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Dominant Model-Parameter Determination for
the Analysis of Current Imbalance Across
Paralleled Power Transistors

Yohei Nakamura
and Takashi Sato

Abstract—In this article, we propose a new sensitivity-based
analytical equation, the nn-devices forward propagation of variance
(NFPV). Using the proposed NFPV equation, the dominant device
model parameters— essential for accurate analysis of energy-loss
variation due to the current imbalance across paralleled power
transistors from statistical parameter variations—are efficiently
determined. The proposed method with the NFPV equation is faster
than conventional methods that use Monte Carlo simulation. We
conducted experimental validation using the measured current—
voltage characteristics of commercially available 100 silicon MOS-
FETs and 300 silicon carbide MOSFETs. The results show that the
proposed NFPV-based method efficiently finds the dominant device
model parameters, which are sufficient and necessary to reproduce
the energy-loss variation, regardless of the number of parallel
transistors. The results also show that the determined dominant
device model parameters are valid under practical situations, such
as uneven parasitic inductances and device temperature imbalance
among paralleled transistors. The proposed method determines the
dominant device model parameters 9.33 X faster than the conven-
tional method while maintaining the same accuracy. Additionally,
we demonstrate that, compared with the conventional method, an
increase in the number of candidate statistical model parameters
increases the efficiency of the proposed method.

Index Terms—Current imbalance, device modeling, Monte
Carlo (MC) simulation, power transistors, sensitivity analysis,
silicon carbide (SiC) MOSFET.

I. INTRODUCTION

ics. Among them, silicon carbide (SiC) MOSFETS have been
attracting attention due to their excellent properties, such as low

P OWER transistors are key components in power electron-
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ON-state resistance, high breakdown voltage, and fast switching
speed [2], [3], [4], [5]. Due to these excellent characteris-
tics, SiC MOSFETS can operate at higher switching frequencies,
with lower switching losses and a wider range of operating
temperatures than conventional power transistors. Particularly,
their high-speed switching operation reduces the volume and
weight of power converters, improving the energy efficiency
of applications in electric and hybrid-electric vehicles, such as
three-phase traction inverters, boost converters, and on-board
chargers (OBCs) [6], [7], [8], [9].

Despite these advantages, the maximum current rating of
a single SiC MOSFET may be insufficient for ultrahigh power
applications [10], [11], [12], [13]. To manage this high power,
investigators have considered the parallel operation of SiC MOS-
FETs formed into a power module [10], [11], [12], [13], [14],
[15],[16], [17]. However, in such paralleled device connections,
variations in device performance must be treated cautiously
because the variations may cause a current imbalance across the
paralleled devices. Even devices fabricated on the same wafer
can exhibit significantly different characteristics [18]. Once
the current imbalance occurs, the energy-loss variation among
the paralleled devices may cause some to become thermally
overstressed, inducing the deterioration of the reliability of the
power module. To estimate and control the current imbalance in
advance, circuit simulations considering variations in the device
parameters must be conducted [17], [19], [20].

Many studies have tackled the current imbalance in paralleled
devices [16], [17], [19], [20], [21], [22], [23]. Experimental
analyses were reported in [16], [19], and [21], but these works
focused more on the impact of variations in parasitic circuit
inductances than on variations in the device characteristics. In
contrast, the influence of variations in device characteristics was
studied experimentally in [17], [22], and [23]. Unfortunately,
only a few devices were considered in these studies. In [20],
statistical simulations were conducted to study the influence of
variations in device characteristics on energy loss and junction
temperature. However, the device model used in this work
only considered the variation of two pre-determined model
parameters: threshold voltage and current gain factor. However,
depending on the circuit design and device model used, dif-
ferent model parameters may need to be treated as statistically
variable parameters. Pre-determined model parameters may not
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be suitable for reproducing the variations in an actual circuit
operation.

Recent device models used in practical circuit designs contain
many model parameters [24], [25], [26], [27], [28]. Due to com-
putational costs and the necessary modeling effort, statistical
circuit designs can only consider the statistical variations of a
few model parameters. Simultaneously, the statistical properties
of the circuit of interest need to be represented accurately [29].
To the best of our knowledge, no prior study has discussed using
a limited number of statistical model parameters to analyze the
current imbalance of paralleled power devices efficiently and
accurately.

Recently, device modeling methods using machine learning,
such as neural networks, have been proposed [30], [31]. These
methods could accurately reproduce the electrical and thermal
behavior of devices. However, they have all been applied to non-
statistical modeling, which requires less training data. Generally,
machine learning-based methods require large training data,
considerably lengthening training time. Data shortage may lead
to a statistically low-precision model. From a time-efficiency
perspective, establishing an analytical method that does not
require training data is essential.

This work proposes a method for efficiently determining the
dominant model parameters of a device, which are necessary
for performing an accurate statistical analysis of the current
imbalance of parallel-connected power transistors. The pro-
posed method uses a sensitivity-based analytical equation that
considers the correlations among the model parameters of n
paralleled devices. The proposed equation can be considered
a generalization of the equation for the forward propagation
of variance (FPV) [32], [33], which estimates the influence of
process variations on circuit performance in CMOS devices.
Hereafter, we refer to the proposed equation as the n-devices
FPV, or NFPV for short. The NFPV equation enables us to quan-
titatively evaluate the dominant parameters in the energy-loss
variation of each device. To validate this approach experimen-
tally, we used the measured drain current versus drain—source
voltage (I3—V4s) characteristics of commercially available sil-
icon (Si) and SiC MOSFETs with their models that accurately
reproduce the statistical variations of the switching operation
[28], [34].

The main contributions of this article are as follows.

1) We derived the NFPV equation for analyzing the current
imbalance across paralleled power transistors. It is a gen-
eral equation and can be employed to quickly evaluate the
influence of statistical variations in the model parameters
on the current imbalance, considering the interdependence
among the paralleled devices.

2) We validated the NFPV-based parameter-determination
method using actual SiC MOSFETs. The validation shows
that the proposed method for determining the dominant
model parameters is several orders of magnitude faster
than the conventional method and works accurately in
practical situations.

3) We validated the dominant model parameters under the
practical situations, considering uneven parasitic induc-
tances and device temperature imbalance among the par-
alleled devices in the power module.
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The rest of this article is organized as follows. Section Il intro-
duces the currentimbalance issue in paralleled power transistors.
We also review the conventional approaches for determining
the dominant model parameters for current imbalance analy-
ses. Section III presents the proposed NFPV-based method for
determining the dominant model parameters. In Section IV, we
demonstrate that the proposed method can identify the dominant
model parameters for various numbers of paralleled devices.
We validated the proposed method by comparing its required
computation time to that required by the conventional method.
Finally, Section V concludes this article.

II. PRELIMINARIES

A. Current Imbalance of Paralleled Power Transistors

To handle currents exceeding the maximum rating of a power
transistor, power transistors are connected in parallel to form a
power module, where the load current is shared among the de-
vices [10], [11], [12], [13], [14], [15], [16], [17]. Fig. 1 illustrates
the current imbalance of paralleled transistors in power modules
due to variations in the transistor characteristics. A total of NV
transistors are collected and used to assemble power modules,
each comprising n-paralleled transistors. The quantities /7, and
I; i=1,2,...,n), respectively, denote the load and drain
currents of each power transistor Q; (¢ = 1,2,...,n), where
n represents the number of paralleled transistors in the power
module. While we expected an equal current distribution—i.e.,
I, = I, = --- = I,—the currents flow unequally through the
paralleled devices because, in practice, the device characteristics
of each transistor differ. This phenomenon is called “current
imbalance” [19], [20], [21].

The current imbalance leads to variations in the energy losses
among the paralleled devices. Consequently, some transistors
suffer from excessive thermal stress, which accelerates the
degradation of the device. Particularly, SiC MOSFETs have less
mature manufacturing processes and MOS interface quality
than conventional silicon-based power transistors, resulting in
significant variations in device characteristics and severe thermal
problems [14]. Therefore, it is essential to understand how
variations in the characteristics of paralleled SiC MOSFETs affect
the current imbalance. Since it is difficult to determine this effect
experimentally—as that requires measuring the current through
each device packaged in the power module— a simulation-based
statistical analysis is crucial.

We present here a motivational example for analyzing the cur-
rentimbalance caused by variations in device characteristics. Let
us consider the switching operation of the power module shown
in Fig. 2, which has n-paralleled transistors in an inductive
load-switching circuit. In Fig. 2, the quantities Vgq, L, D, and
R, denote the secondary supply voltage, the load inductance,
a free-wheeling diode, and the gate resistance. Lg;, Lq;, and
Ly; are the parasitic inductances for each terminal of Q; (i =
1, ..., n). We assume that the threshold voltage vy, (;) and the
transconductance g, ;) of the ith transistor, Q; (i = 1,2, ..., n),
are the model parameters for considering statistical variations.
The other model parameters are assumed to be constant and
invariant, that is, their values are equal for each transistor.
We denote the switching energy loss of transistor ); by E;
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Fig. 2. Inductive load-switching circuit with n-paralleled transistors in a

power module. The quantities Viqq, L, D, and Ry denote the secondary supply
voltage, the load inductance, a free-wheeling diode, and the gate resistance. Lg;,
Lg;, and Lg; are the parasitic inductances for each terminal of Q; (i =1, .. .,
n).

and evaluate how the variations in the device characteristics
affect the current distribution imbalance and energy loss. When
Vgn(s) is lower than the threshold voltage of the other paralleled
devices, a larger current flows through @);, leading to a larger
FE; than in the others. A similar current distribution would be
observed if g,,(;) were higher than the transconductances of the
other devices. Meanwhile, if the threshold voltage of another
device [e.g., vin(j) (7 # j)] happened to be lower than those
of the others, a larger current would flow through @; and
decrease I7;. This observation indicates that the current through
a device is determined by variations in its model parameters
and the changes in the model parameters of other devices.
Therefore, we must consider the interactions among all the
devices when analyzing the current imbalance of paralleled
devices.

In this example, we limited ourselves to considering just the
two model parameters vy, (;) and g, (;) as statistical parameters.
However, other model parameters may also require statistical
handling. Additionally, the impact of the current imbalance can
vary significantly for each parameter. Since the computational
costs of statistical simulations drastically increase as the number
of statistical parameters and their interactions increase, it is
necessary to determine the dominant model parameters that

Algorithm 1: MC-Based Determination of the Dominant
Parameters.
Require: P, p, n, Lyax, €T accept

l: o = MCSIM(P, p, n, Linax)

2: for (m; = 1; m, < m; m,++) do

3: for each p,,,, € pdo

4: aﬁr = MCSIM(P, p,,, 1y Linax)

5: calculate err_op,

6: end for

7: end for

8: select p,,, with the smallest m,, giving err_og,
within ETTaccept 4S5 Pdominant

9: return DPdominant

considered the minimal and indispensable set of model param-
eters to analyze the current imbalance.

B. Determination of the Dominant Model Parameters

To determine the dominant model parameters, we assume
that NV power transistors are available for assembly into power
modules (see Fig. 1). Subsequently, n transistors are selected
randomly and connected parallelly to construct a power module.
The characteristics of each NV transistor are represented using a
device model consisting of m parameters (p = {p1, P25..., Pm })-
In other words, we are given the model parameter sets P =
{P,, Po, ..., P}, where each parameter set contains m model
parameters.

A straightforward method for determining the dominant
model parameters is to employ a Monte Carlo (MC) simula-
tion [20], [35]. The typical flow of an MC-based determination
of dominant parameters is shown in Algorithm 1.

In line 1 of Algorithm 1, we first obtained the quantity o
using the MC simulation (MCSIM) (see Algorithm 2), where
o, 1s the standard deviation of the variation of E; obtained by
the MCSIM with all the model parameters p treated as statistical
parameters. The quantity Ly, in Algorithm 2 denotes the total
number of iterations of the MCSIM circuit simulation. We used
o', as ametric, which is employed as an accuracy reference for
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Algorithm 2: MCSIM.

1: function MCSIM P, p,,,, 1, Linax

set p.,,, as statistical parameters

for (Liter = 0; Liter < Limax: Liter++) do
select n parameter sets randomly from P; to Py
assign the selected n parameter sets to each
transistor Q1 to @,
perform circuit simulation to obtain E;

end for

calculate o7

return o ;"

10: end function

LR

the next step. In line 4 of Algorithm 1, we selected m, (< m)
parameters (the set p,,,, ) from p as statistical parameters and
performed the MCSIM again under conditions where only the
chosen m, parameters vary. Notably, the values of the model
parameters not selected as statistical variables are fixed at their
respective nominal values. Using the MCSIM, we obtained the
standard deviation ag’; when only p,,, is varied. In line 5
of Algorithm 1, the error associated with this limited set of
statistical model parameters is calculated as follows:

Umv o mvx.
‘EinE x 100 [%). (1)
g,

err_opg, =

If the estimated error is small, the selected parameter set p,,,, can
represent the total variation and be used as the set of dominant
model parameters (Pdominant)- For all the ways to choose m,
from m, we repeated the above error calculation in lines 3—6 of
Algorithm 1. Overall, Zz;ll (;;’ ) possible candidates exist for
the set of dominant model parameters. Accordingly, we repeated
the error estimation in lines 2—7 exhaustively. As the final step,
in line 8 of Algorithm 1, we selected as Pdominant the set pp,,
with the smallest number of parameters yielding an error lower
than the acceptable error threshold er7,ccept. For example, the
value of erraccept may be set at 10%.

Unfortunately, the MC-based method described above for
determining the dominant parameters requires a long compu-
tational time. Lines 2—7 of Algorithm 1, where the estimated
errors are evaluated for all the parameter combinations, are the
most time-consuming steps. An increase in the considered model
parameters increases the execution time exponentially. The time
Teonv required to compute the process described above can be

estimated as follows:
m
( ) (2)
my

where Ty denotes the computation time for the MCSIM to
evaluate the estimated error for a given parameter combination.
The value of Tyic typically requires, at least, several minutes
because the transient simulation is repeated many times (Lyax),
drawing random samples for the model parameters for each com-
bination of model parameter sets to obtain a statistically signifi-
cant estimate of o';". The number of combinations Zz;ll (n’;’ )
increases rapidly as m increases, making 7, intractably large.

m—1

Teonv = Tc - Z

my=1
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Fig. 3. Flowchart of the proposed dominant model-parameter determination.

Asdescribed above, identifying the dominant statistical model
parameters has great practical value even if the determination is
lengthy. Once the dominant parameter set is determined, statisti-
cal circuit simulations are significantly accelerated, allowing us
to run high-accuracy simulations quickly due to the limited num-
ber of statistical model parameters. Additionally, the computa-
tional cost required to extract the statistical model parameters—
including the correlations between the parameters—is reduced
significantly.

III. PROPOSED METHOD FOR DETERMINING THE DOMINANT
PARAMETERS

We present the flowchart of the proposed dominant model
parameter determination in Fig. 3. The proposed method
consists of two major steps. The first step is extracting oy, ,
Pprprs and sp, . for calculating the NFPV equation. The
second step is applying the NFPV equation to find the dominant
model parameters efficiently. Although the basic outline of
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Algorithm 3: NFPV-Based Determination Of Dominant
Parameters.
Require: P, p, n, erraccept
1. caleulate piy,, Op,s Ppyps Spi(ig)» and Sprpi(if)
2:  check applicability of NFPV equation
3 JZ},- = NFPV(p, n, op, , ppy.p:> Spk(’ij))
4:  for (m, = 1; m, < m; m,++) do
5 for each p,,,. € pdo
6: Ugf = NFPV(pmr, s Opys Ppiprs Spk(ij))
7.
8
9
0

calculate err_op,
end for
end for
select p,,,. with the smallest m,, giving err_og,
within erraceept @8 Pdominant
11:  return Pdominant

Algorithm 4: NFPV Equation.
1:  function NFPVp,, , n, op, ., Ppp;> Spi (i)
initialize 0" =0
for(j =1;7 <n;j++)do
for (I =1;1 < m;;l++)do
for (k = 1; k < m;; k++) do
ng; = Spi(i5) 5p1(i5) Pripi O k() T pigs)
end for
end for
end for
return oy, B
end function

TeYRIINSERE

—

the proposed procedure is similar to that of the conventional
MC-based method, we employed the NFPV equation in
Algorithms 3 and 4 to accelerate the computation. The NFPV
equation allows time-consuming transient circuit simulations
to be replaced by the evaluation of the analytical equation,
enabling quick evaluation of the variance in energy loss for
each model parameter combination. Subsequently, we derive
the NFPV equation in Section III-A, which is imperative in the
proposed method, by accelerating the evaluation of the variance
for each parameter combination. We then present the detailed
procedure of the proposed method in Section I1I-B.

A. Derivation of the NFPV Equation

We first derived the energy loss variation AFE; in the ith
transistor among n-paralleled transistors. We defined AF; as
the difference in the nominal energy loss pp,, which would
be achieved if all the model parameters of the paralleled tran-
sistors were equal. Suppose n-paralleled devices are chosen
randomly from many transistors. As defined in Section II, the
characteristics of each transistor are represented using a device
model comprising m model parameters, although the proposed
method can be applied to any device model with any number of
parameters.

Using a Taylor-series expansion, we obtained the energy loss
variation of the ith transistor from small perturbations of the

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 38, NO. 4, APRIL 2023

model parameters as follows:
1 n
AE; = m Z Z Spicis) APk(j)

J=1 k=1

n m

ZZZSPICPZ(”)APIC Apl(J) +

j=1k=11=1
3)

Here, py(;) and p;(;) denote the kth and /th model parameters
of transistor Q); (k,l=1,2,...,mand j =1,2,...,n). The
quantities sy, .., and sp,p, ., are the first- and second-order
coefficients, or sensitivities, defined as:

oL;
Spriiin — -—— and (4)
D Op(j)
O*E; ®)
PrPi(ij) 8pk(])apl(.])

When @ # j, sp, ;) and sp,p, ., are the sensitivities across
different devices, ); and ()5, that is, they are cross sensitivities
between the paralleled devices. Using (3) and truncating second-
and higher order terms, we obtained the variance of F;, denoted
by O’%i , as:

0%, = VIE] = E[(AE;)?]
n m 2
=B (20D skandori (©)
j=1k=1

where V' [] and E [-], respectively, represent the variance and
the expectation of their arguments. Expanding (6), we obtained
the following equations:

Z Z Z Z Sk(ig") Si(i) APk Apigy | (1)

=1j=1k=1Il=1

Z DD skansianCov [prgy-pi] - ®)

1j=1k=1I=1

o3 =

Here, Cov[py;1), Pi(j)] denotes the covariance between py ;)
and py(;). When j # j', the term Cov|[py(;r), pi(;)] is the covari-
ance of the model parameters between the different transistors
@; and @Q; in a power module. Based on the assumption
that Q; and () are randomly sampled, there is no correlation
between py,(;r) and p;(;). Conversely, Cov[py(;iy, pijy] is zero
when j # j'. Therefore, we can simplify (8) to

0 =D Y skansiinCov [pey i) - ()

j=1k=1I=1

The term Cov [py (), pi(;)] is represented using the standard
deviation of each model parameter (apk_m, aplm), and the
correlation coefficient pp, . p,,, between the model parameters

CoVpi(j), Pri)] = Porypics Torcs picsy - (10)
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Therefore, (9) can be rewritten as

n m

2
OF, = Z Z Z Sk(ig)S1(i3) Pprciypiii) Opry Opic) - (11

j=1k=11=1

Finally, since the standard deviations and the correlation coeffi-
cient are independent of the device number j, (11) can further
be simplified to

n m

m
2 _E E E
Op, = Spfc(f,j)sz(a‘,j)ppkpzapkapz'

j=1k=11=1

(12)

When j =4, the terms on the right-hand side represent the
parameter variations of (Q;. Alternatively, when j # i, these
terms represent the contributions from the parameter variations
of another device ); to AE;. When n = 1, (12) is termed the
FPV, which has been proposed for analyzing process variations
of CMOS devices [32], [33]. The FPV cannot consider the
interactions among paralleled transistors and, thus, cannot be
used to analyze the current imbalance described in Section II-A.
To analyze the current imbalance for power transistors, we have
extended the concept of the FPV to n-paralleled devices. In
the extension, we introduced the correlation coefficient p,,, ,, to
analyze the interactions among paralleled devices. We refer to
(12) as the NFPV equation.

The advantages of the NFPV equation are its computational
efficiency and wide applicability. Using the NFPV equation, U%i
can be calculated as the sum of contributions from each model
parameter, including interactions among the n-paralleled de-
vices. The NFPV equation can be substituted for the MCSIM—
which requires numerous transient circuit simulations to obtain
the energy loss variance—allowing for an exhaustive search for
the dominant model parameters.

Although we used energy loss as a metric for evaluating the
current imbalance, the derivation of the NFPV equation is quite
general. Therefore, this equation can be applied directly, without
modification, for other characteristics, such as the turn-ON or
turn-OFF switching time, the surge voltage Vg5, and the peak
reverse recovery current. Moreover, we can apply this equation
to various device models with different model parameters and
circuit topologies.

B. Proposed Procedure for Determining the Dominant
Parameters

To apply the proposed NFPV equation to determine the
dominant parameters, the contributions of the second-order
components in (3) must be sufficiently small compared to the
first-order components. Therefore, as the first step of the pro-
posed NFPV-based method in Algorithm 3, we compared them
and verified that this condition holds. In line 1 of Algorithm 3,
we first extracted the mean p,, and standard deviation o), of
each model parameter. Additionally, we extracted the correlation
coefficients p,,, ,, between the model parameters from the model
parameter sets P. Subsequently, we ran a circuit simulation for
the target circuit—such as that shown in Fig. 2—to obtain the
values of sp, .. and sy, (i;) for all the model parameters of
all the paralleled devices (k,l = 1,2,...,m;4,5 = 1,2,...,n).
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Specifically, we calculated the change in F; using circuit sim-
ulations with fluctuations of py(;) and p;;) about their mean
values pip, and p,,. The model parameters other than p;, and
pi are assigned their nominal values. The sensitivities sy,
and sy, ,, (i5), respectively, are then obtained using the following
numerical differentiations:

Ei(pipy ) + Aprg)  Eilip,) — Apig))

S = _
P 2Api(j) 2Apy(j)
(13)
o Bl + APk tpG) T APG)
pp (i) AApy() Api()
_ Eilpp, ) — Apk) M) + Api))
4Apy ;) Apij)
 Ei(ppe) + Apr)s P — Apiy))
4Apy(j) Apij)
N Ei(tpi () = APr()s o) — Apig)) (14)

4Apy () Apyj)

where Apy ;) and Ap;;) are the perturbations of py(;) and
DI respectively, from their nominal values. Since there are
n paralleled devices and m model parameters, the total num-
ber of sensitivities to be calculated are nm for s, .., and
nm? for Sprp(i5)- Using the extracted sensitivities, the first-
and second-order components are calculated as s, (jy0p, and
Sprpi(if)Opi Op, » €SPectively. After confirming that the absolute
values of the second-order components are negligibly small
compared to the first-order components in line 2 of Algorithm 3,
we proceeded to the next step.

Lines 3-10 of Algorithm 3 are almost identical to the con-
ventional MC-based method, except that we used the NFPV
equation instead of the MCSIM. In line 3 of Algorithm 3, we
obtained o using the NFPV equation in Algorithm 4, consider-
ing the variations of all m model parameters. We used 0. as an
accuracy reference for the next step. In lines 4-9 of Algorithm 3,
we evaluated err_o g, exhaustively for all combinations of p,;,,
to find the set of dominant model parameters. In line 10, we
selected as Paominant the set p,,,, with the smallest m, that gives
err_op, within the acceptable error threshold err,ccept. We
then used a model where only the dominant model parameters
so determined are treated as statistical variables rather than
considering all the model parameters as statistical variables.

We summarize the parameters required by the proposed
method in Algorithms 3 and 4. The summary statistics, fiy,,
Opis Ppip» are the values calculated from the model parameter
set P. Model parameters p and the number of model parameters
m are determined by the device model. s, , - and s, ;, (i5) are
calculated by (13) and (14). In these equations, the perturbation
parameters, Apy(;) and Apy(j), are typically 1% of ju,,, (;) and
Hp,(5)- Finally, erraccepy determines the accuracy of the pro-
posed method. We use a 10% accuracy as a typical value, but
smaller values, such as 5% or 3%, may be used to attain higher
accuracy.
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TABLE I
MODEL PARAMETERS FOR THE DRAIN CURRENT EQUATION IN THE SPICE
LEVEL-1-BASED SILICON MOSFET MODEL

Parameter | Description
VTH Gate threshold voltage [V]
K Current gain factor [A/V]
RD Parasitic resistance at the drain side [m{2]
LAMBDA | Channel length modulation [1/V]
THETA Channel mobility degradation [1/V]
ALPHA | Starting voltage of channel mobility degradation [V]

The total calculation time 7}, of the proposed method based
on the NFPV equation is

m—1
m
Tprop = TNFPV . Zl (mr) + Tsens (15)
Tsens = Teir (2 nm + 4 nm2). (16)

Here, TNrpv denotes the time required to evaluate the NFPV
equation as shown in Algorithm 4. Ty, is the calculation time
for the first- and second-order sensitivities of all the paralleled
devices and model parameters. T¢;, is the time for one circuit
simulation, and (2 nm + 4 nm?) is the total number of circuit
simulations required to determine all the first- and second-order
sensitivities using (13) and (14). Although T, contains the
additional term Tycpg, the value of 7,0, can be smaller than
Teonv given by (2) because Txrpy is only a few milliseconds,
while Tyc in (2) is at least several minutes.

IV. EXPERIMENTAL VALIDATION

To validate the effectiveness and generality of the proposed
method, we applied the proposed procedure to actual transistors
with different numbers of paralleled devices. We used commer-
cially available 100 Si MOSFETs and 300 SiC MOSFETs as the pop-
ulation for paralleled devices. We used a SPICE Level-1-based
model [20], [34] as the Si MOSFET model and a surface-potential-
based model [28] as the SiC MOSFET model. We implemented the
device models in the Verilog-A language. We used a commercial
circuit simulator [36] to perform the validation and implemented
both the conventional and the proposed methods in the Python
programming language. We determined the dominant parame-
ters on a Linux PC with an Intel(R) Core(TM) i9-7980XE CPU
running at 2.60 GHz and a 128 GB random access memory,
using a single thread.

A. Device Model

1) Si MOSFET: Table I presents the drain current equation
of the Si MOSFET model. Hereafter, we represent the model
parameters in boldface. This model is a threshold-voltage-based
model comprising three equations representing the cutoff, linear,
and saturation regions.The drain current Iy is represented as
function of the gate-source voltage Vs and Vg as follows:

Vasint = Vas — RD - I4

1+ LAMBDA - Vi it
' 1+THETA -V,

a7

I;=K (18)

Ipp
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TABLE II
MAJOR MODEL PARAMETERS FOR THE DRAIN CURRENT EQUATION IN THE
SURFACE-POTENTIAL-BASED SIC MOSFET MODEL [28]

Parameter | Description
TOX Oxide thickness [nm]
VFBC Flat-band voltage of the channel region [V]
NA Acceptor concentration [em~3]
K Current gain factor [-]
RD Parasitic resistance at the drain side [m{2]
LAMBDA | Channel length modulation [1/V]
THETA Channel mobility degradation [1/V]
ALPHA | Starting voltage of channel mobility degradation [V]
DELTA Smoothing parameter for gradual transition
between the linear and saturation regions [-]
0, (cutoff region : Vg < VTH)
1
K- (Vgs - VTH) ’ Vds,int - 5 ’ VdQs,int
Ipp =

(linear region : Vyg ing < Vogs — VTH)

1
3 K- (Vg — VTH)?

.(saturation region : Vg int > Vo — VTH)
(19)

Here, VTH and K are the gate threshold voltage and current gain
factor, which are basic parameters for the SPICE Level-1-based
model. The parasitic resistance RD of the drain electrode is con-
sidered in (17). The channel length modulation is incorporated in
(18) using LAMBDA, and mobility degradation is represented
by THETA and ALPHA.

2) SiC MOSFET: Table 1II lists the major parameters of the
SiC MOSFET model for the drain current equation. In the drain
current model, the surface potentials at the source and drain
ends of a SiC channel MOSFET, ¢ss and ¢sp, are computed by
solving a nonlinear equation for the gate—source voltage V,s and
the drain—source voltage V5. The I4 can be computed from ¢gg
and ¢sp as follows:

Vds,int = Vds —RD - Id

1+ LAMBDA - Vg int
'~ 1+ THETA -V,

IDD = Cox(Vgs — VFBC + ¢t>(¢sD - (bsS)

(20)

ILi=K Ipp 21

1
- §COX<¢52~D - ¢§S)
3/2 3/2
2 ¢SD ¢SS
ey () (%)

p 3/2 p 3/2
+ py ((;—1) —(55—1) 22)

COX = on/TOX (23)
v = \/2eg5ickT - NA 24)
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TABLE IIT
PHYSICAL CONSTANTS
Parameter | Description Value
k Boltzmann’s constant [J/K] 1.38x10~23
T Absolute temperature [K] 298
o Thermal voltage (kT'/q) [V] 0.026
€sic Permittivity of SiC [F/m] 9.7x8.85x1012
Eox Permittivity of gate oxide [F/m] | 3.9x8.85x10~'2

— Vgs=10V
Vgs=T7V
Vgs=6.5V

—— Vgs=6V

—— Vg =55V

—— Vg =5V

—— Vgs=45V

0 5 10 15 20
Vs [V]

Fig.4. Measured I4—V5 characteristics of the 100 Si MOSFETs at T}, = 25 °C.

where k, T, ¢, €sic, and €,y are Boltzmann’s constant, the
absolute temperature, the thermal voltage, and the permittivities
of SiC and the oxide, respectively. The values of these physical
constants are listed in Table III. Here, VFBC, TOX, and NA
are the flat-band voltage of the channel region, the thickness of
the gate oxide, and the acceptor concentration, respectively. As
with the Si MOSFET model, the parameters K, RD, LAMBDA,
THETA, and ALPHA are incorporated in (20) and (21). Fur-
thermore, to provide a smooth transition between the linear and
saturation regions of the device model, DELTA is introduced as a
parameter to compensate for mismatches between the pinch-off
voltages of the measurement and the simulation.

The temperature dependence of the transistor characteristics
can significantly affect the current imbalance. Using the SiC
MOSFETs model, we confirmed that the dominant model pa-
rameters determined by the proposed method are valid even
when considering the temperature dependence. The following
model parameters are made to have a linear temperature depen-
dence [28]:

VFBC = VFBCO + VFBCS : (T — Tier) (25)
K =KO0+KS - (T — Tief) (26)

RD = RDO + RDS - (T — T}f) (27)
THETA = THETAO + THETAS - (T — Tiet).  (28)

Here, VFBCO0, K0, RD0, and THETAUO are the parameters at the
reference temperature Ti¢, set to 25 °C. Furthermore, VFBCS,
KS, RDS, and THETAS are the temperature sensitivities of the
parameters.

B. Parameter Determination Setup

Figs. 4 and 5 show the measured I3—Vgs characteristics of the
100 Si MOSFETs at an ambient temperature (73) of 25 °C and
300 SiC MOSFETs at different temperature conditions (7, = 25,
75,125 °C).

Using the Si and SiC MOSFET models, we extracted the
parameter sets P = { Py, P>, ..., Pygo} for Si MOSFETs, and
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— Vg =18V
15 Vgs =16V

Fig. 5.
temperature conditions. (a) T, = 25 °C. (b) T, =75 °C. (c) T, = 125 °C.

Measured I3—Vg characteristics of the 300 SiC MOSFETSs at different

TABLE IV
EXTRACTED MEAN AND STANDARD DEVIATION OF MODEL PARAMETERS FOR
THE S1 AND SIC MOSFETS AT T, = 25 °C

(a) Si MOSFETs

Pk Fopy, Tpy,
VTH [V] 4.08x10™ | 1.47x1072
K [A/V] 7.04 0.309
RD [mf] 4.65x10% 16.9
LAMBDA [1/V] | 3.38x1072 | 3.54x10~*
THETA [1/V] | 1.87x1073 | 1.89x10~*
ALPHA [V] 4.85 0.521

(b) SiC MOSFETSs

Pk Hopy, Tpi
TOX [nm] 50 0
VFBC [V] —0.43 7.28x1072
NA [cm 3] 1.18x10'7 | 2.23x10'°
K [-] 2.88x10° 1.02x10*
RD [m] 1.13 0.564
LAMBDA [1/V] | 9.22x1072 | 2.01x107%
THETA [1/V] | 3.04x1072 | 1.74x1073
ALPHA [V] 15.1 0.189
DELTA [-] 0.596 9.69x10~3
P ={Pq, P, ..., P3y} for SiC MOSFETSs from the measured

14—V characteristics, where N = 100 and 300 for Si and SiC
MOSFETs, respectively.

The parameter set P; (i = 1,2, ..., N) for each model com-
prises the parameters listed in Tables I and II. Following [37],
we first extracted initial values for the model parameters and
obtained each set of model parameters using simulated annealing
(SA) [38]. The root-mean-square error (RMSE) between the
measured and simulated /4 values was minimized at all V,, and
Vs bias points. The average RMSEs for the 100 Si MOSFETSs and
300 SiC MOSFETs at 25 °C were 0.83 A and 0.21 A, respectively.

Table IV and Fig. 6 show the i, , 0}, , and p,,, ,, calculated
from the extracted model parameter sets for the Si and SiC MOS-
FETs at T, = 25 °C. For the Si MOSFETS, the number of statistical
model parameter candidates in this experiment is m = 6, that
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Fig. 6.  Correlation coefficient matrix py, p, extracted from the measured I4—
Vs characteristics. (a) Si MOSFETSs. (b) SiC MOSFETs.

is, p={VTH, K, RD, LAMBDA, THETA, ALPHA }. For the
SiC MOSFETs, we assumed TOX to be a constant. Therefore,
the number of statistical model parameter candidates is m = 8§,
thatis,p={VFBC,NA, K,RD, LAMBDA, THETA, ALPHA,
DELTA}. Using the extracted parameters in Table IV, the values
of sy, ., and sp, p, (i) for all the model parameters of all the
paralleled devices can be calculated for different numbers of
paralleled devices.

We used the inductive load switching circuit in Fig. 2 to obtain
F;, which is calculated as follows:

ton_fin toff_fin
FE; = / VBT (t) - Visi (t) dt + / 14 (t) . Vdsi(t) dt
t

toff_ini

(29)
where I4;(t) and Vys; (1), respectively, represent the drain current
waveform and the drain—source voltage waveform of Q;. In
(29), ton_ini is the time when Vgg; changes to 10% of its final
value, where Vg is the gate—source voltage waveform of @);,
and ton fpn is the time Vg drops to 10% of its initial value.
Similarly, tog_in; denotes the time Vg, decreases to 90% of its
ON-state value, while t,g i, 1S the instant at which Vg, increases
to 90% of its OFF-state value. Using (13) and (14), we extracted
the sensitivities sy, .., and sp, , (i) for all the model parameters
of the paralleled devices. The values of the circuit elements are
summarized in Table V. When determining the dominant model
parameters, we assume all the parasitic inductances in Fig. 2

on_ini

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 38, NO. 4, APRIL 2023

TABLE V

CIRCUIT SIMULATION SETTINGS
Parameter Value
Paralleled devices (n) 2,4, ..., 10 [pcs]
Power supply voltage (Vqq) 600 [V]
Load current ([y,) 10-n [A]
Inductive load (L) 1.0 [mH]
Parasitic inductances (Lg;, Lq;, Ls;) | 5.0 [nH]
Gate resistance (Ry) 94 / n [Q]
Gate drive voltage (Si) ON: 10 [V], OFF: 0 [V]
Gate drive voltage (SiC) ON: 18 [V], OFF: 0 [V]

TABLE VI
CALCULATED FIRST-ORDER COMPONENTS
[pd]
VFBC —49.3
NA -31.6
K 15.7
RD —0.122
LAMBDA 8.68
THETA —0.173
ALPHA 0.176
DELTA 0.134
TABLE VII
CALCULATED SECOND-ORDER COMPONENTS
2 < « «
g 2 E = E
ZEN-E A - -
< = < a
=
VFBC —0.013
NA —0.028 0.064
K 0.015  —0.053 —0.042
RD —0.061 0.081 —0.013 0.022
LAMBDA | 0.012 0.000 —0.073 —0.036 —0.010
THETA | —0.002 0.000 —0.001 —0.001 0.004 —0.007
ALPHA —0.024 0.012 —0.012 —0.004 0.077 0.000 —0.024
DELTA | 0.030 0.000 0.034 0.029 -0.041 0.030 —0.017 —0.011

equal to a nominal value

LgZ:LdIZLu=5ODH (z:l,,n) (30)

In extracting the sensitivity parameters, we increased I, in
proportion to n so that the current through each MOSFET ideally
becomes 10 A. The value of R, was set to decrease as n increases
so that the switching speed of the paralleled devices is almost
constant regardless of n. We used 1.0% of the average values
listed in Table IV as perturbations in extracting sy, ., and
Spupi(ij)- In the experimental validation, we set the acceptable
error threshold to err,ccept = 10%.

C. Results and Discussion

1) Applicability of the Proposed Method: Tables VI and
VII list the calculated first- and second-order components for
each model parameter of the SiC MOSFETs. We calculated the
components for n = 2 and 7 = ¢. The absolute values of the
second-order components in Table VII are significantly smaller
than those of the first-order components in Table VI. By varying
n from 4 to 10 with j =4 and j # ¢, we confirmed that the
second-order components could be ignored, irrespective of the
number of paralleled devices. Therefore, we confirmed that
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Simulated Vj5; and I4; waveforms and the energy-loss variation of ; of the Si and SiC MOSFETs at T, = 25 °C obtained from the MCSIM with different

numbers n of paralleled devices. We set Lyax = 1000 for the MCSIM. An increase in the number of paralleled devices enhances the current imbalance and

energy-loss variation. (a) Si MOSFETS. (b) SiC MOSFETS.

the first-order approximation is valid and that the proposed
NFPV-based method is applicable to the subsequent analysis.
Note that the approximation is also valid for the Si MOSFETS.
We also verified the accuracy of the NFPV equation by
performing an MCSIM using the extracted Si and SiC MOSFET
model parameter sets, that is, P = { Py, Ps ..., P1go} for the
Si MOSFETS, and P = { P, P5 ..., P3gp} for the SiC MOSFETS.
We used the circuit-component values given in Table V. Fig. 7
shows the simulated variations of Vgs;(¢) and I4;(¢) of the Si
and SiC MOSFETs, and we obtained the histograms of F; from
the MCSIM with different numbers n of paralleled devices.
Here, we used L. = 1000 for the MCSIM. The variations in
switching waveforms and the energy loss of a MOSFET increase as
nincreases. Particularly, the current imbalance and F; variations
of the SiC MOSFETs are more significant than those of the Si
MOSFETSs. Fig. 8 compares the values o7 of the Si and SiC
MOSFETSs obtained from the MCSIM with those obtained from
the NFPV calculation. We considered all the model parameters
as statistical parameters. The NFPV equation reproduced the

7 [—e— Sic: McSIM
|- SiC:NFPV
1 |—A— si:MCSIM
—— Si: NFPV

2 4 6 8 10
n

Fig. 8. Comparison of the standard deviation of the energy-loss variation
calculated using the MCSIM and the NFPV equation. We considered all the
model parameters as statistical parameters in the analyses. The NFPV equation
always reproduces the MCSIM results adequately.

n-dependence of o by the MCSIM excellently, with a maxi-
mum error of 2.5%. A possible error factor is that components
above the second order are reasonably truncated in the NFPV
equation because the maximum error is sufficiently small. Thus,
the NFPV calculation can replace the MCSIM while maintaining
the accuracy.
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Fig.9.  Subset of the estimated error err_o g, for different model parameters
combinations. The err_o E; for each model parameter combination is the
average of the errors obtained when the number of paralleled devices is varied
fromn = 2,4, ..., 10. The error bars above each bar graph show the range when
n changes. (a) Si MOSFETs. (b) SiC MOSFETS.

2) Determination of the Dominant Parameters: Using the
proposed NFPV-based method in Algorithm 3, we evaluated
the estimated energy-loss error for each set of model parameters
when a reduced set of model parameters is considered subject
to statistical variations. Fig. 9 shows a subset of the estimated
error err_op, for different combinations of the Si and SiC
MOSFET model parameters. Each bar graph shows the average
of the errors when the number of paralleled devices is altered
to 2,4, ..., 10. Error bars on top of each bar graph indicate the
range when the number of paralleled devices changes.

For the Si MOSFETS, when the number of statistical parameters
m, 1s 1, the smallest error of 18% was achieved when we selected
LAMBDA as the statistical parameter. The error reduced to
6.3% with two statistical parameters { K, LAMBDA }, satisfying
the target error of 10%. Hence, we selected { K, LAMBDA} as
Pdominant for the Si MOSFETS.

For the SiC MOSFETs, when m, = 1, the error is reduced
when either {VFBC}, {NA}, {K}, or {LAMBDA} is selected
as a member of the statistical parameter set p,,, . However, the
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—A— SiC: MCSIM with p,, = {VFBC, NA}
—8— SiC: NFPV with p, = {VFBC, NA}
—&— Si: MCSIM with p,, = {K, LAMBDA}
—— Si: NFPV with p, = {K, LAMBDA}

Fig. 10.  Comparison of the energy-loss variations obtained from the MCSIM
and the NFPV calculation with p,,,, = {K, LAMBDA } for the Si MOSFETS and
Pm, = {VFBC, NA} for the SiC MOSFETs, respectively.
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Fig. 11.  Comparison of the energy-loss variations obtained from the MCSIM

with all parameters treated as statistical parameters, the MCSIM with p,,, =
{K, LAMBDA} for the Si MOSFETs, and the MCSIM with p,,, = {VFBC,
NA} for the SiC MOSFETs, respectively. (a) Si MOSFETSs. (b) SiC MOSFETS.

smallest error achievable when m, = 1 is 35%, which is not
sufficiently small. When the number of the statistical parame-
ters is increased to m, = 2, the set { VFBC, NA} achieved a
minimal error of 9.5%, which is smaller than err,ccept, We set.
When the number of statistical parameters is increased further
to m, = 3 or 4, either {VFBC, NA, K} or {VFBC, NA, K,
LAMBDA} were the best combinations, with errors of 5.8%
and 0.14%, respectively. When higher accuracy is required, these
parameter combinations should be selected. From the dominant-
parameter determination flow, we selected p,,,, ={ VFBC, NA}
as Pdominant for the SiC MOSFETS.

We validated how accurately the selected dominant param-
eters simulate the energy-loss calculation. Fig. 10 shows aﬁf
obtained by the MCSIM and the NFPV calculation with p,,,, =
{K, LAMBDA} for the Si MOSFETS, and p,,, = {VFBC, NA}
for the SiC MOSFETS, respectively. The calculated energy losses
coincide closely with the NPFV calculation deviating from the
MCSIM results by a maximum difference of 2.3%. Fig. 11
compares the energy-loss variations obtained from the MCSIM
with all parameters treated as statistical parameters, the MCSIM
with p,,,, = {K, LAMBDA } for the SiMOSFETs, and the MCSIM
with p,,,, = {VFBC, NA} for the SiC MOSFETs, respectively.
Again, all the histograms agree very well, regardless of the
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TABLE VIII
EXTRACTED MEAN AND STANDARD DEVIATION OF THE
TEMPERATURE-DEPENDENT MODEL PARAMETERS OF THE SIC MOSFETS

Pk Hpy, Opi
VFBCS [V/°C] —947x 1073 | 1.10 x 10°3
KS [A/(°C-V)] 2.13 x 10° 3.38%x 102
RS [m)/ °C] 1.80 0.130
THETAS [1/(°C-V)] | 3.86x10~* 6.16x107°
TABLE IX

CONDITIONS FOR THE COMPUTATION TIME COMPARISON BETWEEN THE
CONVENTIONAL AND PROPOSED METHODS

Parameter Value
Model parameter number (m) 8 [-]
Paralleled devices (n) 10 [pcs]
Circuit simulation time (7¢;;) 5.0 [s]

Number of iterations of circuit simula- | 100
tion for one MCSIM (Lyyax)

Time required for one MCSIM (Tjic)
Time required for one NFPV (Txppy)

500 [S] (=Lmax : Tcir)
1.8 [ms]

number of paralleled devices. We conclude that the NFPV
equation accurately and efficiently identifies the dominant model
parameters. With a simulation using the dominant-parameter
set as statistical parameters, the energy-loss variation can be
approximated accurately regardless of the number of paralleled
devices.

3) Validity of Parameter Determination Under Realistic Con-
ditions: We verified that the dominant model parameters deter-
mined by the proposed method are valid under the following
realistic scenarios:

1) uneven parasitic inductance;

2) device-temperature imbalance.

In general, the current paths of the paralleled devices in
a power module are designed equally in length. Also, each
device should have no significant difference in parasitic induc-
tance. In reality, due to layout constraints, the current paths
become unequal, and differences in parasitic inductance are
unavoidable [16], [19], affecting the current imbalance and the
dominant parameter selection. Additionally, changing the device
temperature during the continuous converter operation changes
the characteristics of each device, increasing the effect of the
current imbalance.

To evaluate these effects, we performed additional simula-
tions. The same circuit given in Table IX with n = 10 is used for
SiC MOSFETs with the following uneven parasitic inductances in
Fig. 2:

LgiiLdliLSZ:ZnH (z:l,,n) (31)
For example, the inductances of ); and ()1 are 1.0 nH and
10 nH, respectively. This imbalance causes the larger current
to flow for the devices with smaller numbers. To account for
the device temperature imbalance, we assumed that the power
module is in a continuous converter operation at the switching
frequency of fiw = 10 kHz. We assumed that each paral-
leled device has a thermal resistance Rin; = 1.0 °C/W (i =
1,..., n). The temperature 7; of each device (Q; is given as

4643

Temperature [ ° C]

d1 dz ds d4 ds ds (57 ds dg 0‘10
Device
Fig. 12.  Maximum, mean, and minimum device temperatures obtained by

the MCSIM when considering uneven parasitic inductances and temperature
imbalance simultaneously.
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Fig. 13.  Variations of the simulated current waveform of @1 and Q19 of the
SiC MOSFETs obtained by the MCSIM considering uneven parasitic inductances
and temperature imbalance.

follows:

T,=FE; fow Rui+Ta (i=1,...,n). (32)

Here, we set T, = 50 °C. Temperature dependence of the
SiC MOSFET model was considered with the parameters VF-
BCS, KS, RDS, and THETAS in (25)—(28). We extracted these
parameters from I4—Vys characteristics of the 300 SiC MOSFETSs
at T, = 75 and 125 °C in Fig. 5. We used the SA method for
the parameter extraction, and Table VIII presents the mean and
standard deviation of the extracted parameters. The measured
and modeled /4—V5 characteristics agree well for T, = 75 and
125 °C with an average RMSE of 0.47 A.

As the device temperature changes, the energy loss of the
devices changes due to the change in the characteristics. Further-
more, the change in energy loss alters the device temperature. To
solve this interdependence accurately, the circuit simulation and
the temperature calculation in (32) were repeated alternatively
until £; and T} converged for all the devices.

Fig. 12 shows the maximum, the mean, and the minimum
values of device temperature. Expectedly, Q1 exhibited the high-
est temperature, and Q1o exhibited the lowest. The difference
between the maximum and the minimum temperature is higher
than 40 °C in Q1. The characteristic variation of the paralleled
devices causes a significant temperature imbalance. Fig. 13
shows the simulated current waveforms of @)1 and (Q1¢. Due
to the uneven parasitic inductances and temperature imbalance,
the current imbalance among devices is evident.

We validated the determined dominant model parameters
of the SiC MOSFETs when considering the uneven parasitic
inductances and temperature imbalance. Fig. 14(a) shows the
histograms of 1, F, and (E; — E1() obtained by the MCSIM
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Fig. 14.  Variations of E'1, E19, and (/1 — E70) obtained by the MCSIM. (a)
Dy, = {VFBC,NA}. (b) p,,,, = {VFBC, NA, K}.

with p,, = {VFBC, NA}. Here, (Ey — E1o) indicates the
energy loss difference of (1 and Q1 on the same power module.
The determined model parameters reproduced the energy loss
adequately.

Compared to the case not considering the nonidealities, the
standard deviation errors and the range of energy loss difference
(E7 — Eyp) increased to 14.8% and 19.4%, respectively. For
more accurate estimation, we reselected dominant parameters
with a smaller erraccept 0f 5%. As shown in Fig. 9(b), the
parameters { VFBC, NA, K} were selected. Fig. 14(b) shows the
results of applying the determined dominant model parameters.
The selected model parameters reproduced each energy loss
variation well, improving the accuracy of the standard deviation
and the range error to 0.82% and 0.91%, respectively.

We conclude that the dominant parameters determined by the
proposed method are valid for practical situations when nonideal
conditions such as uneven parasitic inductance and temperature
imbalance are considered.

4) Calculation Time: We evaluated the calculation time re-
quired to extract the dominant parameters by the conventional
and proposed methods using (2) and (15). Table IX summa-
rizes the conditions used in calculating Tcony and Tprop. We
set the value of Ti; to be the typical value of the circuit
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Calculation time [s]
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m

Fig. 15.  Comparison of the calculation times for the conventional MC-based
method and the proposed NFPV-based method with varied model parameters m.
The quantities Tcony and Tprop are the calculation times for the conventional
and proposed methods, respectively.

simulation shown in Fig. 2. We performed each MCSIM circuit
simulation for Ly,x = 100 iterations. On average, the time
required to calculate the NFPV equation was Txppy = 1.8 ms.
The calculations showed that T¢qny ~ 127,000 s and Tprop =~
13,600 s. Within Tj,.p,, the iteration time for calculating the
NFPV equation was less than 1.0 s, which was negligibly
small. Consequently, the proposed method can extract the dom-
inant model parameters 9.33 times faster than the conventional
method.

We compared Tio,y and T}.o, When different numbers of
model parameters were considered. The number of candidate
statistical model parameters was eight in the example shown
in the previous section. In practice, larger numbers of model
parameters are used in device models. For example, there are
17 model parameters for the drain current equation in the
surface-potential-based SiC MOSFET model. Therefore, we need
to include a larger number of model parameters to determine the
dominant parameters comprehensively.

Fig. 15 compares the estimated calculation times for the
conventional and the proposed methods when the number m of
model parameters varies. Tt increases rapidly as m increases,
while T},.p, increases slowly and has a reasonable computation
time, e.g., within 1.0 x 10° s (=~ 1 day). The asymptotic com-
plexity of Tiony is O(2™) due to the term szl (::L’r) [39], and
the computation time increases exponentially with m. Although
Torop has the same asymptotic complexity, its coefficient Txrpy
is about 10° times smaller than that in T,p,. Therefore, for
the practical range of m, T}, is dominant regarding exe-
cution time and grows considerably smaller in the order of
m?. We conclude that the proposed method is more effective
than the conventional method when there are many model
parameters.

V. CONCLUSION

In this article, we have proposed a quick method for de-
termining the model parameters that contribute significantly
to the current imbalance in paralleled power transistors. The
proposed NFPV-based method accurately estimates the energy-
loss variation of paralleled devices. In an experimental vali-
dation using measured [4—Vjs characteristics of commercially
available 100 Si MOSFETs and 300 SiC MOSFETs, the proposed
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method efficiently determined the dominant model parameters,
regardless of the device types and number of paralleled devices.
We validated the dominant model parameters under the prac-
tical situations with uneven parasitic inductances and device
temperature imbalance among paralleled devices in the power
module. The proposed method determined the dominant model
parameters 9.33 x faster than the conventional method. We also
demonstrated that, compared to the conventional method, an
increase in the number of candidate statistical model parameters
enhances the efficiency of the proposed method.

The proposed method rapidly determines the dominant pa-
rameters using the NFPV equation. However, this equation
assumes that the second-order sensitivity of the model param-
eters is insignificant. The proposed method also requires that
the correlation between model parameters must be known. Our
future work includes dominant parameter determination when
the above assumptions do not hold.
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