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Dynamic Current Sharing Mechanism Analysis of
Paralleled SiC MOSFET's Considering Parasitic
Mutual Inductances Based on an Improved Model

Jianwei Lv ¥, Cai Chen

Abstract—The dynamic current imbalance between paralleled
SiC MOSFETs can cause unbalanced switching losses and limit the
current capacity. It is essential to investigate the influences of the
circuit parameters. However, the influences of the unbalanced par-
asitic mutual inductances and the influences of the common values
between the paralleled parameters are unclear. To address these is-
sues, an improved current sharing model is established considering
all the parasitic mutual inductances. Based on this model, it is found
that the influence degrees of the unbalanced power-drive source
mutual inductance (AMyy), the unbalanced drain-source mutual
inductance (AMg;) and the unbalanced power-source inductance
(ALy), the unbalanced power-gate mutual inductance (AM),
and the unbalanced threshold voltages (AV,y) increase in order.
The influence mechanisms of the unbalanced parasitic mutual
inductances are also analyzed. Moreover, the effects of the common
values between the paralleled parameters (Mg, Rgin, Mpg, My,
Mg, and L) are also investigated. Increasing M., Mg, and L or
decreasing My, and Mgy can help reduce the current imbalance.
Increasing Rg;,, can also decrease the unbalanced currents if AV,
is small. All conclusions are well verified by experiments, and their
contributions to the design of circuit layouts and current sharing
methods are discussed.

Index Terms—Dynamic current sharing mechanisms, dynamic
current sharing model, multichip SiC power modules, paralleled
SiC MOSFETSs, parasitic mutual inductances.

NOMENCLATURE

MOSFET Parameters
gm  MOSFET transconductance.

Vin  MOSFET threshold voltage.

Cyqg MOSFET drain-gate capacitance.
C,s  MOSFET gate-source capacitance.
Cgqs MOSFET drain-source capacitance.
Ciss MOSFET input capacitance.
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Circuit Parasitic Inductances

Lo Power-source self-inductance of the myy,
power-source branch.

Drain-source mutual inductance between
the myy, drain branch and the ny;, power-
source branch.

Drain-gate mutual inductance between the
myy, drain branch and the nyy, gate branch.
Power source-gate mutual inductance be-
tween the my;, power-source branch and the
nyp gate branch.

Drain-drive source mutual inductance be-
tween the my, drain branch and the ng,
drive-source branch.

Power source-drive source  mutual
inductance between the my;, power-source
branch and the »ny, drive-source
branch.

Gate-drive source mutual inductance be-
tween the my), gate branch and the nyy,
drive-source branch.

Power-gate mutual inductance between
the my power branch and the n, gate
branch.

Power-drive source mutual inductance be-
tween the my;, power branch and the nyy,
drive-source branch.

Mutual inductance between paralleled
power-source branches.

Mutual inductance between paralleled gate
branches.

Mutual inductance between paralleled
drive-source branches.

Differential and common parameters of
power-gate mutual inductances.
Differential and common parameters of
power-drive source mutual inductances.
Differential and common parameters of
drain-source mutual inductances.
Differential and common parameters of
power-source self-inductance and mutual
inductance

m,n=1,2.
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Voltage Sources in Driving Circuit

Avpg, vpe  Differential and common induced voltages in gate
branches.

Avpi, vpi  Differential and common induced voltages in drive-
source branches.

Avpsd Differential induced voltage in power-source
branches caused by drain-source mutual induc-
tances.

Avps s Differential induced voltage in power-source
branches caused by power-source self-inductance
and mutual inductance.

Vari Driving voltage.

Ie Current caused by Cqgdvgs/dr.

1. INTRODUCTION

UE to the high switching speed, high operating junction
D temperature, and high thermal conductivity, SiC MOSFETs
have been attracting more attention and are widely used in many
applications [1], [2], [3]. Limited by the manufacturability and
costs, the maximum current rating of SiC MOSFET dies is gener-
ally lower than 150 A [4]. So, SiC MOSFETs are paralleled in high-
power applications to improve the power rating [5]. However,
unbalanced static and dynamic currents between the paralleled
chips can cause unbalanced conduction and switching losses,
which cause unbalanced junction temperatures. The solder layer
of the chip with a higher junction temperature will degrade
earlier, increasing the thermal resistance of this chip. Then,
the junction temperature of this chip will be further increased,
shortening the device’s lifetime [6]. Moreover, the threshold
voltage of this chip will be lower, which will cause higher
switching currents and switching losses on this chip. The junc-
tion temperature will further increase, aggravating the problems.
Thus, it is necessary to balance static and dynamic currents. The
static current imbalance is caused by unbalanced conduction
resistances Rgson, and unbalanced parasitic parameters in the
paralleled branches [7], which is easier to address. However,
due to the complex switching transients, the unbalanced dynamic
currents are influenced by numerous circuit parameters, and the
mechanisms are complicated. In practical circuits, it is hard to
achieve completely symmetrical layouts. So, it is significant
to investigate the dynamic current sharing mechanisms under
the unsymmetrical circuit parameters to balance the dynamic
currents [7]. It can give researchers a clear insight into the
impacts of the various parameters to optimize circuit layouts
and present current balancing methods.

There are many works investigating the influences of unbal-
anced circuit parameters on dynamic current sharing in circuits
without Kelvin-source connections. In [8], [9], and [10], it is
found that unbalanced device parameters and parasitic induc-
tances can cause dynamic current imbalance. The influences are
explicitly investigated in [11], [12],[13], and [14]. Itis found that
the MOSFET with a lower Vy;, will bear higher dynamic currents
[11]. Moreover, the difference between the common source
inductances greatly influences dynamic current sharing [12],
[13]. In contrast, the difference between the drain inductances
has little effect [14]. The chip with a larger common source in-
ductance will bear lower turn-ON and higher turn-OFF currents. In
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order to increase the switching speed and decrease the coupling
between the power loop and the driving loop, Kelvin-source
connections are widely used in circuits with SiC MOSFETS [15],
[16]. In [17], the effects of the Kelvin-source connection are
investigated. It is found that it can help reduce the dynamic
current imbalance. Zeng et al. [18] investigated the influences
of unbalanced circuit layouts, by establishing the coefficients
that can reflect the dynamic current sharing performance. In [7],
the influences of unbalanced parasitic inductances and junction
temperatures are investigated. It is further concluded that un-
balanced power-source inductances and unbalanced threshold
voltages Vi, are the main factors causing unbalanced dynamic
currents. In contrast, unbalanced driving-loop and drain induc-
tances have little effect, similar to the circuits without Kelvin-
source connections. Based on the conclusions, Zhao et al. [19]
investigated the current sharing performances of circuits with
different power-source confluence points. The dynamic currents
can be most balanced when the confluence point is located at
the middle point of the paralleled chips. In [20], it is revealed
that unbalanced power-source inductances can cause unbalanced
source voltage potentials, inducing unbalanced gate currents,
and then causing unbalanced gate-source voltages and drain
currents. The above conclusions can be directly used to find
current balancing methods or design circuit layouts. However,
the parasitic mutual inductances induced by magnetic couples
are neglected, which can reduce the effectiveness of the existing
current balancing layouts and methods [21], [22]. To achieve
more effective current balancing layouts and methods, it is first
necessary to clearly analyze the effect degrees, effect directions,
and mechanisms of the unbalanced parasitic mutual induc-
tances. In [21], the current sharing performances of different
layouts are analyzed considering the mutual inductances be-
tween the drain and source branches. In [22], all the par-
asitic mutual inductances are considered. However, the mu-
tual inductances between branches of different MOSFETs are
assumed equal, and the paralleled dynamic currents are as-
sumed balanced, to obtain the criteria for balanced dynamic
currents. The influences of the unbalanced mutual inductances
have not been proved directly. The effect degrees of the un-
balanced parasitic self-inductance and mutual inductance have
not been compared and analyzed. The mechanisms by which
the unbalanced parasitic mutual inductances cause unbalanced
dynamic currents and the effect directions are also unclear.
Moreover, the common values of the circuit parameters also
influence the current sharing performance, which has not been
investigated.

To address the above issues and provide more guidance for
the current balancing design, this article further investigates the
dynamic current sharing mechanisms under parasitic mutual
inductances. The works and contributions of this article are as
follows.

1) A dynamic current sharing model is established, which
can reflect all the influences of the circuit parameters.
Compared to the existing models, the presented model
considers all the mutual inductances, decouples the in-
fluences of various unbalanced parameters, and clearly
reflects their effect degrees, effect directions and mech-
anisms. Besides, the feedback effect induced from Aig
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Fig. 1. Circuit model with two paralleled SiC MOSFETs.

through the common parameters Mg, My, Mqs, and L
are clearly revealed, so that the influences and mecha-
nisms of the common parameters can be clearly analyzed.
Moreover, the presented model provides an effective tool
for current sharing analysis and design considering the
parasitic mutual inductances.

2) Based on this model, the effect degrees of the parasitic
mutual inductances are analyzed. The current sharing
mechanisms and effect directions under the unbalanced
mutual inductances are concluded. Compared to existing
research, the influences of the unbalanced mutual induc-
tances are investigated for the first time. The conclusions
can provide more specific and explicit theoretical guidance
for PCB/DBC layout design.

3) Based on this model, the influences of the common param-
eters are investigated for the first time, which can guide
the investigations of current balancing methods.

4) To prove the contributions of this article in the current
sharing design, the model and conclusions are used to an-
alyze the current sharing performance of an actual layout,
and the layout optimizing methods are discussed. New
current sharing methods are also discussed based on the
influences of the common parameters. These contents can
guide future research on layout optimization and current
sharing methods using the theories of this article.

The rest of this article is organized as follows. In Section II,
the current sharing model considering the parasitic mutual in-
ductances is established to provide the analysis tool. The influ-
ence mechanisms and effect degrees of the unbalanced mutual
inductances are analyzed in Section III based on this model.
The influences of the common parameters are investigated as
well. In Section IV, experiments are conducted to verify the
conclusions. In Section V, the applications of the model and
conclusions into practical current sharing design are discussed.
Finally, Section VI concludes this article.

II. DYNAMIC CURRENT SHARING MODEL

A dynamic current sharing model considering all the para-
sitic parameters is established first in this Section. The typ-
ical DPT circuit model with two paralleled SiC MOSFETS is
shown in Fig. 1. The meanings of each circuit component are
shown in Table I. The dc link capacitors Cjix can also be
replaced by an RC branch or a composite structure of C and
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TABLE I
MEANINGS OF EACH CIRCUIT COMPONENT

Symbols Implications

Vbp DC bus voltage

Vi Driving voltage

Dl Freewheeling diode
Q1,Q2 Paralleled MOSFETs

Clink DC-link bulk capacitance

R, External gate resistance

Liink Parasitic bus inductance outside dc capacitors
Liusi Parasitic bus inductance inside dc capacitors
Lioad Load inductance

L, Gate inductance outside the paralleled gate branches

Lai, Lo MOSFETs paralleled drain parasitic inductances

Ly, Lo MOSFETs paralleled power-source parasitic inductances
Lgini, Leina MOSFETs paralleled gate parasitic inductances
Reint, Reimy Internal gate resistances

Ly, Lo MOSFETs paralleled drive-source parasitic inductances

RC branches. The self-inductance and mutual inductance of the
branches close to the MOSFETSs are equivalent to the paralleled
branches. The self-inductances are depicted by Lq1, La2, Ls1,
Lo, Lgin1, Lgin2, Li1, and Lio. The mutual inductances between
them are defined as follows: Mqmen (m = 1,2, n =1, 2) is the
drain-gate mutual inductance between the m;y, drain branch and
the Nth gate branch. Msmgru Mdmkna Msmkn, Mdmsna and Mgmkn
have similar definitions. M 4142 is the mutual inductance between
the paralleled drain branches. M52, Mg1g2, and Mo are the
mutual inductances between the paralleled power-source, gate,
and drive-source branches, respectively. The positive directions
of the magnetic couplings are defined as the red dots in Fig. 1.
When the currents on two branches are positive, if the magnetic
flux links strengthen each other, the mutual inductance value is
positive. If the magnetic flux links cancel each other, the mutual
inductance value is negative. For the busbar and external drive
branches that are far enough away, their magnetic couplings
with the paralleled branches can be neglected, and their line
inductances are defined as Link, Lyus1, and Lg. The following
assumptions and equivalences can be made during the current
commutation periods.

1) The MOSFETs work in the saturation region. The MOSFET
channels can be equivalent to the current sources i.;1 and
ich2, controlled by the gate-source voltages vgs1 and vggo,
which can be expressed as

ichl = gm(Ugsl - ‘/thl)
ichQ = gm(ngQ - M;hQ)

ey

Then, the circuit model can be equivalent to Fig. 2(a).

2) As for the power loop, during the current commutating
periods, the drain-source voltages v4s1 and v4s2 are mainly
borne by the drain-gate capacitances Cg4,. The series con-
nected gate-source capacitances Cgs can be considered a
short circuit. As for the driving loop, vgs1 and vgso can be
expressed as

Vgs1 = c1 f (igl + Cdg%)dt
Vgs2 = c1 f (ig? + Cdg%)dt

@)

where Cigs = Cgg + Cgs. The change of vy, is caused by
the charge and discharge of Ciss by the gate currents ig.
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Equivalent dynamic circuit models. (a) Circuit with equivalent MOS-

FET models. (b) Circuit with simplified MOSFET models. (c) Circuit with
equivalent power-source full-coupled inductors.

3)

Moreover, the effects of Cqgdvasi/dt and Cygdvaso/dt are
equivalent to the current sources i.; and i.o controlled by
vas1 and v4s2, which can be expressed as

el =

T2 =
Then, the circuit model can be equivalent to Fig. 2(b),
where Cogs = Cys + Cyg.

Suppose that vqs1 = vgse during the current commutating
periods. Then

_Cdgdvdsl /dt

Cpdvgen/dt )

“

el = 12 = ¢

Fig. 3.

4)

5)
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Simplified dynamic circuit model. (a) Power circuit. (b) Driving circuit.

and the currents on the two C,g are the same. Then

Aig = Aig, (5)
where
Aiq = iq1 — iq2
. . ; 6
{A%h = Tchl — %ch2 ( )

According to (1), (5), and (6), it can be further obtained
that

Aig = gm(A'Ugs - AV;h) @)

The circuit inside the red frame line in Fig. 2(b) has five
external connection points: s1,s1°,s2,s2’, and dc-. Taking
dc- as the zero potential point, the potentials of other
points can be expressed as (8) shown at the bottom of
the next page, Based on (8), the circuit model can be
equivalent to Fig. 2(c), where Ly and Ly are equivalent
to two full-coupled inductors. Then, the power loop and
driving loop can be separated. The values of Lg;; and
Ls1_2 are both equal to Lg;. The magnetic couplings of
Lg1.1 or Lyi_o with other branches are the same as that of
L. The same relationships go for Lgo 1, Lgo.2, and Lgo.
The voltage potentials of s1, s1°, s2, and s2’ still satisfy
(8).

Compared with the currents in the power loop, the currents
in the driving loop are much smaller. Then, the induced
voltages in the power loop generated by the driving-loop
currents through the mutual inductances are ignored. The
power loop in Fig. 2(c) can be simplified into Fig. 3(a),
where there are mutual inductances between Lq1, Lgo2,
Ls1.1, and Lgo 1. The induced voltages in the driving loop
generated by i4q; and iqo through the mutual inductances
are equivalent to controlled voltage sources. Then, the
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driving loop in Fig. 2(c) is simplified into Fig. 3(b), where
there are mutual inductances between Lgin1, Lgin2, Li1,
Li2, Lg1_2, and Lgo_5. Vg1 and vpgo represent the induced
voltages in the two gate branches through the power-gate
mutual inductances. vy and vpyo represent that in the
drive source branches. vpg1-q and vpsa_q represent the in-
duced voltages on Lg;_5 and Lgo 5 through the drain-source
mutual inductances. vp¢1-s and vpgo.s represent the induced
voltages on Ly1 o and Lgo o through the two full-coupled
inductors. The controlled voltages can be expressed as

I [diq1
Upgl} _ {Mplgl Mp2g1} Jrn ]
iq
| Ypg2 Mprge  Mpagz| |52
r di
Upkl } _ |:Mp1k1 Mp2k1:| |:dd%1]
iq
| Upk2 Mo Mp2k2_ . i )
3
Upsi—d| _ |Maist Mazs1| |5
= ds
| Ups2—d Marsz Maszsa| | <532
L L
Upsl—s _ le MslsQ déil
_Up527s Msls2 L82 %

where Mpmgn (m, n = 1, 2) represents the mutual induc-
tances between the my power branch and the ny}, gate
branch, which can be expressed as

Mpig1 = Maig1 + Mgig1
Mpog1 = Mazg1 + Mgt
Mp1g2 = Myig2 + M2
Mpago = Maoga + Mgogo

(10)

M 1k represents the mutual inductances between the my,
power branch and the nyy, drive-source branch, which can
be expressed as

My = Mana + Maa
Mo = Maak1 + Mgoxa an
Mpivo = Maixa + Mgixo
Mporo = Maoxa + Mgoxo

It can be concluded from (7) that Aiq is caused by Avgg
and AVyy,. So, the driving circuit in Fig. 3(b) should be first
analyzed to analyze Aiy. The driving circuit model contains all
the influences of the power circuit. Based on the driving circuit
model, the mathematical model is established.

A. Mathematical Model of Controlled Voltage Sources

For any paralleled parameters x; and x, the differential
parameter Ax and the common parameter x are defined in this
article as

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 39, NO. 6, JUNE 2024

Then, according to (9) and (12), the differential and common
controlled voltages can be derived as

_ dA’L did
Avpg = vpg1 — Upgz = Mg “37* + AMye 1 (13)
- Vpgl+VUpg2 M dig
pg 2 pg dt
— — de
A’Upk = Upkl — Upk2 = Mpk dt d 4+ AMpk O (14)
Vo = Upkl+Upk2 _ M' dig
pk — 2 — Upkodi
and
dA? di
Avps—q = Upsi—d — Vps2—d = Mas g7 + AMys "33 (15)
dA1 di
A’Upsfs = Upsl—s — Ups2—s = L dtd + AL&T?

where My, My, My, My, Mgs, and L are defined as
the common inductances between the paralleled branches, and
AMye, AMpk, AMgs, and AL are defined as the differential
inductances, which can be expressed as (A1)—(AS).

It is concluded in [20] that ALg can cause the voltage dif-
ference Avpss as shown in (15), inducing Avgs. However,
(13)—(15) indicate that differential mutual inductances AM,,,
AMpy, and AMgs can also cause voltage differences Avp,,
Avpi, and Avy,eq, inducing Av,g. Moreover, Aiq can in turn
cause unbalanced controlled voltages through the common in-
ductances My, , My, Mg, and L, introducing a feedback effect.

B. Mathematical Model of Driving Circuit

The equations of the circuit in Fig. 3(b) can be written as (A9).
Solving (12) and the Laplace transform of (A9), the equation of
AV can be derived as

AVy = GyAVpy + GrAVi + Go(AVig_q + AVig )

‘/dri I c
5Ciss

where AV, is the Laplace transform of Avge. AVye, AV
AVps-d, AVpss, Vpg, and Vi are the Laplace transforms of the
voltage sources. I, is the Laplace transform of i.. Vy,; is the
driving voltage. G, Gy, Gs, and AGgg are the transfer functions
and are given by (A10)—(A12).

According to (16), AV, can be caused by the unbalanced
controlled voltages. Moreover, AV, can also be caused by
AGyg, which is induced by the unbalanced parameters in the
driving circuit.

+

+ AGgs <%g + %k + (16)

C. Dynamic Current Sharing Model

The Laplace transforms of (7), (13)—(15), and (16) can be
expressed in block diagram form and shown in Fig. 4. AM,,,
AMpy, AMgs, ALy, AGyg, and AVyy, are the uneven factors, and
are marked inred. Considering the influences of each unbalanced

Ax =11 — 29 12) parameter separately, the model in Fig. 4 can be divided into

x = (x1+ 22)/2 the five parts shown in Fig. 5(a)—(e), where the structure of the

{Usl v = qu(dz‘n +dis )+Mdlsl AL+ Maos Zd? + Msls2(d d2 _ disy 4 Z\/[slgl =Ly M<1g2 22— M djﬁl — Msik2 d?? (8)
Vs2=vs2" = Lga( d:ﬂz - ‘Zf )+Mdls2 L+ Maoso (fiQ + Meis2(—3 & A4 f{f ) + Mgog1 Ti + MSQgQT — Msox1 (‘jt — Magyn & 2
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(e)

Fig. 5.

feedback function Gyq is shown in Fig. 5(f). Fig. 5(a)—(c) shows
that AMpe, AMpx, AMys, and ALg can induce the differential
voltages Avpg(int)» AVpk(int)s AVps-d(int)> and AV g(int), then
inducing Avgg(int), causing Aiqy. Fig. 5(d) shows that AV, can
induce Aiy directly. When the parameters of the driving circuit
are unbalanced, the nonzero AGgs can also induce Avgg(int),
causing Aiq, as shown in Fig. 5(e). As shown in Fig. 5(f), Aiq
in turn introduces feedback unbalanced controlled voltages by
Mg, My, Mg, and L, causing feedback Avgg(feq)-

Al ppg

Gy
diglds AV s,

AR

Alyam

()
AV pgeny

sMpg G,
A Vpk(fed)

_,|

v s
L
|

AV (teay

AVps-d(fed)
sMgs |—>| G
AVps-s(led)
L. |——>| G

®

Moreover, the equation of Aly can be derived from Fig. 5
as (17) shown at the bottom of this page, where G,’, Gi’, G¢’,
Gy, and AGy’ are the closed-loop transfer functions of the
gray boxes in Fig. 5(a)—(e), and are expressed as

! d ] ! d ]
Aly=G,L {AMpgdﬂ +GLL {AMpdetd}
/ diq diq » AV

G| L |AMg— L|AL—- G

v e eefanGi]) van
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+AG’gS(—£{M’ dﬂ +,c[ ’ dzd]

Pg Pk Q¢
Vi I
+ =+ = (17)
s 5Clss
G/ =G, - 9m
g & 1—gm(sMyGg+sMuGi+sMyGs+sLsGy)
;o ) Im
k — Gk 1—gm (s My G+ s Mp G +5 My Gs+sLs Gs)
a =G, - g
S S 1-gm(sMpgGg+sMpuGi+sMasGs+sLsGs)
I . I
th — 1 1=gm (s My Gg+s My Gy +s My Gs+sLsGy)
[A— . 9m
AGgS - AGgS 1—gm (s My Gg+sMp Gy +sMyGs+sLsG)
(18)

The effect degrees of the unbalanced circuit parameters and
the influences of the common parameters can be analyzed by the
closed-loop transfer function gains.

III. ANALYSIS OF CURRENT SHARING MECHANISMS

The current sharing mechanisms are analyzed in this section
based on the established model. It can be concluded from
Fig. 5(a)—(e) that the effect degrees of AMs, AMpyx, AMys,
ALg, AVyy,, and unbalanced driving parameters can be rep-
resented by the gains of G,’, Gi’, G, Gy, and AGg’, re-
spectively. By comparing the transfer function gains, the effect
degrees are compared. Moreover, the influences of the common
parameters (Mpg, Mpy, Mgs, Ls and the common parameters in
the driving loop) are also investigated by analyzing the changes
in the transfer function gains.

The parameter values of the test circuit board with symmet-
rical parameters are used, as shown in Table II. The MOSFET
parameters are obtained from the datasheet. The parasitic in-
ductances are obtained by Q3D simulations. The simulation
model is shown in Appendix C. The negative inductance values
are caused by the negative magnetic coupling between the two
branches under positive currents. The calculated differential
and common parameter values are shown in Table III, where
the differential values are almost zero. Based on the balanced
parameters, asymmetrical parameters are deliberately induced
to investigate the influences of the different parameters.

A. Effect Degrees and Mechanisms of Differential Parameters

Analyzing the influences of the unbalanced driving induc-
tances give
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TABLE II
PARAMETER VALUES OF THE TEST CIRCUIT
Parameter Value Parameter Value Parameter Value
Lai 52.0 nH M1 0.84 nH M 1.90 nH
Ldz 520 nH Mk1k2 267 nH MdlkZ -042 nH
L 29.6 nH Mais1 -6.39 nH M i -0.40 nH
Lsz 296 nH Mdlsz —252 nH Md2k2 191 nH
Lginl 42.8 nH Md2>] -2.50 nH Mslk] -4.22 nH
Lgin 423 nH Maps -6.36 nH Mo 0.57 nH
Lkl 406 nH Mdlgl 139 nH Mle 054 nH
Lkz 40.7 nH Mdng -0.33 nH MsZkZ -4.24 nH
My 6.83 nH Mg -0.35 nH L, 26.1 nH
Mgz 0.92 nH Mapg 1.36 nH Ciss 2.98 nF
Mngl 1.05 nH Mslgl -2.79 nH 8m 258
Mngz 684 nH Mglgz 041 nH Rgin 113 Q
Mdldz 16.5 nH MsZgl 0.44 nH Rg 20Q
MslsZ 4.62 nH M52 2 -2.75 nH
TABLE III
COMMON AND DIFFERENTIAL PARAMETER VALUES
Parameter M, My M Ly My,
Value/nH —1.48 —2.47 -3.87 25.0 —1.31
Parameter Mpk’ AM,, AM ¢ AM AL
Value/nH =2.18 0 0 0.01 0
1.2
1.0
0.8
S 06 S
0.4
0.2
AGy,
0.0 —
0 5 10 15 20 10 15 20
f/MHz f/MHz
(a) (b)

Fig. 6. Magnitude-frequency plots of (a) Gg, Gk, Gs, and AGgs and (b) G,
G, Gy, Gy, and AGgs’.

ALgin = Lgin1 — Lginz = 10 nH
ALy = Liq — Lo = 10 nH (19)
AMgy, = Mgip1 — Myogo = —1.6 nH

Then, the equations of G4, Gy, Gs, AGgy, and Ggeq are
calculated to the following equation: (20) shown at the bottom of
this page, where Gy.q induces a negative feedback for dAiq/dz.

Then, the amplitude-frequency curves of Gy, Gy, Gs, and
AGyg are shown in Fig. 6(a) and the curves of the closed-loop

(20)

—(1.0 + 1.529 x 10775 + 3.670 x 107 1052)
Gg = 15 23 32
1.0 + 1.865 x 10~ 7s 4+ 5.665 x 10~ 52 +3.535 x 10 %% +5.519 x 10
0.428 + 6.544 x 1078s + 1.571 x 1065
G = 15 23 32
1.0+ 1.865 x 107 "s 4+ 5.665 x 10~ 5% +3.535 % 10~ 333L5519>< 10~
o —(0.572 + 8.743 x 10785 4 2.099 x 10~
T 1.041.865 x 10775+ 5.665 x 10 1952 4+ 3.535 x 102353 4 5.519 x 107325
—5.079 x 101752
AG%g 15 23 32
1.0 + 1.865 x 10~ s+5665>< 101952 + 3.535 x 10~*s3 4 5.519 x 10~
o —5(1.164 x 10% 4+ 1.780 x 107'%5 4 4.272 x 1072*5?)
T 101 1.865 x 1075 + 5.665 x 10552 + 3.535 x 102353 + 5.519 x 10 325
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Fig. 7. Loop currents caused by unbalanced induced voltages during turn-
ON period when differential inductance values are positive. Red: Loop current
caused by Avg. Blue: Loop current caused by Avpy. Green: Loop current
caused by Avpg_g or Avpg q.

transfer functions G,’, Gi’, Gs’, Gyn’, and AGg are shown
in Fig. 6(b). The gains of G4, Gi, G, and -1 are much larger
than that of AGg,, making the gains of G,’, Gi’, Gs’, and Gy’
much larger than AGg’. According to Fig. 5(a)-(e), it can be
concluded that the main factors causing unbalanced dynamic
currents are AMpe, AMpy, AMgs, ALg, and AVyy, whereas the
influences of the unbalanced driving-loop inductances can be
neglected. Moreover, According to Fig. 6(a) and (b), the effect
degrees can be ranked as: AVy, > AM, > ALg and AM gy >
AM,y, which can be explained by its physical mechanisms:
1) AVy, directly causes Aiq through g, as depicted in (7).
But Avpg, Avpk, Avpes and Avy,g q induced by AM e, AM,
ALs and AMgs need to produce a Ai, through the circuit
impedances first, then Avy, and Aiq are produced. So, under
the same differential voltage values, AV;y, has the largest effect.
2) Fig. 7 shows the loop currents caused by the unbalanced
induced voltages, where the red current is caused by Avy,,, the
blue current is caused by Avpi and the green current is caused
by Avps.s or Avpsq. As for the influences of the unbalanced
parasitic inductances, Ay, directly works in the gate branches;
the induced Ai, and the corresponding Avgg are the largest.
Avps and Avp work in the power-source and drive-source
brances. Due to the shunting effect of the additional branches
paralleled with gate branches as shown in Fig. 7, Ai, and the
corresponding Av, in the gate branches are smaller. Moreover,
since the parasitic inductances in the drive-source branches are
larger than that in the power-source branches, currents under
Avy,s flow more easily into the gate branches than under Avpy,
making Ai, larger. So, the effect degrees of the differential
inductance values are ranked as AM,, > AL, and AMys >
AM.,.. Moreover, the following conclusions can be drawn.

1) As shown in Fig. 5(a)-(d), when the circuit parameters,
load current I),,q and switching time are constant, Aiq is
proportional to AMy,., AMpi, AMgs, ALg, and AVyy,.

2) Equation (20) shows that the steady-state gain of G is
negative. Then, it can be concluded from Fig. 5(a) that the
sign of Aig_apg i opposite to that of digq/df when AM .
> 0. It can be explained by Fig. 7 that during the turn-ON
period, vpe1 > Vpeo induces the red loop current, making
Ves1 < Vgs2 and g1 < ig2. The relationships are reversed
during the turn-OFF period. It means that the MOSFET with
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larger power-gate mutual inductances tends to carry lower
turn-ON and higher turn-OFF currents.

3) The steady-state gain of Gy is positive, as shown in (20). It
can be concluded from Fig. 5(b) that the signs of Aig.apk
and diq/dt are the same when AM,x > 0. During the turn-
ON period, the loop current induced by the larger v,i; and
smaller vpxo is shown by the blue path in Fig. 7, making
Vgs1 > Vgg2 and iq; > iqe. It means that the MOSFET with
larger power-drive source mutual inductances tends to bear
higher turn-ON and lower turn-OFF currents.

4) The steady-state gain of Gg is also negative, as shown in
(20). Then, it can be concluded from Fig. 5(c) that the
sign of Aig_aps is opposite to that of diq/df when AM
> 0. During the turn-ON period, the loop current caused
by the positive AM g is shown by the green path in Fig. 7,
making vgs1 < Vgg2. During the turn-OFF period, vge1 >
Vgs2. It reveals that the MOSFET with larger drain-source
mutual inductances tend to bear lower turn-ON and higher
turn-OFF currents. The mechanisms of AL are the same.

5) It can be concluded from Fig. 5(d) that Aig_an < 0 when
AViy > 0, which means that the MOSFET with larger
Vin tends to carry lower turn-ON and turn-OFF currents,
which can be directly explained by (7). Moreover, when
AViy, > 0, Aig < 0, positive Avgg(teq) Will be induced
by the negative feedback effect Gt.q, reducing the current
difference.

Table IV summarizes the relationships between the signs
of the differential parameter values and the induced Aigy. In
Table IV, “+” represents “positive,” whereas “-” represents
“negative.” For example, when AM,,, is 4, positive”, then the
caused Aiq is “-, negative” during turn-ON periods, and is “+,
positive” during turn-OFF periods.

B. Influences of Common Parameters

Fig. 5(a)-(d) shows that the gains of G;’, Gi’, and G’ are
determined by the gains of G4, Gy, and Gy, respectively, and are
influenced by the feedback function G.q. The gain of Gy’ is
only influenced by Geq. Increased |G|, |G|, and |G| can cause
increased |G,’|, |Gx’|, and |G|, respectively. Decreased |Gyeq]
can cause increased |G,’|, |Gx’|, |Gs’|, and |Gy ’|. The common
parameters can influence the gains of G, Gy, G, and Gyeq, then
influence the gains of G,’, Gi’, Gs’, and Gyy,’, and change the
effect degrees of the unbalanced parameters. So, the influences
of the common parameters can be analyzed by the changes in
the gains of the transfer functions.

1) Influences of My, To investigate the influences of gate-
drive source mutual inductance, the transfer function gains under
different values of M are calculated as shown in Fig. 8, where
Mg = (Mg1x1 + Mgoio)/2. As shown in Fig. 8(a), |G| is almost
unchanged under different M. It can be explained that My has
little influence on the total impedance of the red current path in
Fig. 7. Then, the gain of the transfer function G is not changed.
As shown in Fig. 8(b), the larger My, the larger |Gy|. It can be
explained that when My is increased, the blue current in Fig. 7
will flow more into the gate branches, inducing larger Av,,. As
shown in Fig. 8(c), the larger My, the lower |G|. This is because
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TABLE IV
RELATIONSHIPS BETWEEN SIGNS OF DIFFERENTIAL PARAMETERS AND INDUCED Af;,
Parameter AM,, AM, AMys
Sign + + - + -
Sign of Ai4 (turn oN) - + - - +
Sign of A4 (turn oFF) + - + + -
Parameter AL AV
Sign + + -
Sign of Ai4 (turn oN) - - +
Sign of Ai4 (turn OFF) + - +
= L Loaa
My=TnH My=9nH mesm My=11nH load  Tload
e /f,—=13nH w—11f,=15nH w—M=170H m
12 12 12 12 Lk Ly %
1 G, 1f Gy 1 G, 1f Greq L
0.8 0.8} 0.8 0.8}
50.6- 50.6 A/ngT 50.6 50.6- M
o4} 04\ ToaR M| Toat gﬁ .
0.2 0.2 0.2F - PN 02f f ¥ VDDCD -
b b b Wl .
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f/MHz f/MHz f/MHz f/MHz Coupled Coupled
(a) (b) () (d) Inductor Inductor,
50 50 50 50
10! 10 10 10R\ -
SEN - Mek? SH 5 SENGS
& 4 = \ Mal | = s M : Fig. 9.  Circuit with full-coupled inductors in each paralleled driving loop.
= 1k =i 1 N\« = 1 =L ok
0.5F 0.5F -1 0.5F 0.5F
Gy G Gy Gy’
M5 01520 Mo s 101520 “lo s 101520 o 5 1015 20 . SO -
Mz Mz Mz SMHz memm [=40nH  wemm [~80nH mmmm L,=160nH
(e ® (@ () 12 12 12 12
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Fig. 8. Magnitude-frequency plots of transfer functions (a). Gg, (b) Gy, 08 08} 08}
(©) Gs, (d) Gted, (e) Gg’, () Gx’, (2) G5’ and (h) Gyp,” under different values s oo s oo sos
of Mgk- = = = L
04} 04} Lot 04} :,oT

the impedance of the green current path in Fig. 7 is larger under
larger My, then inducing smaller Av,,. As shown in Fig. 8(d),
|Gtea| decreases with the increase of Mgy, which is caused by
the changing of |Gy| and |G|

Under the decreased |Gyedl, |G|, and |Gy, slightly increase
under larger Mgy, as shown in Fig. 8(e) and (h). |Gy’| is in-
creased more, as shown in Fig. 8(f), because the effects of
the increased |Gy | and decreased |Groq| prompt each other. As
shown in Fig. 8(g), |Gs’| is unchanged because the effects of
the decreased |G| and decreased |Greq| cancel each other out. It
can be concluded that when increasing My, such as reducing
the spacing between the gate and drive source branches, |Aig|
caused by AM,,, and AVyy, will be slightly increased, and [Aig|
caused by AM . will be largely increased, whereas |Aiq| caused
by ALg and AM s will be unchanged.

2) Influences of the Full-Coupled Inductors in the Driving
Loops: Itis proved that inserting full-coupled inductors in each
driving loop can help reduce the dynamic current difference and
the gate oscillation [23], [24]. The circuit is shown in Fig. 9.
Fig. 10 shows the transfer functions’ gains under the inductors’
different self-inductances. The changing tendencies and mecha-
nisms are almost the same as changing M., whereas the change
degrees are larger under the significant change of Ly. Moreover,
as shown in Fig. 10(g), |G,’| decreases with the increased Ly

0.2 02 :%E
% v
0 0

0 5 10 15 20

f/MHZ S/MHz
(c) ()]
50 50
10»\ h
S - yer——
Lot
1F
L F .SF
Gy Gy’
0.1 0.1 . 0.1 0.1 boametand
0 5 101520 0 5 1015 20 0 5 1015 20 0 5 10 15 20
//MHz S MHz S Mz JS/MHz
(e) (® (8) (h)

Fig. 10. Magnitude-frequency plots of transfer functions (a) Gg, (b) Gk,
(©) G, (d) Gred, (e) G, (D) Gi’, (2) Gs’, and (h) G¢n” under different values
of self-inductance Lq of inserted gate-loop full-coupled inductors.

caused by the more decreased |G| shown in Fig. 10(c). It can be
concluded that inserting full-coupled inductors can help reduce
the unbalanced currents caused by ALs; and AMgs, whereas
the unbalanced current caused by AM,s, AM,,i, and AVyy, will
be significantly increased.

3) Influences of Ry, The transfer function gains under
different values of Ry, are shown in Fig. 11. As shown in
Fig. 11(a)—(c), the gains of G, Gy, and G largely decrease
with the increased Rgin, which is caused by the increased
impedances of the gate branches. Then, the feedback effect is
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Fig. 11.  Magnitude-frequency plots of transfer functions (a) Gg, (b) Gk,
(¢) Gs, (d) Gtea, (e) Gg’, () Gx’, (2) Gs’, and (h) Gyy,’ under different values
of Rgin.
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Fig. 12.  Magnitude-frequency plots of transfer functions (a) Gg’, (b) Gyi’,
(c) Gs’, and (d) G¢n” under different values of Mp,g.

largely decreased, as shown in Fig. 11(d). The effect of decreased
|Gfeal is canceled by the decreased |G|, |G|, and |G|, making
|G¢’|, |Gx’|, and |G’| reduced. |Gy, | 1argely increases due to the
decreased |Greq|- It can be concluded that the larger Rgiy, the
lower |Aig| caused by AM ., AMy,i, AL, and AM g, the much
larger |Aiq| caused by AVi,. When AVy, is small, replacing
the external gate resistor R, with inside gate resistors Rgi, can
help reduce the dynamic current difference and dampen the
oscillation in the paralleled drive loops.

4) Influences of Mg, My, M g, and Lg: Mg, My, Mg, and
L influence the gain of Gy.q directly, as shown in Fig. 5(f). With
larger M, lower M, or larger M4, the negative feedback effect
is enhanced, making |G,’|, |Gi’|, |Gs’|, and |Gy ’| significantly
reduced, as shown in Figs. 12-14. The effect of M, is larger
than M, and Mg, due to the larger gain of Gg.

Significantly increasing Ls also helps increase the negative
feedback effect, as shown in Fig. 15(d), making |G,’[, |Gs’|, and
|Gy1’| reduced, as shown in Fig. 15(e), (g), and (h). However,
when increasing Ls, due to the increase of the impedance in
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Fig. 13.  Magnitude-frequency plots of transfer functions (a) G, (b) Gx’,
(c) Gs’, and (d) Gy’ under different values of M.
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Fig. 14.  Magnitude-frequency plots of transfer functions (a) G¢’, (b) Gy’,
(¢) Gg’, and (d) G’ under different values of Mys.
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Fig. 15. Magnitude-frequency plots of transfer functions (a) Gg, (b) Gk,

(¢) Gs, (d) Gtea, (e) Gy, (f) Gx’, (2) Gs’, and (h) Gyy,’ under different values
of Lg.

power-source branches, the blue current caused by Avpy will
flow more into the gate branches as shown in Fig. 7, |Gy| will
be increased, making |Gy’| unchanged, as shown in Fig. 15(b)
and (f).

It can be concluded that the current imbalance can be reduced
by increasing M, and M4, or decreasing M. Under the same
parameter changes, the effect of M, is the largest, caused by
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the largest gain of G,. A large value of L¢ can also help reduce
the current imbalance caused by AM e, ALs, AMgs, and AVyy,,
whereas the current imbalance caused by AM,y is not changed.
Changing M,; and M, will induce a couple between the power
loop and driving loop, and increasing M5 and Lg will induce a
larger power-loop inductance, which requires much attention.

Based on the analyses of the physical mechanisms, it can be
concluded that the influences and mechanisms are determined
by the impedance structure of the circuit. The conclusions are
unrelated to the bus voltage and load current. And they still
hold under different gate resistances and parasitic parameter
values of different circuits. To clearly investigate the current
sharing mechanisms, the circuit with two paralleled devices is
used to analyze. When more devices are paralleled, the physical
mechanisms remain unchanged, and the conclusions remain
valid.

IV. EXPERIMENTAL VERIFICATIONS

In this section, double pulse tests under different circuit
parameter values are conducted to verify the current sharing
conclusions using the test circuit shown in Fig. 16(a) and (b).
The test board is a symmetrical structure. Two SiC MOSFETs,
C3M0025065K from Cree, are paralleled as the device under
tests (DUTSs), and a SiC Schottky diode, GD60MPS06H from
Gene SiC, is used as the freewheeling diode. There are solder
pads in each branch connected to the MOSFETs, where two
air-core solenoidal inductors or windings of air-core coupled
inductors are soldered, as shown in Fig. 16(c) and (d). The
parameters of the inductors and coupled inductors are changed
to control the differential and common inductance values. Then,
the influences of different parameters can be verified. Except for
the parameter being investigated, other parameters are controlled
unchanged and consistent between different tests. Two 10 €2
resistors are added to the two paralleled gate branches as shown
in Fig. 16(c). Adding the internal gate resistance of the MOSFETs,
the total Ry, is 11.3 €. The equivalent circuit of the test rig is
shown in Fig. 16(e), where the soldered air-core inductors are
highlighted in blue color to clearly depict the connection loca-
tions. The parasitic inductances of the PCB wires are highlighted
in red color. Moreover, the purpose of using a PCB circuit is to
easily change and control the inductance values to verify the
conclusions, which is rather difficult in a power module with
a DBC circuit. However, the conclusions are also applicable to
power modules.

The test setup is shown in Fig. 16(f). iq; and 42 are measured
on the terminals of the MOSFETs using two 120 A/30 MHz
Rogowski coils. vg1 and vggo are measured on the MOSFETSs’ gate
and drive-source terminals using two 400 V/500 MHz voltage
probes. ig; and igo are measured on the two 10 ) gate resistors
using two 50 V/25 MHZ differential probes. The testing dc bus
voltage Vpp and load current /j,,q are 350 V/100 A. Since the
inductors will induce a large loop parasitic inductance, causing
large switching overvoltages, oscillations, and even false turn-
ON, influencing the circuit stability and security, and influencing
the current difference measurement. So, relatively large gate
resistances R, = 20 ) are used to ensure the stability of the
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Fig. 17.  Air-core uncoupled and coupled solenoidal inductors. (a) Uncoupled

inductors. (b) Coupled coaxial inductors. (c) Full-coupled coaxial inductors with
different radii. (d) Full-coupled coaxial inductors with different turn numbers.
The units of radii r, r1, and ro are mm.

circuit and clean waveforms. Although the gate resistance is
relatively large, the current rise time #, and fall time #; are 66 ns
and 34 ns, respectively, which are reasonable. The experiments
under the conditions can well achieve the verification purpose.

The air-core inductors to control the self-inductances are
shown in Fig. 17(a), consisting of a top coil and two bottom
leads. The inductance of the top coil can be expressed as

I — M 1)

8(r+d/2) + 11l

where r is the internal radius of the coil, d is the wire diameter,
[ is the axial width, and r is the turn number [25]. Keeping d
= (0.7 mm and [ = n-d, the inductance values of the inductors
are adjusted by changing r and n. The inductance values of the
inductors are obtained by Q3D simulations, which are accurate
enough [22]. In the simulations, the lead wires are added with
the same length and shape as that of the actual inductors.

The coupled inductors to control the mutual inductances are
shown in Fig. 17(b), where polyamide plastic cylinders are used
as the inductor skeletons, which are hard enough to provide
good support for the coils. The mutual inductance between two
coaxial coils is expressed as

Ho 1 .- =
=— —dly - dl
Wj{lfizR b

where 11 is the vacuum permeability, ¢ and c5 are the current

(22)

paths of the two coils, d/; and d /5 are two differential space
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TABLE V
STATIC PARAMETERS OF USED SIC MOSFETS
No. of MOSFETS 1 2 3 4
Rison/mQ 24.21 2421 25.35 26.58
Va/V 5.835 5.843 6.246 6.620

vectors on the two paths, respectively, and R is the distance
between d [ ; and d [ 5, which can be expressed as

R = \/T12 + 192 + D? — 21179 cos(p1 — o) (23)

where r; and ro are the radii of the two coils, D is the axial
distance between the two coils, and ¢, and @5 are the angles of
dl; and dI; relative to the central axis, respectively [26]. Keeping
r1 =r9 = 1.75 mm and keeping the turn numbers of the two coils
fixed, the mutual inductance values are adjusted by changing
the coil distance D. The signs of the mutual inductances are
controlled by the coupling direction. The mutual inductance
values are also obtained by Q3D simulations. The full-coupled
inductors inserted into the driving loop are shown in Fig. 17(c)
and (d). The self-inductances Lq of the coils are adjusted by
changing the turn numbers and radii.

To control the MOSFET parameter and investigate the influ-
ences of AVip, Rason, and Vi, of several MOSFETS are measured
using Agilent B1505A and its N1265 UHC (ultrahigh current)
fixture [27], [28]. When measuring R json, the MOSFET channel is
turned ON by giving a 15-V driving signal. Then, the correspond-
ing vqs under 50 A iy is measured. Then, R4so, can be obtained
by Rgson = Vds/iq- When measuring Vi), a constant vgs = 20 V
is given, and igq under gradually increased v, are measured. Vi,
is vgs when iq reaches the given value. The voltage and current
measurement resolutions can reach 1 x 10V and 5 x 10* A,
respectively, fully meeting the test requirements. The parameters
of the four MOSFETs used are shown in Table V. MOSFET 1 and
MOSEET 2 are used as the DUTs with AVi,,~0. MOSFET 1 and
MOSEFET 3 are used as the DUTs with AV, = 0.411 V. MOSFET
1 and MOSFET 4 are used as the DUTs with AV, = 0.785 V.

A. Verification of Influences of Differential Parameters

The turn-ON and turn-OFF waveforms under the unbalanced
gate and drive source inductances are shown in Fig. 18(a). The
waveforms under unbalanced M,y are shown in Fig. 18(b). The
waveforms of iq; and iqs overlap. Itis proved that the unbalanced
parasitic inductances in the driving loop have little influence on
dynamic current sharing.

The experimental waveforms under the nonzero AM,,,
AMpy,, AMgs, ALy, and AVyy, are shown in Figs. 19-23,
respectively. It is proved that AM,,, AMp, AMgys, ALs and
AV, can cause unbalanced dynamic currents. As shown in
Fig. 19, when AM,,, > 0, during the turn-ON period, iy; <
igo due to the positive Avy,,, making veg1 < vgeo and ig; <
iq2. Reversely, ig1 > ig0, Vgs1 > Vgs2 and iqq > igo, during the
turn-OFF period. As shown in Fig. 20, when AMp > 0, during
the turn-ON period, iy1 > iz due to the positive Avy, making
Ves1 > Vgso and iqq > igo. Reversely, ig1 <ig2,Vgs1 < Vgs2 andiq;
< iq2, during the turn-OFF period. It is shown in Figs. 21 and 22
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Fig. 18. Experimental turn-ON and turn-OFF current waveforms. (a) Wave-

forms when ALgin, = ALy = 17.0 nH. (b) Waveforms when AMy = 16.1 nH.
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Fig. 19. Experimental waveforms when AMp; = 9.7 nH. (a) Turn-ON

waveforms. (b) Turn-OFF waveforms.

that when AMgs or ALg > 0, ig1 < ig2 due to the positive Avpg g
or Avp, ¢ during the turn-ON period, making vge1 < Vgs2 and iq;
<iqa. Reversely, ig1 > ig2, Ves1 > Vgs2 and iqy > iqo, during the
turn-OFF period. The iy difference under AM,y is smaller than
that under AMy, or AL;. However, the measured Av,, under
AMy is larger. This is because vgs1 and vgeo are measured on
the terminals of the MOSFETs. The waveforms include voltage
drops on the parasitic inductances and gate resistances inside
the MOSFETs. The voltages on the internal parasitic inductances
and resistances make the measured Avg, under AMp, much
larger than the actual signal and larger than that under AM g
and ALg. As shown in Fig. 23, when AVyy, > 0, iq; < iq2 during
the turn-ON and turn-OFF periods. Moreover, due to the negative
feedback effect, ig; > igo and vgs1 > Vvggo during the current
commutating periods. The difference between vgs; and vggo is
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Fig. 20. Experimental waveforms when AMpx = 9.7 nH. (a) Turn-ON
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Fig. 21.  Experimental waveforms when AMgs = 12 nH. (a) Turn-ON wave-

forms. (b) Turn-OFF waveforms.

relatively small. It is because the voltages on the MOSFET internal
parasitic inductances and resistances cancel some measured Vg
differences.

Maximum |Aiq| under different values of AMp,, AM,y,
AMygs, ALg, and AVyy, are depicted in Fig. 24. Since the unit of
AV, is different from that of the unbalanced inductance values,
the effect degree of AVy;, cannot be compared to other factors
directly. The following consideration is taken: Taking AM,, as
an example, the influence source AVpg(int) in Fig. 5(a) caused
by AM,, is equal to AVyy/s in Fig. 5(d) when (24) is satisfied.

AVi = AM,ydig/dt 24)
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Fig.22. Experimental waveforms when ALg = 10.6 nH. (a) Turn-ON wave-
forms. (b) Turn-OFF waveforms.
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Fig. 23. Experimental waveforms when AV, = 0.785 V. (a) Turn-ON

waveforms. (b) Turn-OFF waveforms.

where

did/dt = Iload/tsw

and 14y, 1S the current rise or fall time. Then, the effect degrees of
AVy, and AM,,, can be compared through |Aig(max)|, which
can be concluded from Fig. 5(a) and (d). The scales of the
top and bottom axis in Fig. 23 are adjusted and correspond by
(24). Then, the effect degrees of the differential parameters can
be ranked as: AVy, > AM,, > ALg and AMys > AMpk. In
Fig. 24(a), the difference between the turn-ON |Aig(max)| under
AV, and AM,,, is not obvious. This is because the turn-ON
time (66 ns) is almost twice the turn-OFF time (34 ns), making
the equivalent frequency of turn-ON currents lower. The gains of

(25)
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Fig. 24.  Maximum |Aiq| under different values of AMpe, AMpy, AMys,
ALg, and AViy. (a) Turn-ON |Aig(max)]. (b) Turn-OFF |Aiq(max)l-

Gy’ and G~ are close in the low-frequency region, as shown
in Fig. 6(b), making the turn-ON |[Aig(max)| under AV, and
AM,,, close. Moreover, another reason is that there are also
some measurement errors.

All the results are consistent with the conclusions drawn by
the theoretical analysis in Section III.

B. Verifications of Influences of Common Parameters

The influences of Mgy, are shownin Fig. 25. With the increased
Mgy, |Aiq| caused by AM,,, and AVyy, are slightly increased.
|Aig| caused by AMpy is increased more. [Aiq| caused by AM s
and AL are almost unchanged. For example, during the turn-ON
period with 100 A l5aq, Wwhen My increases from 6.8 nH to
17.2 nH, |Aig(max)| caused by AM,,, and AV, is increased
by 20.5% and 19.9%, respectively. [Aiq(max)| caused by AM
is increased by 61.7%, whereas the change of |Aiq| caused by
AMgs and AL are only 0.9% and 1.6%, respectively.

The influences of the inserted full-coupled inductors in the
driving loop are shown in Fig. 26. |Aig4| caused by AM,,,
AM, and AV, are increased with the increased Ly, whereas
|Aig| caused by AMg, and AL, are reduced. During the turn-ON
period with 100A /j44, When Lg increases from 5 nH to 160 nH,
|Aid(max)| caused by AMy,, AMyy, and AVyy, are increased
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by 29.6%, 85.2%, and 30.1%, respectively, whereas |Aig(max)|
caused by AMgs and AL are decreased by 74.2% and 32.2%,
respectively.

The influences of Ry, are shown in Fig. 27. |Aig| caused by
AMy,e, AMpy, AMgs, and AL are reduced with the increased
Rgin, Whereas |Aig| caused by AVyy, is significantly increased.
During the turn-ON period with 100 A [15,4, When Ry, increases
from 3.3 Qt051.3 Q, |Aig(max)|caused by AM g, AMpy, AM s,
and AL are decreased by 35.9%, 34.4%, 45.6%, and 30.1%,
respectively, whereas |Aig(max)| caused by AVyy, is increased
by 79.2%.

The influences of M, are shown in Fig. 28. With the increased
Mg, |Aig| caused by the unbalanced parameters are all largely
decreased. During the turn-ON period with 100A 1;,,4, When
M, increases from -10nH to 3nH, |Aig(max)| caused by AM,,g,

AMpi, AMgs, AL, and AVyy, are decreased by 66.7%, 97.1%,
82.3%, 70.5%, and 86.8%, respectively.

The influences of My are shown in Fig. 29. With the in-
creased My, |Aig| caused by the unbalanced parameters are
all increased. During the turn-ON period with 100 A I),,4, when
M, increases from -10 nH to 3 nH, | Aig(max)| caused by AM,,g,
AMpy, AMqys, AL, and AVyy, are increased by 37.8%, 48.8%,
38.1%, 31.4%, and 44.8%, respectively.

The influences of My are shown in Fig. 30. With the increased
My, |Aig| are largely decreased. During the turn-ON period
with 100 A a4, Wwhen Mg increases from -10 nH to 3 nH,
|Aid(max)| caused by AMy,, AMpx, AMgs, ALg, and AVyy,
are decreased by 45.8%, 81.3%, 81.5%, 56.0%, and 74.4%,
respectively. Moreover, it can be concluded that the effect of
M, is larger than M, and M.
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The influences of Lg are shown in Fig. 31. With the increased
L, |Aig| caused by AM e, AMgs, AL, and AVyy, are largely de-
creased, whereas |Aiq| caused by AM,y is almost not changed.
During the turn-ON period with 100 A I;,,4, When Ly increases
from 12 nH to 43 nH, |Aig(max)| caused by AM ., AMqq, AL,
and AVyy, are decreased by 82.8%, 105.7%, 83.4%, and 105.3%,
respectively, whereas the change of [Aiq(max)| caused by AM
is only 0.5%.

The influences of the common parameters are consistent with
the analysis in Section III. The conclusions are well verified.

V. DISCUSSIONS OF CURRENT BALANCING DESIGN

In practical circuits, the parameters complexly affect together.
The contributions to Aiyq and the effect directions of the un-
balanced parameters are inconsistent. In this section, to further

describe the contributions of this article in actual current balanc-
ing design, the current sharing performance and the optimizing
methods in practical circuit layouts are preliminarily discussed
based on the proposed model and the conclusions. Moreover,
new current balancing methods are discussed based on the in-
fluences of the common parameters. These contents can provide
guidance for future research on layout optimization and current
sharing methods.

A. Analysis of a Practical Circuit Layout

The power module with a conventional layout and two par-
alleled SiC MOSFETSs is used for preliminary analysis, as shown
in Fig. 32. The SiC chips are ROHM S4601 (1200 V/120 A,
Rason = 11 mQ, Ciss = 7.87 nF, g,,, =47 S). When the low-side
MOSFETs work as the main switches and the high-side MOSFETS
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Fig. 32.  Power module with unbalanced layout.
TABLE VI
PARAMETER VALUES OF THE POWER MODULE
Parameter \;ilge Parameter \;ilge Parameter \;ilge
Ldl-L’ 15.2 Mdle-L, 14.5 Mslgl-L 2
LdZ-L’ 18.5 MslsZ-L 7.08 Msng-L 0.62
Ly 7.29 Mg 19.1 ML 6.25
LsZ-L 1496 MklkZ-L 179 MsZgZ-L 19
Lgini-L 31.2 Masi1’ -3.17 Mg’ -0.54
Lgino1. 20.2 My’ —4.06 Mo’ -0.31
Ly 29.7 Mo’ —4.58 Mo’ -5.20
Lot 18.4 Maps1 —8.78 Moot —-1.40
My 17.5 Magi’ —-1.01 M 1.76
Mg 117 Mag1’ —-0.49 Mo 0.5
Mg2k|.L 12.3 MngI-L’ -5.59 Mszkl-L 5.98
Mo 10.9 Moot —1.80 Moo 1.59

work as the freewheeling diodes, the DPT circuit model is shown
in Fig. 33(a), where the black parts are the components of the
power module, the blue parts are the components of the outside
circuits. Supposing the voltages on the freewheeling diodes
are equal, the diodes can be moved outside the paralleled
branches. The connecting point of Lj,,q is also moved with
the diodes from ac to outside the paralleled branches. Then,
combining the parasitic inductances from dc+ to the drains of
LQ1 and LQ2, the circuit can be equivalent to Fig. 33(b), which
is the same as Fig. 1. The parameters in Fig. 33(b) can be directly
obtained by Q3D simulation by shorting the high-side MOSFETS,
setting Sinks on the module terminals and setting Sources on the
electrodes of the low-side MOSFETs. The parameter values are
shown in Table VI, and the calculated common and differential
parameter values are shown in Table VII.

Fig. 33.

(b)

DPT circuit models of the power module. (a) Original circuit model.

(b) Equivalent circuit model.

TABLE VII
COMMON AND DIFFERENTIAL PARAMETER VALUES

Parameter Myt Myt My, Lyi My
Value /nH 0.15 0.22 —1.66 4.03 0.94
Parameter Myer AMpe1. AMyr AMgo 1 ALgy
Value /nH 1.19 1.42 1.62 5.1 -7.6
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Considering the influences of the unbalanced layout and
neglecting the influences of the unbalanced driving-loop induc-
tances, (17) can be rewritten as

Aly = (AMuG) + AMuGi + (AMg, + AL,)G, )

e[t e ] o

It can be concluded by (26) that the Aiy contributions of
AMye, AMpy, and AMgs + ALg can be analyzed and com-
pared by the gains of AM,G,’, AM,Gy’, and (AMgys +
AL)Gy’. The total Aigq can be represented by the gain of Gy
= AM,:Gy'+ AMp Gy’ + (AMys + ALG)Gy . Based on the
parameter values in Tables VI and VII, the gains of G,’, Gy,
Gy, Gyn’, and AGygs’ are shown in Fig. 34(a), and the gains
of AM,,G,’, AMLGy’, and (AMgs + AL)G’ are shown in
Fig. 34(b). It can be concluded from Fig. 34(b) that AM,,, and
AM,y can cause the same level of unbalanced current as AM g
+ AL. Therefore, AM,,, AMp, AMgs, and ALg are all the
dominant factors causing unbalanced current.

1) The absolute values of ALs and AMg are the largest, as
shown in Table VII, but their signs are opposite, making
ALs + AMys = —2.5 nH.

2) AM,, is 1.42 nH. The direction of the caused Aiq is oppo-
site to that of ALy + AMgs, according to the conclusions
of this article. Due to the larger |G|, Aiq caused by the
smaller AM,,, almost completely cancels that caused by
ALs + AMys, as shown by the blue and green curves in
Fig. 34(b).
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3) AMpy is 1.62 nH. The direction of its caused Aiq is the
same as that of AL + AMge, promoting the generation
of Aid .

4) The gain of Gy is shown in Fig. 34(c), which is almost
coincident with AM, Gy .

In circuits with more paralleled devices, the Aiy contribution
between any two of the paralleled devices can be analyzed with
a similar analysis, which will be investigated in detail in future
work.

B. Discussions of Layout Optimization

The dynamic current can be balanced by using absolutely
symmetrical layouts. However, this method requires changing
the terminal structures and locations, and even using a circular
layout [19], which leads to extra production costs and waste of
material and space. Considering the applicability, it is significant
to optimize the unsymmetrical layout based on the original
terminals and the circuit shapes. The conclusions of this article
can provide theoretical guidance for layout optimization, and the
presented model provides an effective tool. In practical layout
design, besides the power-source inductances, the drain-source
mutual inductances, power-gate mutual inductances, and power-
drive source mutual inductances also need to be considered.
By adjusting the unbalanced parameters through layout opti-
mization, the effects can be adjusted to cancel each other out,
making Giol = AMpeGy'+ AMp G’ + (AMgs + ALG)GY’
smallest. Then, the dynamic currents can be balanced. The mu-
tual inductances AM,,, and AMp can be adjusted by modifying
the driving copper layers’ locations, layouts and widths, or by
adjusting their distances from the power coppers. ALs + AMgg
can be adjusted by modifying the spacings and widths of the
power copper layers. Moreover, in DBC circuits, AL, can also
be adjusted by changing the lengths and connection points of
the power bonding wires. AM,, and AMpy can be adjusted by
changing the connection points of the driving bonding wires.
In PCB circuits with middle and large power ratings, paralleled
discrete SiC MOSFETS are also usually used to enlarge the current
capacity. The imbalanced currents can also induce unbalanced
losses and junction temperatures, and there is also a demand
to balance the dynamic currents [11]. In PCB circuits, AMgyg
can be changed by directly coupling the drain and power-source
traces by PCB wiring, and AM,,, and AM,, can be adjusted by
coupling the driving and the power traces. Moreover, this article
finds that the dynamic current imbalance can also be reduced
by increasing Ls, Mgy, and My, or decreasing Mpy. These
parameters can also be directly adjusted by inducing magnetic
couplings through PCB wiring.

The low-side layout of the power module in Fig. 32 is prelimi-
narily optimized here as an example. AM,, can completely com-
pensate for the effect of ALs + AMys. However, the presence of
1.39 nH AM i can still produce a large Aiq. Increasing AM s,
decreasing AM,, and decreasing the absolute value of AL +
AMygs can all decrease |Gyo)|, reducing the current imbalance.
Since |G| is larger than |Gy’| and |G|, adjusting AM,,, is the
most effective. The locations of gate and drive-source coppers
are exchanged, and the distance between gate and power copper
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Fig. 36. Comparison of the layouts before and after optimizing. (a) Gains of

Gy, Gx’,and Gg’. (b) Gains of AM,¢Gg’, AM Gy’ and (AMgs + ALs)Gs’
of the optimized layout. (c) Gains of Gto1. (d) Turn-ON waveforms (Vpp =
600V, hoaq = 150 A, R; =4 Q).

layers is reduced, as shown by the red coppers in Fig. 35.
Then, AM,,, is increased to 1.77 nH, AM, is decreased to
1.31 nH, and AMg4s + ALy is not changed due to the unchanged
power layout. Then, the dynamic current differences can be
reduced. The gains of G,’, Gy’, and G’ before and after the
optimization are shown in Fig. 36(a). It can be seen that the
gains are almost not changed by the layout optimization. The
gains of AM,,G,’, AMyGy’, and (AMgs + ALy)G,’ after
optimization are shown in Fig. 36(b). Due to the unchanged
AMygs + AL, [(AMgs + ALG)G,’| is unchanged compared to
Fig. 34(b). Under the increased AM,,s, |[AMp, G| is increased,
enlarging its cancel effect on Aiq. Under the reduced AM,y,
|AM,Gy’| is decreased, and its contribution to Aiq is reduced.
Then, |Gy01| can be significantly reduced, as shown in Fig. 36(c),
and the maximum turn-ON current difference can be reduced
by 67.7%, from 29.7 to 9.6 A, as shown in Fig. 36(d). Under
the same condition, the switching losses before and after the
optimization are shown in Table VIII, where E; is the losses
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TABLE VIII
COMPARISON OF SWITCHING LOSSES BEFORE AND AFTER OPTIMIZATION

Layout E;/u) E>/ul AE/u) Eo/ ul AE/ Eqye
Nonoptimized 1189.8 996.2 193.5 1093.0 17.7%
Optimized 1143.5 1075.3 68.2 1109.4 6.1%

of LQI, E5 is the losses of LQ2, E,.. = (E1 + E3)/2 is the
average losses, and AE = E;-E5 is the unbalanced losses. The
unbalanced losses are reduced from 193.5 uJ to 68.2 uJ by
the layout optimization. And the unbalanced degree is reduced
from 17.7% to 6.1%. On this basis, if AM, and AM can
be further optimized in more effective ways (such as changing
the connection points of the drive bonding wires and increasing
the distance of the drive-source copper), or if |ALg| is further
decreased (such as by changing the length and connection points
of power-source bonding wires), the current imbalance can be
further reduced or even eliminated.

The optimal layout in circuits with more paralleled devices
will be investigated in future works.

C. Discussions of New Current Balancing Methods

The dynamic current imbalance can also be reduced by in-
creasing Lg, My, and My, or decreasing Mpy. The common
parameters can be easily adjusted by inserting coupled induc-
tors into the circuit. For example, in [29], Lg is increased by
connecting a full-coupled inductor in the power-source branches
to reduce the influence of AVyy,. In PCB circuits, they can also
be adjusted by directly coupling the circuit lines.

It is found that inserting full-coupled inductors in the driving
loops cannot reduce the unbalanced currents caused by AM,,,
and AMpy. If additional coupling is induced in the paralleled
gate branches to suppress Ai, caused by AM,,, and AM,, the
currents can be more balanced.

VI. CONCLUSION

This article further investigates dynamic current sharing
mechanisms considering the parasitic mutual inductances to
provide more detailed guidance for circuit layout design and
current sharing method design.

A dynamic current sharing model considering all the mu-
tual inductances is established. Based on the model, the effect
degrees and mechanisms of the unbalanced parameters are
compared and analyzed. The main factors causing unbalanced
dynamic currents are AMp, AMpy, AMas, ALg, and AVyy,,
where the effect degrees can be ranked as: AVyy, > AM,, > AL
and AMgys > AM,x. Moreover, the MOSFET with larger power-
gate mutual inductances, smaller power-drive source mutual
inductances, larger drain-source mutual inductances, or larger
power-source inductances tends to bear lower turn-ON currents
and higher turn-OFF currents, which are caused by the induced
voltages in the driving circuit. The MOSFET with a larger Vi,
tends to bear lower turn-ON and turn-OFF currents. The proposed
model and the conclusions can guide the design of PCB/DBC
layouts.
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The influences of the common parameters between paralleled
branches are also investigated, which can guide the investiga-
tions of current balancing methods. The conclusions are sum-
marized as follows.

1) When increasing My, |Aiq| caused by AM,,, and AVyy,
will be slightly increased, and |Aig4| caused by AM, will
be largely increased, whereas |Aiqg| caused by ALg and
AM s will be unchanged.

2) Inserting full-coupled inductors in the driving loops can
help reduce the unbalanced dynamic currents caused by
AL and AM g, whereas the unbalanced currents caused
by AMpe, AMpy and AV, will be largely increased.
So, when inserting full-coupled inductors, much attention
must be paid to AM,,, AMi and AVyy,.

3) The larger Ry, the lower |Aig| caused by AM,q, AM,,
AL, and AMy, the much larger |Aig| caused by AVyy,.
When AVyy, is small, replacing the external gate resistor R,
withinside gate resistors R, can help reduce the dynamic
current difference, which can also dampen the oscillation
in the paralleled drive loops.

4) Increasing M,, and Mg or decreasing M, can reduce the
current imbalance. Under the same parameter changes, the
effect of My, is the largest. A large value of Lg can also
help reduce the current imbalance caused by AM,,,, AL,
AMys, and AVyy,. However, changing M, and M, will
induce a couple between the power loop and driving loop,
and increasing Mg and Lg will induce a larger power-loop
inductance, which requires much attention.

Finally, the contributions of the current sharing model and
conclusions in practical current sharing design are discussed.
When designing a practical circuit layout, the gains and effect
directions of AM,.G,’, AMyGy’, and (AMgs + ALg)G’
can be analyzed based on the proposed model. The optimizing
guidance of AM,, and AM,, and AM4, and ALg can be sum-
marized, making the gain of Gy, = AM;G,"+ AMp Gy’ +
(AMgs + ALS)Gy’ smallest. The unbalanced parameters can
be adjusted by modifying the positions, layouts, widths, and
spacings of the copper traces, or by modifying the connection
points and lengths of the bonding wires. Moreover, new current
balancing methods can be investigated based on the influences
of the common parameters. By inserting coupled inductors into
the circuit or directly coupling the circuit wires, the common
parameters Lg, Mys, My, and My can be easily adjusted. The
optimal layout design with more paralleled MOSFETSs considering
all the effects and the new current sharing methods will be
investigated in the future.

APPENDIX
A. Expressions of Common and Differential Inductances

The common and differential power-gate mutual inductances
can be expressed as

M. =

_ Mpgi+Mpgo
Mpg - 2

! Mx/vg1+Mx/)g'2

2
(A1)
AMpg = Mygy — Mg
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where
M;;gl = Mplgl + Mp1g2
Mg = Myago + Mpog (A2)

Mpg1 = Mp1g1 — Mpig2
Mpgo = Mpaga — Mpag:.

The common and differential power-drive source mutual in-
ductances can be expressed as

, M, M
— pkl pk2
Mle = B P2
My = Mpri+Mpk2 (A3)
pk = 2
AMpe = Mpxi — Mo
where
!
M, = Mpia + Mpixe
!
Mpk2 = p2k2 + Mp2k1 (A4)

M1 = Mpixi — Mpixe
Mpko = Mpoxo — My -

The common and differential drain-source mutual induc-
tances can be expressed as

My = Mdsl-QFMdg
s A5
{AMds = Mgas1 — Mas2 (A5)
where
Mas1 = Ma1s1 — Mais2
A6
{Mdsz = Mazs2 — Mazs1 (A6)

The common and differential power-source inductances can
be expressed as follows:

_ Ly +Ly,
{LS 2 / (A7)
ALs =L, — L,
where
L/sl = le - Msls2
{LLQ = Ls2 - Msls2 (AS)

B. Equations of Driving Circuit

The circuit equations of the driving circuit in Fig. 3(b) can be
written as follows: (A9) shown at the bottom of the next page.

The transfer functions G, Gy, G, and AGg, are given by
(A10),

bo + b18 + b282

ag + a1s + azs? + ass3 + as st
b3 + b48 + b582

ag + a1s + axs? + aszsd + azst
_ bg + brs + bgs>

s a0+als+a232+c21353 + ayst
ng
AGg =

Gy =

Gy

(A10)

aop 4+ a15 + as8? + azs3 + agst

where by—bg and ag—ay are given by (A11) and (A12) shown at
the bottom of the next page.
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C. Simulation Model of Test Circuit

The circuit parameters used in theoretical analysis, as shown
in Table II, are the values of the test circuit shown in Fig. 16 with
soldered symmetrical inductors. The parameter values are ob-
tained by Q3D simulation. First, the 3-D model of the test circuit
without soldered inductors is established in Q3D. The magnetic
couplings from the driving board and the circuit outside the
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de-link RC can be neglected. Then the parasitic inductances in
Table II can be obtained by simulating the local circuit shown in
Fig. 37(a)—(d). The freewheeling diode is set as a short circuit,
the positive side of dc-link RC is set as Sink, and the drain elec-
trodes of the MOSFETs are set as Sources. Then, the drain Net is
obtained, as shown in Fig. 37(a). The negative side of dc-link RC
is set as Sink, and the power-source electrodes of the MOSFETS

V;lri = Upgl — Upkl + Lginl% + Rginigl + Vgs1 + Lkl dlkl + Lg at + R 'Lg + Mgng dt - Mglkldé% - Mg1k2 djilf
+ Mg 9 — Mngl%i - Mgﬂdd—é’?1 - Mg2k1% + My %2 — Ma 9 + Mo 3

Vi = Vpg2 — Vpk2 + Lginzdfi—iz + Rginlge + Vgs2 + L2 7 dzkz + Lg (11t + Rgig + Mgng ddt - Mg2k1 dé% — Moo dé‘f
+ Mo % — MngQ% - Mgled(Q—il - Mgsz% + Mo 38 — Mo 9 + Mok S

Upket F Vpsi—s + Vpsi—d — D 988 4 Loy S 4 Myppq B 4 Miopg 22— My B2
+ My S — Ms2k1% + Ms1g1% + Mslg2% — Ms1ia dﬁ‘;l — Mgy L2 s1s2 Se

= Upk2 + Upsz—s + Upsa—d — Lo 2 — Lo 3l Mgiier 2et & + Moo %2 E2 — My 31

+ Moo % — Moo 95 + Mngl% + MngQ% — Mg 4 — Mo 982 + M0 92
Vgs1 = i f(; (ig1 — ic)dt
Vgs2 = i f(f (igg — ic)dt

11 + ke = ig

ig = lg1 + g2

lgl = 111 + s

(A9)
bo = — (L, + Ly + L)
bl = CISS Lkl + Lk2 + Lg (2R + Rgm)
! ! ! ! ! ! ! ! ! !
by = —0.5C, Liina Ly + LganL/k2 + ALY L + Lo L + Lig Ly + Lig Ly + 4L; (L + Lig + LY) + Ly (Lig + Lig + L)
S\ —4L Mgie — 2L, Mgy — Mg1k2 =2 (2L}, + L, — Mgix2) Mgai1 — Mg2i1®
bg = (L — Mgixo — Mgax1)
by = Cig (L, — Mg1x2 — Mgok1) (2Rg + Rygin) )
be = 0.5C (4L/ LL+ Ly L + Ly L + Lo (=L + Liy + L, — 2Mgix2) — 4L Mgz — 2L’k21Mg1k2 — 2L, Mgyx2 + Mgixa +>
° - L’gml (Lkl Liy + L —2Mgor1) —2 (2L, + Li, + L, — 3Mg1x2) Myor1 + Mg2ia
bg = —Ljy — Ljy — Mgixa — Mgara
by = —Ciss (Liy + Ly + Mgir2 + Mgor1) (2Rg + Rein)
be = _C <2L' 1 Lo ( — Liy Mgy )— Mg1k222"l' Liing (L + Mgiz) = (Liy +2Mgixa) Mgoia + 2L (L + i + Mgixe + Mgowa)
A ALy (L +M 2k1) — Mgok1
gin1 (Lk2 g g
by = Ciss LidL/s + lezL,s - L/ginl (Li(l + Li& + Ls ) I+ Lgmz (Lid + Li(z + L/s) + 2LL1Mg1k2 + Mglk22 - QLLZMEZM - Mg2k12) (Al 1)
ag = (Liy + Li, + L)
a1 = 2C (Lkl + Ly, + L) (Rg + Ryin)
4z = Cry  FinoLier + Ligna Lica 2Lk Liea + Ligino L + iy L + Lip L + 2L (Liy + Ly + LL) + Ly (Lo + Liea + L)
S\ =2L | Mg1xa — Mgik2? — 2L} o Mgow1 — Mo ? + 2Ci (L), + L}, + L) RgRyin + Ciss (Lk1 + L), + L) Rgm

(L Li + Li,LL+ (2L, — Mg1k2 Mgoy1) (Mgixz + Mg2k1)) R + Lgml (Lkl + Li, + L’) (Rg + Rgm)
az = Ci% | + (LQQL/ + 21/ (L 1 + Lo+ Ls) 4+ Liy (2L}, + L, 2Mglk2) — Mgixa? — 2L}y Mgai1 — Mgox1 ) Ryin

+Lg1n2 (Lkl + L ) (R + Rgm)

! ! ! ! !

Liin Lyina Liy + Lglnl gin2 Lo + Lgin1 Lici Lo + Liina Ly Lo + Liginn Liina Lt + Lo Ly L + Ly Lip L+

ag = 2 | Dlaliall = 2L0ms Lig Meke — Lgin2Mglk2 - LklMg1k2 = LiMg12® — 2 (L/g1x11L£(2 + (L = Mgnea) Mgtz ) Myoial
’ Li L+ Li, L+ L (L + L, + LL) + Lo (L + Li, + LL) )
(L. )% L. —2M. M. 2 L k1's gml k1 k2 gin2 k1 k2 s
( zint T Lo L g1k2) s2i1” + Ly < +2L/5Mg1k2 — Mgixo? + 2L, Mgor1 — 2Mgixo Mgor1 — Mg211

where
Ly =Lg+ Mgiga + Myix2
Lgin1 = Lgin1 — Mgig2 — Mgix1 + (Ms1g1 — Ma2g1) — (Ms1kc1 — Mgok1)
Lgin2 = Lgina — Mg1g2 — Mgoxs — (Ms1g2 — Msaga) + (Msike — Msakz) (A12)
Lyi = Ly — Myaxe — Mgixa — (Msig1 — Ms2g1) + (Msix1 — Meaxa)

Ly2 = L2 — Myaxa — Mgara — (Mgsika — Mgaka) + (Ms1g2 — Mgag2)

Lg = Lg1 + Lsa — 2Mg152 + Mgix1 + Mgoke — (Ms1g2 — Mg2ga) — (Mgsike — Mgoka) + (Ms1g1 — Mgag1) + (Msix1 — Msak1) -
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Clinkl

Fig. 37. Simulation setups and equivalent circuit. (a) Drain net. (b) Power-
source net. (c) Gate net. (d) Drive-source net. (e) Equivalent circuit.

are set as Sources. Then, the power-source Net is obtained, as
shown in Fig. 37(b). The gate terminal is set as Sink, and the gate
electrodes of the MOSFETs are set as Sources. Then, the gate Net
can be obtained as shown in Fig. 37(c). The drive-source terminal
is set as Sink, and the drive-source electrodes of the MOSFETS are
set as Sources. Then, the drive-source Net is shown in Fig. 37(d).

7557

Pin Probe of
42941A

Tested air-core
inductor

Fig. 38.  Test setup of the air-core inductors.

TABLE IX
COMPARISON OF MEASURED AND SIMULATED INDUCTANCES OF
AIR-CORE INDUCTORS

Inductor parameters Exp e;l}rln ent/ simu%?i](:))n nH Error
n=1,r=1.75mm 7.93 7.74 24 %
n=1,r=25mm 13.38 12.93 3.4 %
n=2,r=175mm 19.12 19.45 1.7%
n=2,r=25mm 29.45 30.47 3.5%

The partial inductance matrix is calculated based on these setups,
where the board self-inductance and mutual inductance can be
obtained. Since the positive directions of the branches in the
simulation are not the same as the definitions in Fig. 1, the signs
of the simulated mutual inductances are corrected. Finally, the
self-inductance and mutual inductance in Table II are obtained
by adding the soldered inductors, where the inductances of the
inductors are also obtained by Q3D simulation. The equivalent
circuit of the simulation model is shown in Fig. 37(e).

To verify the accuracy and validity of the Q3D simulation
model, we tested the inductance values of several air-core in-
ductors and branches of the PCB test circuit for comparison.
The tested inductance values are obtained by Agilent 4294A
Impedance Analyzer, which can provide high precision. The
test setup of the air-core inductors is shown in Fig. 38. The
inductances are measured directly on the two terminals. 42941 A
Impedance Probe and its pin probe are used to guarantee ac-
curacy, which are carefully calibrated and compensated. Four
inductors with different parameters are tested. The measured
and simulated parasitic inductances under 5 MHz are compared,
as shown in Table IX. The errors between the measured and
simulated values are all within 4%. When testing the PCB test
circuit, since it is impossible to mount the probe on the internal
dies of the TO-247 MOSFETs, only the inductances of the PCB
are measured. Due to the limited distance between the two pins
of the probe, only the four partial branches shown in Fig. 38
are measured, including the partial drain path DP, the partial
power-source path SP, the partial gate path GP, and the partial
drive-source path KP. The air-core inductors are soldered on the
back side of the PCB to facilitate measurement, which are not
depicted in Fig. 39. In the drain, gate, or drive-source branches,
onen=1,r=1.75mmandonen =2, r=1.75 mm inductors are
soldered. In the power-source branch, twon = 1, r = 1.75 mm
inductors are connected. Moreover, to eliminate the influences
of the paralleled paths, the MOSFETSs are removed from the PCB.
The tested and Q3D simulated results under S MHz are compared
as shown in Table X, where the errors are all within 8%. Since
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Test setup of the test circuit branches. (a) Partial drain path DP.

gé) Partial power-source path SP. (c) Partial gate path GP. (d) Partial drive-source
th KP.

TABLE X
COMPARISON OF MEASURED AND SIMULATED INDUCTANCES OF
PCB BRANCHES

. Q3D simulation
Branches Experiment/nH model/nH Error
DP 35.92 334 7.0%
SP 23.87 22.51 5.7%
GP 36.44 33.66 7.6%
KP 35.06 34.61 1.3%

the theoretical and experimental analyses do not require very
high accuracy of the inductance values, the small errors of
the Q3D simulation models can well satisfy the demand for
analyses.
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