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Abstract—Parallel connection of silicon carbide (SiC) MOSFETSs
is a popular solution for high-capacity applications. In order to
improve the switching speed of paralleled SiC MOSFETs, Kelvin-
source connection is widely employed. However, the influences of
asymmetric layout and unequal junction temperature on current
sharing of paralleled SiC MOSFETs with Kelvin-source connection
are not clear. This article addresses the issue for the first time by the-
oretical analysis and experimental verifications. The mechanism of
current imbalance resulting from asymmetric layout and unequal
junction temperature in the case with Kelvin-source connection is
comprehensively investigated. Then, some significant discoveries
are obtained. The static current sharing performance can be af-
fected by drain and power source parasitic inductance, which is
seldom mentioned before. Besides, this article first points out that
the effect of power source parasitic inductance on dynamic current
sharing is dominant compared with other parasitic inductance.
What is more, the thermal-electric analyzing results suggest that
there is a risk of thermal runaway for paralleled SiC MOSFETs
with Kelvin-source connection at high switching frequency due to
positively temperature-dependent dynamic current and switching
losses. Based on the discoveries, some guidelines are provided
for layout design and application of paralleled SiC MOSFETs with
Kelvin-source connection.

Index Terms—Asymmetric layout, current sharing, Kelvin-
source connection, paralleled silicon carbide (SiC) MOSFETSs,
unequal junction temperature.

I. INTRODUCTION

ILICON carbide (SiC) MOSFETs are promising in fields such
S as electric vehicle (EV) chargers, EV main inverters, and
photovoltaic inverters due to their high efficiency, fast switching
speed, and excellent thermal performance [1], [2]. However, the
maximum current rating of commercial chips is generally lim-
ited by 100 A for SiC MOSFETs [3]. Therefore, parallel operation
of SiC MOSFETSs is a popular method to improve current capacity.
However, inconsistent device parameters, asymmetric layout,

Manuscript received July 28, 2019; accepted November 6, 2019. Date of
publication November 18, 2019; date of current version March 13, 2020. This
work was supported in part by the National Key Research and Development
Program of China under Grant 2018YFB0905801, and in part by the Shaanxi
Key Research and Development Plan under Grant 2018GY-043. Recommended
for publication by Associate Editor S. S. Ang. (Corresponding author: Laili
Wang.)

The authors are with the State Key Laboratory of Electrical Insulation and
Power Equipment, Xi’an Jiaotong University, Xi’an 710049, China (e-mail:
zhaocheng3117 @stu.xjtu.edu.cn; llwang@mail.xjtu.edu.cn; zhangfan1990@
mail.xjtu.edu.cn).

Color versions of one or more of the figures in this article are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TPEL.2019.2954716

, Senior Member, IEEE, and Fan Zhang, Member, IEEE

and unequal junction temperature can lead to unbalanced current
among paralleled SiC MOSFETs [4]. The unbalanced current can
further result in unequal conduction and switching losses [5]. It
also challenges the stability and security of paralleled chips even
the whole system. Therefore, paralleled SiC MOSFETs tend to be
derated in operation [6]. In order to fully utilize the capacity of
each SiC MOSFET chip and improve the general reliability, it is
necessary to take measures to mitigate the unbalanced current
among paralleled SiC MOSFETs. The methods to suppress current
imbalance can be divided into two categories: active methods
and passive methods. First, there are some active methods for
current balancing. Some active gate drivers and current sensors
can form a closed loop to suppress current imbalance [6]-[9].
However, current sensors are too bulky to be integrated into
multichip power modules and the active drivers are generally
complicated and expensive. Second, there are some passive
methods. In [10]-[13], some magnetic components are inserted
into paralleled branches to enhance current sharing performance.
Several methods to achieve symmetric layout are proposed to
promote current sharing in [14]-[17]. Besides, the length of
bonding wires is adjusted to balance parasitic inductance for bet-
ter current sharing performance in [18]. However, it is difficult
to achieve absolutely symmetric layout and interconnections in
practice. Thus, the mechanism of current imbalance should be
analyzed to figure out the main factors affecting current sharing.
Then, the unbalanced current can be effectively suppressed by
mitigating the mismatches of major affecting factors.

Some research works have been done to investigate the effect
of various mismatches on current sharing. In [19] and [20], the
impact of mismatched device parameters on current sharing is
discussed. The results show that the ON-state resistance (Rqs)
and threshold voltage (Vi) can affect static and dynamic cur-
rent sharing, respectively. In [21], the influence of asymmetric
layout on current sharing of paralleled SiC MOSFETs is analyzed
for the first time. It reveals that the common source parasitic
inductance mismatches can cause dynamic current imbalance
but have little effect on static current sharing. It also suggests that
the mismatched drain parasitic inductance can result in unbal-
anced static current. However, all the discussions above are
based on the case without Kelvin-source connection.

Kelvin-source connection has been widely applied in par-
alleled SiC MOSFETSs to improve switching speed and reduce
switching losses [22]-[24]. The parasitic circuit models of a dou-
ble pulse tester for two paralleled SiC MOSFETs with and without
Kelvin-source connection are shown in Fig. 1. The parameters
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(b)

Fig. 1. Parasitic circuit models (a) without and (b) with Kelvin-source
connection.

TABLE I
PARAMETERS IN PARASITIC CIRCUIT MODELS

Symbols Parameters

Ve DC bus voltage

Ve Drive voltage

Ry Drive resistance

Chus Bus capacitance

Caec Decoupling capacitance

Loy Parasitic inductance on DC bus

Lioad Load inductance
Lai, Lo Drain parasitic inductance
Ly, Lo Power source parasitic inductance
Ly, Ly Gate parasitic inductance
Ly, L Drive source parasitic inductance
L., Lo Common source parasitic inductance

in the models are listed in Table I. It can be seen that the common
source parasitic inductance disappear, whereas power source and
drive source parasitic inductance appear when Kelvin-source
connection is introduced. The Kelvin-source connection can
greatly change the parasitic circuit models of paralleled SiC
MOSFETs. Thus, it is necessary to reconsider the effect of various
mismatches, such as inconsistent device parameters, asymmetric
layout, and unequal junction temperature, on current sharing
performance of paralleled SiC MOSFETs with Kelvin-source
connection.

The influence of inconsistent device parameters on current
sharing in the case with Kelvin-source connection has been
basically discussed in [10]. And this article focuses on the influ-
ences of asymmetric layout and unequal junction temperature on
current sharing of paralleled SiC MOSFETs with Kelvin-source
connection. The case with two paralleled SiC MOSFETs is dis-
cussed for clear illustration. And the parasitic circuit model is
shown in Fig. 1(b). Besides, there are some definitions in (1),
which can be applied to all variables mentioned in following
sections

Axr =21 — 29 0

r=2x1+ 2.
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Fig. 2. Qualitative current waveforms of SiC MOSFETs in most applications
with inductive load.
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Fig. 3. Static circuit models. (a) Initial and (b) simplified static circuit models.

The rest of this article is organized as follows. Section II
discusses about static current sharing. The static circuit model
is built up according to the operation region of SiC MOSFETS.
Based on the model, the mechanism of static current imbalance
is analyzed by mathematical methods. Then, the effect of asym-
metric layout and unequal junction temperature on static current
sharing is separately discussed. In Section III, dynamic current
sharing performance is investigated by a similar method. Then,
some experimental results are presented in Section IV to verify
the analysis in Sections II and III. Finally, the conclusion and
design guidelines are summarized in Section V.

II. STATIC CURRENT SHARING

There are few research works about static current sharing of
paralleled SiC MOSFETs on account of its self-balanced capa-
bility resulting from positively temperature-dependent ON-state
resistances [25], [26]. However, the ON-state resistances of SiC
MOSFETs are less sensitive to junction temperature compared to
Si MOSFETs [12]. Thus, the self-balanced capability of static
current for paralleled SiC MOSFETs is limited. Besides, the
mismatched parasitic inductance can also lead to static current
imbalance because the ON-state current is not constant during
conduction periods, as shown in Fig. 2. Thus, the static current
sharing of paralleled SiC MOSFETs should be investigated in
detail.

A. Static Circuit Model

The devices under test (DUTs) can be replaced by their ON-
state resistances (Rgs1 and Rgs2) during conduction periods,
and the freewheeling diode is reversely blocked. Besides, the
load inductor can be modeled as a current source. Thus, the
initial static circuit model is shown in Fig. 3(a). It can be further
transformed into Fig. 3(b) based on A-Y transformation, where
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Lysi, Ly g2, and Ly g3 are

I _ Ls1 (L1 + Lg2) _ (Ls + ALyg) Ly,
VO a4 Lo+ Lo+ Le 2(Ls + L)
I _ Lgo (L1 + Li2) _ (Ls — ALs) Ly,
YO T L+ Lo+ Lyn + Lis 2(Ls + L)

Lo Lo L _ LI-ALZ
YO T L+ Lo+ Lt + Ly 4(Ls+ Ly)

)

The simplified circuit model in Fig. 3(b) suggests that the
unbalanced static current depends on the difference between
branches 1 and 2.

B. Mathematical Analysis of Static Current Imbalance

Branches 1 and 2 in Fig. 3(b) satisfy Kirchhoff’s voltage law
(KVL), which can be expressed as

disdi disdz . S
ay o by ar + asigqr + baisaz = 0 3
where ay, by, as, and by are
a1 = Lq1 + Lys1
by = —Laz2 — Lys2 @)
az = Rys1
b2 = _Rd52~
According to (1), (3) can be rewritten as
di dAi )
ki 4 ky——2% 4 ARggisa + RasAisa =0 (5)
dt dt
where k; and ko are
AL,L
ki = ALy + ——2%
L+ Ly, (6)
Lst
ko =1L _—
2 d+ I+ Ls

Based on (5) and (6), the unbalanced static current can be
derived as

Aigg = GgsALs + GsqALg + GsrARgs (7
where G5, Ggq, and Ggp are
G — sLypisa
5 (sk2 + Rys) (Ls + Ly,)
By
Gog = ———8d 8
Sd (k2 + Ray) 3
15d
Gop=—— 51
Sk (Skz + Rds)

where s is the Laplace operator.
The coefficients G g5, G54, and G g can reflect the effect of
ALy, ALy, and ARy, on static current sharing, respectively.

C. Effect of Asymmetric Layout on Static Current Sharing

The asymmetric layout can lead to mismatched power source
and drain parasitic inductance. This can further result in un-
balanced static current according to (7). Assuming that there
is no junction temperature difference and device parameter
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mismatches for paralleled SiC MOSFETs, and based on (7) and
(8), Aigg with maximum amplitude can be expressed as

B Ly digg
Ras (Ls + Ly) dt
1 digg

— ——ALy,.
Rys dt d

ALy

AZ.Sd(rnaxfaump) =

€))

Considering that di g, /dt is positive in most applications with
inductive load (see Fig. 2), it can be deduced that

8AZ.Sd(max_amp) _ Lk digq <0
COAL; Rgs (Ls + L) % (10)
OAisdmaxamp) _ 1 aig, <0
ALy Rgs 4 '

Equation (10) indicates that the device with larger power
source and drain parasitic inductance will carry less static cur-
rent. In addition, there is

|Gsal _ Ls+ Ly 51
|GS' s| Lk
which suggests that the unbalanced static current caused by A Ly
is larger than that by equal A L.

In general, the mismatched power source and drain parasitic
inductance can lead to static current imbalance. The static cur-
rent tend to go through the device with less power source and
drain parasitic inductance. And the unbalanced static current is
more sensitive to the mismatched drain parasitic inductance than
the mismatched power source parasitic inductance.

(1)

D. Effect of Unequal Junction Temperature on Static
Current Sharing

By (7), it is clear that the unbalanced static current can be
caused by A Ry, and according to [27], the ON-state resistances
of SiC MOSFETs are affected by junction temperature. Hence, the
junction temperature difference (ATj;) can lead to mismatches
of ON-state resistances, which further affect the static current
sharing performance. Then, the influences of AT}; on static cur-
rent sharing are investigated from the thermal—electric coupling
perspective.

The curve of ON-state resistance versus junction temperature
is generally provided by manufacturers in the datasheet. Some
discrete data can be extracted from the curve. Then, the mathe-
matical relationship between ON-state resistance and junction
temperature can be obtained by curve fitting. Take the SiC
MOSFET C3MO0120100K as an example. The extracted data and
fitting curve are shown in Fig. 4.

The mathematical relationship between ON-state resistance
and junction temperature for DUT; (i = 1 or 2) can be expressed
as

Rasi = 115 + 0.06398T); + 0.0019177;. (12)

According to (1) and (12), there are
{ARds = (0.06398 + 0.00191T}) AT}

Rgs = 330 + 0.06398T7; + 0.00096Tj2 + 0.00096AT]-2.
13)
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Fig. 4. ON-state resistance versus junction temperature for C3M0120100K
with drive voltage of 18 V.

Assuming the layout is symmetric and according to (7),
(8), and (13), the unbalanced static current caused by unequal
junction temperature can be written as (14) shown at bottom of
the page.

Based on (14), Aigg with maximum amplitude is

AiSoi(mauxfamp)
(0.06398 4 0.001917T5) isq

330 + 0.06398T; + 0.00096Tj2 + O.OOOQGATj2 !

15)

Assuming 7; > 0 and AT} > 0 and according to (15), there
is
aAiSd(nIax_amp) <

GAT, 0. (16)

Equation (16) reveals that the unbalanced static current of
paralleled SiC MOSFETs with Kelvin-source connection is neg-
atively related to AT}. And the device with higher junction
temperature will carry less static current than the one with lower
junction temperature.

The unbalanced conduction losses due to unequal junction
temperature are also discussed. Assuming that the total conduc-
tion current of two paralleled devices is constant at / and the
layout is symmetric, the ON-state loss power can be expressed
as

IRisy \°

Rys1 + Rds2)
IRi  \°

Ras1 + Rd52> .

Accordingto (1) and (17), the mismatched ON-state loss power
can be derived as

PSl = Rdsl<
(17)

Psy = Rds2<

I? (AR3, — R2 ARy;)

APg = Pgy — Pga =
4R?

(18)
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In most applications, the junction temperature is limited by
the allowed maximum junction temperature in datasheets. Thus,
the junction temperature of DUTSs in this case should be lower
than 150 °C. Based on (13), it can be deduced that

3AR, — R3, < 0. (20)

Besides, when T); > 0 and AT} > 0, there are

OARgs
OAT;

a—Rds
sz > o

By (19)—(21), it can be deduced that

0APs
AT, <0. (22)

Equation (22) indicates that the mismatched ON-state losses
of paralleled SiC MOSFETs are negatively related to AT}.

In general, unbalanced static current and mismatched ON-state
losses of paralleled SiC MOSFETs with Kelvin-source connection
are negatively related to A7}, which is beneficial to current
sharing and junction temperature balancing.

>0

21

III. DYNAMIC CURRENT SHARING

A. Dynamic Circuit Model

The qualitative switching waveforms of DUT; (i = 1 or 2) are
shown in Fig. 5 [28]. The dynamic current imbalance mainly
occurs in the areas marked by shadow. During these periods,
SiC MOSFETS operate in saturation regions. Thus, they can be
modeled as current sources controlled by gate—source voltage

(0.06398 + 0.001917}) x 10 %igq

ska + (330 + 0.06398T; + 0.0009677 + 0.00096AT?) x 10~

AT; (14)
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(Vys). The load inductor clamped by freewheeling diodes can be
modeled as a current source paralleled with the parasitic capaci-
tance (C)). The drain—source parasitic capacitance (Cy;) of SiC
MOSFETs can be neglected according to [23], and the gate—source
parasitic capacitance (Cy,) and gate—drain parasitic capacitance
(Cya) behave dynamically as they are in parallel [29]. Based on
the above-mentioned analysis, the initial dynamic circuit model
is built up, as shown in Fig. 6, where the capacitance Cj; is
given by

Ciss = Cys + Cyq. (23)

Considering that the unbalanced dynamic current is mainly
related to the differential part of paralleled branches, the initial
dynamic circuit model can be simplified as Fig. 7. Then, it can
be seen that the drain parasitic inductances (L4 and Lg2) are in
series with current sources. Thus, L4; and Lgs can be neglected
because of the infinite impedance of current sources. Then, the
circuit in Fig. 7 can be further simplified as Fig. 8(a). According
to the saturation model of SiC MOSFETs, the current through the
two current sources can be expressed as

irar = 9(Vgs1 — Vin)”
ird2 = 9(Vgs2 — Vina)®

Vgsl > Vvthl

(24
Vng > ‘/th2 .

By Thevenin’s theorem, Fig. 8(a) can be transformed into
Fig. 8(b) and the voltage across the voltage source is given by

V =s(ira1Ls1 — irazLs2) - (25)

Further, the dynamic circuit model in Fig. 8(b) is equivalent to
Fig. 8(c) based on Norton’s theorem, where the current through
the current source can be written as

Vv _ tra1Lsy — irazlsa
S (le + LSQ) le + L32

1 /AL, . .
=3 ( Ls‘ i7g + AZTd) -

7 =

(26)

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 35, NO. 7, JULY 2020
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Fig. 8. Transformation of the differential part of the dynamic circuit model.

Applying A-Y transformation to the network circled by dash
line in Fig. 8(c), the circuit can be modified as Fig. 8(d), where
Lyr1, Lyra, and Ly g are

Lkl (le + LSZ) _ (Lk: + ALk:) Ls

v = T L v o+ Lra — 2(Ln + L)

Lypy = Lia (Ls1 + Ls2) _ (L — ALy) L
Lgi 4+ Lso+ L1 + Lo 2(Ls+ L)

Lygs = Ly Lo _ - AL? .
Lg+Lso+ Lgy + Lga  4(Ls+ Li)

27)

B. Mathematical Analysis of Unbalanced Dynamic Current

The circuit model in Fig. 8(d) satisfies KVL, which can be
expressed as

dirg1 . d(irg1 + 1)
Lgl dtg + RethTgl + Vgsl + LYTlilit
dli .
+ Lyrs 7(%910;_ izg2) =V, (28)
diTgo . d(ZT 2 — Z)
Ly dtg + ReoxtiTgy + Vys2 + LYTQ“ZZit
dli .
b Lypy ot +irg2) v,. (29)

dt
When (29) is subtracted by (28), we obtain

AL,L,
AL, + ———
(o 235 )
2L L,
Ls + Lk

LiL,
Lo+ —— | Ai
( + I. +Lk) 1Tg

z) + 2Rext Ay + 2AV,, = 0. (30)

By (1) and (24), the unbalanced drain current can be

expressed as

Airg = irar —iraz = g (Vgs — Vin) (AVys — AViy) . (31)
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According to (31), the unbalanced gate—source voltage can be
written as

Airg
g (Vgs - Vth)

Based on the characteristic of capacitance, the unbalanced
gate current is

AV = + AVip. (32)

Aigy = 5CissAVys. (33)

Take (32) into (33), then the unbalanced gate current can be
rewritten as
sciss Ade
g (Vgs - Vth)
Take (26), (32), and (34) into (30), the unbalanced drain
current can be derived as

Nipg = GTgALg + Gri AL, + GrsALg + Gry AV, (35)

AY:TQ = + SCissA‘/:ch' (34)

where Gy, Gri, Grs, and Gy are
s

GTg - _aiTg
G sbs
Tk = — 7 . 1 \!Tg
a(Ls+ L
i ( ot k). 36)
Ts — *mlﬁi
Gry = ——
o

where a and 3 are given by
s2C; (
iss L.+ LiL, )
9 (Vs = Ven) \79 0 Batln

s < QCisscht
g (Vgs - V:ch)

o =

2
+
L5+Lk) g(Vgs _Vvth)

LiL
= 52Clss | Lg + ——— | +25C; 2.
ﬁ S C’LSS ( g + Ls ¥ Lk) + SczssRext +

(37)

The coefficients Gy, G, Grs, and Gy can reflect the
effect of ALy, ALy, ALy, and AV, on dynamic current shar-
ing of paralleled SiC MOSFETs with Kelvin-source connection,
respectively.

C. Effect of Asymmetric Layout on Dynamic Current Sharing

By (35), it can be seen that ALy, ALy, and AL, can lead
to dynamic current imbalance. In practice, the current in the
power loop is much larger than that in the drive loop, which
suggests that

g > iTg. (38)
Then based on (36), there are
Grs G
(G| > |G| 9
|Grs| > |Gry .

Equation (39) suggests that the effect of AL, and ALy
on dynamic current sharing is negligible compared with ALj.
Then, the effect of AL, on dynamic current sharing is further
investigated in time domain. Aipy with maximum amplitude is
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extracted to evaluate the dynamic current sharing performance.
When |Airg| reaches its maximum value, we obtain

dAirg
dt

—0. (40)

Assuming that all the parameters are matched for paralleled
SiC MOSFETs except power source parasitic inductance and
according to (35)—(37) and (40), Aip4 with maximum amplitude
can be approximately expressed as

g (Vqs - Vth) Ly, dirq
2 (L + Ly) dt

AZ.Td(mabxfamp) ~ = ALs. 41)

The value of dipy/dt at turn-ON and turn-OFF transients can
be separately approximated as

i :
Son _ 1Td ~ 2Load
a Tt )
g - dira  _ iLoad
of T Tt ti s

where ir,,,q i the total current of two DUTs. By (41) and
(42), Ai7d(max_amp) at turn-ON and turn-OFF transients can be
separately expressed as

g (Vgs - ‘/th) LkiLoad
 2(Lp+ L)ty
9 (Vys — Vin) Liivoad

2(Ly+ L) ti g

AZ.Tol(10(1&;Lx7a11[1p)701(1 ~ ALS

(43)

ALg.

AiToi(mafoamp)foff ~

Then, there are

g (Vgs - ‘/th) LkiLoad

aAZ'Td(max_amp)_on ~ <0

OAL, 2(Lk+ Lg)ti_r
aAde(maxfamp)foff ~ g (Vg‘? - Vth) LkiLoad >0
OAL, Q(Lk +Ls)ti_f '
(44)

Equation (44) indicates that the turn-ON and turn-OFF unbal-
anced currents caused by the mismatched power source parasitic
inductance are opposite in polarity. Specifically, the SiC MOSFET
with larger power source parasitic inductance will carry less
turn-ON current but more turn-OFF current than the one with
smaller power source parasitic inductance.

D. Effect of Unequal Junction Temperature on Dynamic
Current Sharing

According to (35), AV, can affect the dynamic current
sharing performance, and the threshold voltage of SiC MOSFETs
is negatively temperature dependent [27]. Thus, the unequal
junction temperature can lead to threshold voltage mismatches,
which can further result in dynamic current imbalance.

Take the SiC MOSFET C3M0120100K as a case. Some discrete
data can be extracted from the curve of threshold voltage versus
junction temperature in the datasheet. Then, the mathematical
relationship between the threshold voltage and junction temper-
ature is obtained by curve fitting. The discrete date and fitting
curve are presented in Fig. 9.
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Fig. 9. Threshold voltage versus junction temperature for C3M0120100K.

The mathematical relationship between the threshold voltage
and junction temperature for DUT; (i = 1 or 2) can be expressed
as

Vini = 2.3029 — 0.00506T;. (45)

By (45), the mismatched threshold voltage can be derived as

AVinh = Vini — Vine = —0.00506AT}. (46)
Assuming that the layout is symmetric and according to (35)
and (46), the unbalanced dynamic current resulting from the
unequal junction temperature can be written as
Aipg = —0.00506G 7y AT). 47)
According to (36), (37), and (47), Aipy with maximum
amplitude resulting from the unequal junction temperature can
be expressed as

Ade(max_a,mp) = 0005069 (Vgs - ‘/;:h) ATJ (48)
Based on (48), it can be deduced that

8A ] max_am

oM dmaxamp) _ () 005069 (Vys — Vin) > 0. (49)

OAT;

Equation (49) reveals that the unbalanced dynamic current
of paralleled SiC MOSFETs with Kelvin-source connection is
positively related to ATj. Both turn-ON and turn-OFF currents
for the device with higher T; are larger than that for the device
with lower T}, which is a little different from the case with the
mismatched power source parasitic inductance.

Based on the above-mentioned analysis, the switching wave-
forms of paralleled SiC MOSFETs with different junction temper-
ature are qualitatively depicted in Fig. 10. Based on the wave-
forms, the unbalanced switching losses can be further discussed.

According to (48) and Fig. 5, Aipg with maximum amplitude
caused by AT} at turn-ON and turn-OFF transients can be further
written as

— Vin) AT}

Vin) AT
(50)

{Ade(maxamp)on ~ 0~005069(Vmgs(0n)
A7;Td(max_amp)_oﬂC ~ 0-005069(Vmgs(oﬁ') -
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Fig. 10. Qualitative switching waveforms of paralleled SiC MOSFETs with
unequal junction temperature at (a) turn-ON and (b) turn-OFF transients.

Based on Fig. 10, the unbalanced dynamic current on different
stages can be approximately expressed as

AiTd(1mauc7an1p)7om (

Nir(t) = t—t) (b <t<t)
Airg(t) ~ AZTd(mZ;mp)on (ts —t) (ta <t < t3)
Airg(t) ~ Ade(m;::mp)OH (t—tg) (ts <t < t5)
Nigg(t) ~ Ade(m:‘:mp)Oﬂ (t — ) (ts < t < tg).

(5D

According to [30], the mismatched drain—source voltage of

paralleled SiC MOSFETs due to unequal junction temperature can
be neglected. Then based on (1), we obtain

Vds

Vds1 =~ VUds2 = (52)
Then, the switching losses of paralleled SiC MOSFETs are

VaslTd1 d

ts VdsiTd1 .
Eonl = t12 sTdt"‘ \ft; D) t
ts VdsiTd2 t3 VdsiTd2
Eonz = t12 g2 dt + t: g2 at (53)
VsiTd1 te VdsiTd1
Eor1 = [° 5 At + I 5t
Vst Vst
Foy — ttf dstTd2 dt+f d52Td2 gt

By (50)—(53), the unbalanced switching losses can be derived
as

A-ET = (Eonl + Eoﬂl) - (E0n2 + Eoff2) ~ (kon + koff) AT]

(54)
where k., and kg are
kon = 0'005069(Vgs(max on) — Wh)
ftz Vs (t— tl)dt+ft3 ’Udb(tg t) dt

( t 2t1o ) (55)

kot = 0-005069(Vgs(max off) — Vvth)

« ( tt4 vd52:45t4)dt + fte vds2(tt:6 t) dt)
Based on (54) and (55), it can be deduced that
O0AFE

L% kon + kot > 0. (56)

OAT;
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Fig. 1. Experimental test rig. (a) Schematic diagram. (b) Top view of the test
board. (¢) Side view of the test board. (d) Bottom view of the test board. (e) Test
facilities.

Equation (56) indicates that the mismatched switching losses
are positively related to AT}, which could lead to thermal
runaway for paralleled SiC MOSFETs. To avoid the risk, the
mismatches of total loss power (AP;qta1) should be negatively
related to ATj, which can be expressed as

aA-Ptotal
OAT,

_ O(DAPs + fAEr) _
- OAT;

(57)

where D and f are duty ratio and switching frequency, respec-
tively.

By (57), the switching frequency of paralleled SiC MOSFETS
is limited by

(58)

0APs [/OAEp
f(max) = - .

OAT; | OAT,

When the practical switching frequency is larger than f(inax),
the mismatched total loss power could be positively related to
junction temperature difference. Then, there is a risk of thermal
runaway. Thus, itis better to limit the switching frequency within
f(max) for paralleled SiC MOSFETS.

7399

TABLE II
INITIAL PARASITIC INDUCTANCE

Parts Initial Value
Lai, Lay 20nH
Lq, Ly 20.61nH
L 1 L 20.78nH
Lkl, Lkz 19.95nH

6nH 89nH 12.3nH IS}nH 19.3nH
l\| h o

Fig. 12.  Ultramini square inductors from Coilcraft.

TABLE III
TEST CONDITIONS

Parameters Value
Vpe 400V
Ve, 18V
Chus 470uF (500V Electrolytic capacitors)
Lioad 120uH (Air-core inductor)
Clec 12uF (800V Film capacitors)
Rext 30Q

IV. EXPERIMENTAL VERIFICATIONS

A. Experimental Setup

The double pulse test workbench is established as is shown
in Fig. 11. The SiC MOSFETs, C3M0120100K, and SiC diodes,
C4D08120A, are employed as DUTs and freewheeling diodes,
respectively. The current probe TCP0020 (20 A/50 MHz) is
employed to detect the drain current of paralleled SiC MOS-
FETs. The ports Prq, Prs, Prg, and Pr, are left for inserting
external inductors, as shown in Fig. 11(a) and (d). The layout
is symmetrically designed and the initial parasitic inductance
due to the layout and device package is extracted as is shown in
Table II. Then, some ultramini square inductors from Coilcraft
are employed as inserted inductors, as seen in Fig. 12. The
inductance of inserted inductors varies from 6 to 19.3 nH, which
is reasonable in practice. The DUTSs are preselected by Agilent
1505 to avoid mismatches of device parameters. In this way, the
effect of asymmetric layout on current sharing performance can
be investigated. In order to investigate the influence of unequal
junction temperature on current sharing performance, the DUT;
is heated up by a heating plate to make the junction temperature
of paralleled DUTs different.

The specific test conditions are summarized in Table III. Both
static and dynamic currents of initial circuit are balanced, as
shown in Fig. 13.

B. Effect of Asymmetric Layout on Static Current Sharing

When the external inductor of 19.3 nH is successively inserted
in Prq, Prs, Pry, and Py, the overall current waveforms are
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Fig. 13.  Initial current waveforms of paralleled DUTs. (a) Overall, (b) turn-ON,

and (c) turn-OFF current waveforms.

shown in Fig. 14. It can be seen that the static current is unbal-
anced when the inductor is inserted in P4 and Py, whereas
the static current is still balanced when the inductor is inserted
in Pr4 and P . The results qualitatively indicate that ALg and
ALy can severely affect static current sharing, whereas AL, and
ALy have little effect on static current sharing performance.
Then, the effect of asymmetric layout is further investigated
by adjusting the inserted inductance. The static current sharing
performance is evaluated by the unbalanced static current when
the total load current is 30 A. The results are presented in
Fig. 15. The amplitude of unbalanced static current dramatically
increases with the inductance inserted in Py 4 or P . However,
the unbalanced static current is just around its initial value when
the inductors with different inductance value are inserted in Pz,
or Py . The results further verify that AL, and AL, can result
in static current imbalance, whereas AL, and ALy, can hardly
affect static current sharing. And the negative value of Aigy
means that the static current of DUT; is smaller than that of
DUT,, which verifies that the device with larger drain and power
source parasitic inductance will carry less static current. Besides,
the unbalanced static current caused by external inductors in
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Fig. 14.  Overall current waveforms when the inductor of 19.3 nH is inserted

in(a) Prq, (b) Prs, (¢) Prg, and (d) Pry.
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Fig. 15. Unbalanced static current caused by inserted inductors of various
inductance values in different ports when load current is 30 A.

P4 is larger than that by inductors of equal value in P 5, which
verifies that the unbalanced static current is more sensitive to
AL, than AL,. All the above-mentioned results are consistent
with the analysis in Section II.

C. Effect of Asymmetric Layout on Dynamic Current Sharing

The dynamic current waveforms at turn-ON and turn-OFF
transients are shown in Fig. 16 when the external inductor of
19.3 nH is successively inserted in Prq, Prs, Prg, and Pry.
The results show that the dynamic current is greatly unbalanced
when the external inductor is inserted in Py, and the dynamic
current sharing performance is hardly affected when the induc-
tors are inserted in Prq, Prg, or Pry. The results qualitatively
suggest that A L, can severely affect the dynamic current sharing
performance, whereas ALy, AL,, and ALy, have little effect
on dynamic current sharing. Besides, Fig. 16(b) shows that the
turn-OFF current of DUT] is larger than that of DUT9, whereas
the turn-ON current of DUT; is smaller than that of DUTS,.
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Fig. 16. Turn-OFF and turn-ON current waveforms when the inductor of

19.3 nH is inserted in (a) P14, (b) Prs, (¢) PLg, and (d) Pry.

It suggests that the device with larger power source parasitic
inductance will carry more turn-OFF current but less turn-ON
current.

The turn-ON and turn-OFF imbalanced currents are further
investigated by adjusting the inserted inductance. The unbal-
anced turn-ON and turn-OFF currents with maximum ampli-
tude, Ade(max_amp)_onand Ade(nlax_anlp)_ofh are Separately
extracted to evaluate the dynamic current sharing performance.
The results are described in Figs. 17 and 18. It can be seen
that the amplitudes of Ai7g(max_amp)_on Ad AiTg(max_amp)_off
dramatically increase with the inductance inserted into Pj.
However, when various inductors are inserted into Prg,
Prr, or Pr,, the amplitudes of Airgimax_amp) on and
Aird(max_amp)_off are almost equal to the initial value. The
results suggest that AL, can dominate unbalanced dynamic
current and the effect of ALg, ALy, and AL, on dynamic
current sharing can be neglected to some degree. Besides, the
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Fig. 17. Unbalanced turn-ON current with maximum amplitude caused by
inserted inductors of various inductance values in different ports when load

current is 30 A.
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Fig. 18. Unbalanced turn-OFF current with maximum amplitude caused by
inserted inductors of various inductance values in different ports when load
current is 30 A.

opposite polarities of Airg(max_amp)_on AN AiTg(max_amp)_off
indicate that the larger power source parasitic inductance can
result in smaller turn-ON current but larger turn-OFF current for
paralleled SiC MOSFETs with Kelvin-source connection. All the
above-mentioned results accord with the analysis in Section III.

D. Effect of Unequal Junction Temperature on Static and
Dynamic Current Sharing

Considering that it is difficult to directly detect the junction
temperature, the case temperature is measured to approximately
reflect the junction temperature. All the external inductors are
removed to guarantee that the layout is symmetric. Then, the
DUT,] is heated up by a heating plate to increase its case tem-
perature, whereas the case temperature of DUT, keeps constant
at ambient temperature. Then, the current waveforms with case
temperature difference (AT,) of 75 °C are shown in Fig. 19.
The results show that both static and dynamic currents are un-
balanced for paralleled chips with unequal junction temperature.
The DUT; carries smaller static current than DUT5. But both
turn-ON and turn-OFF currents of DUT; are larger than that of
DUTs;. It suggests that the unbalanced turn-ON and turn-OFF
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Fig. 19. Current waveforms with case temperature difference of 75 °C.
(a) Overall, (b) turn-ON, and (c) turn-OFF current waveforms.

currents caused by junction temperature difference are of the
same polarity. Specifically, both turn-ON and turn-OFF currents
are larger for the device with higher junction temperature.

Then, the unbalanced static and dynamic currents resulting
from unequal junction temperature are further investigated when
AT, varies from 15°C to 75°C.

The unbalanced static current at different AT, with load
current of 30 A is extracted in Fig. 20. The negative slope of
fitting curve indicates that the unbalanced static current is nega-
tively related to AT,. Then, the unbalanced ON-state loss power
(AP,) for paralleled DUTs is evaluated as well. The results are
presented in Fig. 21. It suggests that the mismatched ON-state
loss power is also negatively related to AT, which is beneficial
for current sharing and junction temperature balancing.

In Fig. 22, the unbalanced dynamic current with maximum
amplitude at various AT, is extracted when the load current
is 30 A. The results indicate that the mismatched turn-oN and
turn-OFF currents are positively related to AT.

The unbalanced switching losses at different AT, with load
current of 30 A are also evaluated. The results are shown in
Fig. 23. It can be seen that the unbalanced turn-ON and turn-OFF
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Fig. 20. Unbalanced static current for paralleled DUTs at various AT, with
load current of 30 A.
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Fig.21. Unbalanced ON-state loss power for paralleled DUTSs at various AT,
with load current of 30 A.
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Fig. 22.  Unbalanced dynamic current with maximum amplitude at various
AT, with load current of 30 A.
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Fig. 24. Total unbalanced loss power versus AT, at various switching fre-
quencies.

losses are positively related to AT, which is bad for current
sharing and junction temperature balancing.

Based on Figs. 21 and 23, the curves of total unbalanced loss
power APy versus AT, at various switching frequencies are
depicted in Fig. 24 when the duty ration is approximately equal
to 1. The results show that the mismatched total loss power
is negatively related to AT, when the switching frequnecy is
5 or 15 kHz. However, the unbalanced total loss power turns
to be positively related to AT, when the switching frequency
increases to 30 or 50 kHz. It suggests that there is a risk of
thermal runaway for paralleled SiC MOSFETs at high switching
frequency. All the above-mentioned results agree with the anal-
ysis in Section I1I.

V. CONCLUSION

This article comprehensively investigates the effect of asym-
metric layout and unequal junction temperature on static
and dynamic currents sharing performance of paralleled SiC
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MOSFETs with Kelvin-source connection by methods of
theoretical analysis and experimental verifications. And the
results are summarized as follows.

Both power source and drain parasitic inductance mismatches
can cause static current imbalance. The device with larger drain
and power source parasitic inductance always carries less static
current. And AL, can result in larger unbalanced static current
than equal A L. Dynamic current imbalance mainly results from
the mismatches of power source parasitic inductance, whereas
the mismatches of other parasitic inductance have little effect on
dynamic current sharing. The device with larger power source
parasitic inductance always carries less turn-ON but more turn-
OFF current than the one with smaller power source parasitic
inductance.

Unequal junction temperature can lead to unbalanced static
and dynamic current. The unbalanced static current and mis-
matched conduction losses are negatively related to AT},
whereas the unbalanced dynamic current and mismatched
switching losses are positively related to AT} for paralleled
SiC MOSFETs. And the positive relationship between AT} and
mismatched switching losses could lead to thermal runaway for
paralleled SiC MOSFETSs at high switching frequency.

Based on the above-mentioned results, there are some guide-
lines for layout design and application of paralleled SiC MOSFETS
with Kelvin-source connection.

To mitigate static and dynamic unbalanced currents resulting
from asymmetric layout, it is necessary to suppress both drain
and power source parasitic inductance mismatches. In multichip
power modules, the power source parasitic inductance mainly
results from bonding wires. Thus, it is a good way to miti-
gate AL, by adjusting bonding wires. The copper traces on
direct bonding copper (DBC) substrates are the main causes of
drain parasitic inductance. Therefore, the copper traces on DBC
should be carefully designed to mitigate the mismatches of drain
parasitic inductance.

To avoid the risk of thermal runaway for paralleled SiC
MOSFETs at high switching frequency, there are two potential
methods. First, the switching losses can be further reduced to
make the unbalanced total losses negatively related to AT} at
high switching frequency. This can be achieved by employing
lower drive resistances or active drive schemes. Second, the
thermal coupling among paralleled SiC MOSFET chips can be
strengthened to reduce the junction temperature difference. The
thermal coupling among dies in multichip power modules is
generally stronger than that among paralleled discrete chips.
Thus, the switching frequency of multichip power modules can
be higher than that of paralleled discrete devices.
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