(nH) | Simulated | Measured Simulated | Measured
Lgy 20.73 20.69 M,psn -4.19 -4.91
Lyy 20.30 19.89 My1az 17.74 16.7
Lyt 21.61 23.21 My102 -0.93 -1.50
Ly, 21.58 23.17 Myisr -6.10 -6.41
Ly 19.59 19.63 s -1.02 -1.80
Ly, 19.10 19.22 My107 9.49 10.03
Myi01 -1.22 -2.34 My -4.14 -4.75
My -6.12 -6.32 Mg140 -6.07 -6.61
My1s1 -4.17 -4.97 M0 -4.97 -5.52
M0z -1.01 -2.09 Mo 17.61 17.77
Myosr -6.05 -6.33
TABLE II. INDUCTANCE OF THE PROPOSED LAYOUT
(nH) | Simulated | Measured Simulated | Measured
Lgq 13.25 13.52 Myosn -0.03 -0.31
Ly, 13.57 13.8 My140 341 2.99
Ly, 1.60 2.06 My102 -0.22 -0.52
Ly, 1.64 1.82 Myisr -4.17 -3.87
Ly 13.98 14.35 My1a2 -0.02 -0.43
Ly, 14.22 14.59 M0z 0.01 0.20
Myi01 0.01 0.47 My1so -0.01 0.20
My -7.16 -6.50 M40 -3.75 -3.29
Myis1 -0.22 -0.52 M0 -0.20 -0.20
M0z -0.05 -0.08 Mo 2.02 1.84
Mypsr -1.47 -6.12
Oscilloscope

4 d ¢
S ¥y
Device
voltage
g Load inductor (2 mH)

Gate /g
pins AC
PN
Gate Module under H 1020.66 uF
test

Driver
=M

i3 -
R

DC power source

DC power source

Fig. 21 Double pulse test setup.
B. Double Pulse Testing

The setup of a double pulse testing is shown in Fig. 21. The
top switches are driven with a double pulse signal while the
bottom switches are kept off. The gate resistors used in the
experiments are 5.6 Q. The DC link capacitors include a 0.97
mF electrolytic capacitor (Cornell Dubilier 947D), a 20 uF film
capacitor (B32758G8306K000), and three 220nF ceramic
capacitors (2220Y1K20224KXTWS3) in parallel. The load
inductor is a 2 mH air-core inductor. The device voltage was
measured by inserting the voltage probes into the insulating gel
inside the power module as in Fig. 22 (a). The die voltage
instead of terminal voltage can be measured in Fig. 22 (b).

The measured switching waveforms of the proposed and
original layouts during the turn-off transition are shown in Fig.
23 at 600 /120 A. The original layout has a peak overshoot of
120 V compared with 50 V of the proposed layout. The
waveforms in Fig. 23 also match the simulation results in
Fig.13. It is expected that the HF EMI caused by the voltage
oscillation can be significantly reduced. The experimental
results validate the effect of parasitic inductance reduction.
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Fig.22 a) drain-to-source voltage measurement, b) circuit.
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Fig.23. Comparison of the measured turn-off transient voltage waveforms
between the original and the proposed layouts under a 600 V / 120 A test.
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Fig. 24 Comparison of the measured gate voltage waveforms of the bottom
switch when the top switch (a) turns on and (b) turns off.

The gate voltages of the bottom switches of the two modules
are measured. Fig. 24 shows the measured gate voltage of the
bottom switches during the top switch’s switching transients. In
the original module, the peak positive induced gate voltage is
7.2 V, higher than the threshold voltage (3V). The devices are
falsely turn-on. The lowest negative induced voltage of the
original layout is -7.8 V, close to the negative gate breakdown
voltage (-10V). The off-state voltage of the driver cannot move
to negative to avoid the false turn-on without risking device
negative gate breakdown. In the proposed layout, due to the
reduced parasitic inductance, the voltage and current
oscillations, and the induced gate voltage is reduced. The
highest and lowest induced gate voltages are 4.8 V and -5 V.
Setting the off-state voltage to -4V can avoid the false turn-on.
This greatly improves the reliability of the module [28].

V. THERMAL CONSIDERATION
To validate the proposed layout has no thermal issues. A
thermal 3D FEA simulation was carried out in Ansys Icepak for
both modules with an identical heatsink. The two modules are
first simulated in Ansys Simplorer under 600V/120A at 70 kHz.

9

Based on the simulated Vg and I4 in Fig. 25, the voltage and
current ringings in the proposed module are smaller than the
original module. As a result, the switching power loss of the
proposed layout is 56 W vs. 67 W of the original layout. The
conduction power loss of SiC MOSFET and diode is 2.4W and
16W for both cases. Three mesh levels were assigned. The
maximum cubical mesh size for the DBC dies, and bus bars is
1 mm x 1 mm x 0.2 mm. The maximum mesh size for the region
enclosing the module is 2 mm x 2 mm x 1 mm. The region
outside the module is 5 times larger than the module dimensions
in xyz directions. Itis in an open region with 5 m/s air flow. The
maximum mesh size of the air is 10 mm x 10 mm x 8 mm. The

boundary of the region is opening. Gravity is 9.8 m/s?.
Original layout

800

| o
Turn-on ' 3
o
o 9
-200 .
15 2 25 55 6
time (us)
@)
00 Proposed layout v, 0
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<= i // Turn-on i =
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P g
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Fig. 25. Simulated switching waveforms during turn-on and turn-off transient
for switching loss calculation: (a) Original layout (b) proposed layout.

The simulated results in Fig. 26 show that due to the reduced
switching power loss, the highest junction temperature of the
proposed layout is 120 °C which is lower than 130 °C of the
original layout. The better thermal performance was achieved.

e - - w‘: - — y T [ :

Fig. 26. Simulated temperatures of (a) original layout and (b) proposed layout.

V1. CONCLUSIONS

Different from the conventional approaches, in this paper, the
parasitic mutual inductance between parallel current path
segments are included in the parasitic inductance model of SiC
multichip power modules. The mutual inductance plays an
important role in the voltage ringing during switching
transients. The ring can be reduced with negative mutual
inductance which can be realized with a 180° position angle
between parallel current path segments. The parasitic
inductance extracted with the proposed technique matches the
simulated well. A novel layout was proposed to reduce the
parasitic inductance. Double-pulse testing and thermal
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simulations validated that the proposed technique can reduce
voltage ringing, crosstalk effect, power loss, and thermal stress.

REFERENCES

[1] S. Wang, "EMI Modeling and Reduction in Modern Power Electronics
Systems,” 2018 IEEE Symposium on Electromagnetic Compatibility,
Signal Integrity and Power Integrity (EMC, SI & PI), Long Beach, CA,
USA, 2018, pp. 1-44.

[2] Z. Zhang, C. Liu, M. Wang, Y. Si, Y. Liu and Q. Lei, "High-Efficiency High-
Power-Density CLLC Resonant Converter With Low-Stray-Capacitance and
Well-Heat-Dissipated Planar Transformer for EV On-Board Charger," in
IEEE Transactions on Power Electronics, vol. 35, no. 10, pp. 10831-10851,
Oct. 2020

[3] H. Lietal., "Influences of Device and Circuit Mismatches on Paralleling
Silicon Carbide MOSFETSs," in IEEE Transactions on Power Electronics,
vol. 31, no. 1, pp. 621-634, Jan. 2016.

[4] F. F. Wang and Z. Zhang, "Overview of silicon carbide technology:
Device, converter, system, and application,” in CPSS Transactions on
Power Electronics and Applications, vol. 1, no. 1, pp. 13-32, Dec. 2016.

[5] Y. Ren et al., "Voltage Suppression in Wire-Bond-Based Multichip
Phase-Leg SiC MOSFET Module Using Adjacent Decoupling Concept,"
in IEEE Transactions on Industrial Electronics, vol. 64, no. 10, pp. 8235-
8246, Oct. 2017.

[6] G.Regnat, P.Jeannin, D. Frey, J. Ewanchuk, S. V. Mollov and J. Ferrieux,
"Optimized Power Modules for Silicon Carbide mosfet," in IEEE
Transactions on Industry Applications, vol. 54, no. 2, pp. 1634-1644,
March-April 2018.

[7] S.Li, L. M. Tolbert, F. Wang and F. Z. Peng, "Stray Inductance Reduction
of Commutation Loop in the P-cell and N-cell-Based IGBT Phase Leg
Module," in IEEE Transactions on Power Electronics, vol. 29, no. 7, pp.
3616-3624, July 2014.

[8] M. Wang, F. Luo and L. Xu, "A Double-End Sourced Wire-Bonded
Multi-Chip SiC MOSFET Power Module with Improved Dynamic
Current Sharing," in IEEE Journal of Emerging and Selected Topics in
Power Electronics, vol. PP, no. 99, pp. 1-1

[9] K. Wang, L. Wang, X. Yang, X. Zeng, W. Chen and H. Li, "A Multiloop
Method for Minimization of Parasitic Inductance in GaN-Based High-
Frequency DC-DC Converter," in IEEE Transactions on Power
Electronics, vol. 32, no. 6, pp. 4728-4740, June 2017.

[10] A. Duttaand S. S. Ang, "Electromagnetic Interference Simulations for Wide-
Bandgap Power Electronic Modules," in IEEE Journal of Emerging and
Selected Topics in Power Electronics, vol. 4, no. 3, pp. 757-766, Sept. 2016.

[11] ANSYS Online Help, ANSYS Inc., Canonsburg, PA, USA, 2015

[12] C.Chen, F. Luoand Y. Kang, "A review of SiC power module packaging:
Layout, material system and integration," in CPSS Transactions on Power
Electronics and Applications, vol. 2, no. 3, pp. 170-186, Sept. 2017.

[13] P. Ning, T. Guangyin Lei, F. Wang, G. Lu, K. D. T. Ngo and K.
Rajashekara, "A Novel High-Temperature Planar Package for SiC
Multichip Phase-Leg Power Module," in IEEE Transactions on Power
Electronics, vol. 25, no. 8, pp. 2059-2067, Aug. 2010.

[14] Z. Liang, P. Ning, F. Wang and L. Marlino, "Planar bond all: A new
packaging technology for advanced automotive power modules," 2012
IEEE Energy Conversion Congress and Exposition (ECCE), Raleigh, NC,
2012, pp. 438-443.

[15] J. Marchesini, P. Jeannin, Y. Avenas, J. Delaine, C. Buttay and R. Riva,
"Implementation and Switching Behavior of a PCB-DBC IGBT Module
Based on the Power Chip-on-Chip 3-D Concept," in IEEE Transactions
on Industry Applications, vol. 53, no. 1, pp. 362-370, Jan.-Feb. 2017

[16] N. Zhu, H. A. Mantooth, D. Xu, M. Chen and M. D. Glover, "A Solution
to Press-Pack Packaging of SiC MOSFETS," in IEEE Transactions on
Industrial Electronics, vol. 64, no. 10, pp. 8224-8234, Oct. 2017.

[17] C. Chen, Y. Chen, Y. Li, Z. Huang, T. Liu, and Y. Kang, “A SiC-based
half-bridge module with improved hybrid packaging method for high
power density applications,” IEEE Transactions on Industrial Electronics,
vol. PP, no. 99, p. 1, 2017.

[18] K. Takao and S. Kyogoku, "Ultra low inductance power module for fast
switching SiC power devices," 2015 IEEE 27th International Symposium on
Power Semiconductor Devices & IC's (ISPSD), Hong Kong, 2015, pp. 313-316.

[19] N. Zhang, S. Wang and H. Zhao, "Develop Parasitic Inductance Model for the
Planar Busbar of an IGBT H Bridge in a Power Inverter," in IEEE Transactions
on Power Electronics, vol. 30, no. 12, pp. 6924-6933, Dec. 2015.

10

[20] R. Wang, Z. Chen, D. Boroyevich, L. Jiang, Y. Yao and K. Rajashekara,
"A Novel Hybrid Packaging Structure for High-Temperature SiC Power
Modules," in IEEE Transactions on Industry Applications, vol. 49, no. 4,
pp. 1609-1618, July-Aug. 2013.

[21] C. Chen, Z. Huang, L. Chen, Y. Tan, Y. Kang and F. Luo, "A Flexible
PCB based 3D Integrated SiC Half-Bridge Power Module with Three-
Sided Cooling Using Ultra-Low Inductive Hybrid Packaging Structure,"”
in |IEEE Transactions on Power Electronics.

[22] C.Chen, Y. Chen, Y. Tan,J. Fang, F. Luo and Y. Kang, "On the Practical
Design of a High Power Density SiC Single-Phase Uninterrupted Power
Supply System," in IEEE Transactions on Industrial Informatics, vol. 13,
no. 5, pp. 2704-2716, Oct. 2017.

[23] Z. Huang, C. Chen, Y. Xie, Y. Yan, Y. Kang and F. Luo, "A High
Performance Embedded SiC Power Module Based on a DBC-Stacked
Hybrid Packaging Structure," in IEEE Journal of Emerging and Selected
Topics in Power Electronics.

[24] S. Wang, F. C. Lee and W. G. Odendaal, "Characterization and parasitic
extraction of EMI filters using scattering parameters,” in IEEE Transactions
on Power Electronics, vol. 20, no. 2, pp. 502-510, March 2005.

[25] D. Sadik, K. Kostov, J. Colmenares, F. Giezendanner, P. Ranstad and H.
Nee, "Analysis of Parasitic Elements of SiC Power Modules With Special
Emphasis on Reliability Issues," in IEEE Journal of Emerging and Selected
Topics in Power Electronics, vol. 4, no. 3, pp. 988-995, Sept. 2016.

[26] A. Shahabi and A. N. Lemmon, "Multi-Branch Inductance Extraction
Procedure for Multi-Chip Power Modules,” in IEEE Journal of Emerging
and Selected Topics in Power Electronics.

[27] K. R. Sreeet al., "Estimation, Minimization, and Validation of
Commutation Loop Inductance for a 135 kW SiC EV Traction Inverter,"
in IEEE Journal of Emerging and Selected Topics in Power Electronics.

[28] B. Zhang and S. Wang, "A Survey of EMI Research in Power Electronics
Systems with Wide Bandgap Semiconductor Devices," in IEEE Journal
of Emerging and Selected Topics in Power Electronics.

[29] B.Zhangand S. Wang, "Parasitic Inductance Modeling and Reduction for
a Wire Bonded Half Bridge SiC MOSFET Multichip Power Module,"
2019 IEEE Applied Power Electronics Conference and Exposition
(APEC), Anaheim, CA, USA, 2019, pp. 656-663.

[30] J. Wang, H. S. Chung and R. T. Li, "Characterization and Experimental
Assessment of the Effects of Parasitic Elements on the MOSFET
Switching Performance," in IEEE Transactions on Power Electronics, vol.
28, no. 1, pp. 573-590, Jan. 2013.

Boyi Zhang (S'17) received the B.S degree in electrical
engineering from the Harbin Institute of Technology,
Harbin, China, in 2015, and the M.S. degree in electrical and
computer engineering from the University of Florida,
Gainesville, FL, USA, in 2017. He is currently working
toward the Ph.D. degree in the power electronics and
electrical power research lab, University of Florida. His
i ' research interests include electromagnetic interference,
wide bandgap power device packaging and magnetic components. He has
authored and coauthored several IEEE conference and transaction papers. Mr.
Zhang received the Best Student Presentation Award in the Applied Power
Electronics Conference (APEC) in 2017 and 2019.

Shuo Wang (S'03-M'06-SM'07-F'19) received the Ph.D.
degree in Electrical Engineering from Virginia Tech,
Blacksburg, VA, in 2005. He is currently a full professor
with the Department of Electrical and Computer
Engineering, University of Florida, Gainesville, FL. Dr.
Shuo Wang has published more than 200 IEEE journal
and conference papers and holds around 30
pending/issued US/international patents. He received the
Best Transaction Paper Award from the IEEE Power Electronics Society in
2006 and two William M. Portnoy Awards for the papers published in the
IEEE Industry Applications Society in 2004 and 2012, respectively. In 2012,
he received the prestigious National Science Foundation CAREER Award.
He is an Associate Editor for the IEEE Transactions on Industry Applications
and IEEE Transactions on Electromagnetic Compatibility. He was a technical
program Co-Chair for IEEE 2014 International Electric VVehicle Conference.

0885-8993 (c) 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

Authorized licensed use limited to: University of Florida. Downloaded on October 21,2020 at 15:22:26 UTC from IEEE Xplore. Restrictions apply.



