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Abstract—As the most widely used power semiconductor devices,
insulated gate bipolar transistor (IGBT) modules are normally
composed of parallel IGBT chips to achieve the desired current
capability. However, the electrothermal behavior of each chip is
significantly different due to the asymmetric layout, increasing the
overheating risk of single chip. Therefore, this article proposes
a novel approach to describe the thermal safe operation area of
multichip IGBT modules in the inverter application, considering
the uneven temperature distribution among parallel chips. The
novelty of the approach is that it applied the proposed analytical
model describing the uneven electrothermal behavior, thus avoid-
ing the traditional averaging process. Comprehensive investigation
has been made to reveal the deep mechanism of the inconsistent
temperature distribution, which are the uneven dynamic current
sharing and thermal cross-coupling effects. Correspondingly, the
analytical model of the uneven switching loss and the standard form
of thermal resistance matrix related to cooling performance are
proposed and further verified, respectively. Based on the proposed
approach, the recommended operation area of different rated de-
vices is fully described. The contribution of this article enables more
well-founded device selection to achieve a safe and cost-efficient
design for the inverter application.

Index Terms—TFinite element method (FEM), insulated gate
bipolar transistor (IGBT), thermal model, thermal safe operation
area (TSOA).

I. INTRODUCTION

HE power semiconductor module is considered as the core
of power converters, which greatly determines the critical
performance of the entire system, such as efficiency, cost, and

Manuscript received April 21, 2021; revised August 14, 2021; accepted
October 26, 2021. Date of publication November 2, 2021; date of current version
December 31, 2021. This work was supported by the National Key Research and
Development Program of China under Grant 2019YFE0122800. Recommended
for publication by Associate Editor F. Luo. (Corresponding author: Laili Wang.)

The authors are with the State Key Laboratory of Electrical Insulation
and Power Equipment, Xi’an Jiaotong University, Xi’an 710049, China
(e-mail: wangjackmvp @stu.xjtu.edu.cn; cwj@mail.xjtu.edu.cn; 062626 @stu.
xjtu.edu.cn; xmlemon@stu.xjtu.edu.cn; llwang @mail.xjtu.edu.cn; jjliu@mail.
xjtu.edu.cn; ymgan @mail.xjtu.edu.cn).

Color versions of one or more figures in this article are available at
https://doi.org/10.1109/TPEL.2021.3124597.

Digital Object Identifier 10.1109/TPEL.2021.3124597

, Senior Member, IEEE, Jin Zhang, Student Member; IEEE,
, Senior Member, IEEE, Jinjun Liu

, Fellow, IEEE,
, Member, IEEE

reliability [1]-[4]. As the most widely used power semiconduc-
tor devices, insulated gate bipolar transistor (IGBT) modules
are normally composed of parallel IGBT chips to achieve the
desired current carrying capability. However, the electrothermal
behavior of each chip cannot be completely consistent due to the
asymmetric layout, increasing the overheating risk of a single
chip [5]. Therefore, the accurate calculation on the power loss
and junction temperature of each chip in multichip IGBT mod-
ules is important for the safe and efficient inverter design. The
electrothermal simulation is the accurate method to calculate the
power loss and thermal loading of power module according to the
electrical profiles of the converter. Common electricity models
of devices, such as Hefner model [6]—[7], lumped-charge model
[8]-[10], and Fourier-based IGBT model [11], can be used to
predict the electrical behavior of IGBT modules, especially the
switching behavior. Besides, a series of thermal models, such as
3-D lumped thermal model [12], [13] and finite element (FE)
model [14], [15], have been established and cosimulated with
the device electricity model. However, the mentioned simulation
method is not suitable for the rapid initial design, due to the
complicated parameter extraction process [16]-[18], and low
simulation efficiency.

To support the device selection in the initial design stage,
manufacturers, such as Infineon [19] and SEMIKRON [20], have
provided online power simulation programs for fast power loss
and thermal calculation of their power modules. Furthermore,
some fast batch calculation methods used to guide the initial
inverter design have been presented in the previous literature.
Ma et al. [21] proposed a more complete loss and thermal model
considering not only the electrical loading but also the device
rating as input variables, which greatly improved the freedom of
converter design. Zhang et al. [22] proposed simplified thermal
modeling for IGBT modules according to the operation condi-
tion characteristics of modular multilevel converters. Merkert
et al. [23] presented a characterization and scalable loss and
thermal modeling approach of power semiconductors. In the
above methods [21]-[23], the average device power loss model
based on a lookup table or data fitting is used to replace the
device electricity model and co-simulated with the conventional
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1-D RC lumped thermal model to achieve faster calculation
efficiency. However, the resulting calculation error would in-
crease significantly under certain operation conditions for the
following two reasons. The first one is the uneven current
distribution among parallel chips in the power module, caused
by the asymmetric layout [24]. Especially at high switching
frequency, the uneven transient current can cause large switching
loss differences among chips. Therefore, the average power loss
model mightresultin the underestimation of the power loss of the
specific chip among parallel chips. The second one is the thermal
cross-coupling effect among parallel chips, which means that
the junction temperature of a chip is not only affected by its
own power losses but also that of neighboring chips [25]. The
conventional 1-D thermal model ignoring this effect might cause
the underestimation of the predicted junction temperature. The
misleading results are not conducive to the design of converters,
since too small margin increases the risk of thermal failure.

To deal with these issues in the fast junction temperature
calculation for more accurate estimation results, this article
proposes an approach to evaluate the thermal safe operation area
(TSOA) of multichip IGBT modules in the inverter application,
considering the inconsistent junction temperature distribution
among parallel chips. The novelty of the evaluation approach is
twofold.

1) An analytical model of the uneven switching loss is pro-
posed, thus the difference of power loss among chips can
be expressed.

2) A standard form of the element in the thermal resistance
matrix is proposed considering the cooling condition,
which can fully reflect the influence of the cooling sys-
tem on the junction temperature distribution of parallel
chips.

Owing to the above contribution, the maximum thermal stress
of a single chip is focused on rather than the average value of
the entire module. Therefore, the proposed evaluation approach
can provide a well-founded and fast device selection scheme to
achieve the safe and cost-efficient initial design for the inverter
application.

The rest of this article is organized as follows. In Sections II
and III, comprehensive investigation has been made to reveal
the deep mechanism of inconsistent junction temperature, where
two key influencing factors, i.e., uneven dynamic current sharing
and thermal cross-coupling effects, are introduced from the
three aspects of experimental findings, qualitative analysis and
quantitative calculation, respectively. The analytical relationship
between the switching loss of each chip and operating con-
ditions, the thermal resistance matrix and the cooling perfor-
mance, are established and further verified by the experiment
and FEM simulation. In Section IV, the calculation process of
junction temperature based on the above models is introduced
and compared with commercial software, and further verified
by the inverter experimental prototype. Then, the complete
evaluation approach of TSOA is presented and the TSOA of
standard 1200-V half-bridge IGBT modules with EconoDUAL
housing are fully evaluated under different operation conditions.
Correspondingly, the recommended operation area of different
rated devices is also described. Finally, Section V concludes this
article.
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Fig. 1. Layout of researched IGBT modules with the housing of EconoDUAL.
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Fig. 2. DPT platform.

II. MODELING AND CALCULATION OF UNEVEN SWITCHING
LOSSES FOR PARALLEL CHIPS

A. Experimental Findings

The phenomenon of uneven dynamic current sharing among
parallel chips has been reported and researched for several years
[26]—[30], and it is considered to be a major problem affecting
the performance of multichip power modules. However, few
articles researched the quantitative relationship between the
imbalance ratio of switching loss and various operating con-
ditions for a specific package structure. In the article, 1200-V
half-bridge IGBT modules with the housing of EconoDUAL are
selected for modeling and experimental verification, as shown
in Fig. 1.

First, the experimental study on module FF225R12ME4 is
presented. Double pulse test (DPT) is carried out to obtain the
switching behaviors, as shown in Fig. 2. In the platform, the
Rogowski coil rated at 300 A is used to measure the switching
current of the IGBT module, and which rated 120 A is used
to measure the switching current of each IGBT chip. The test
results are shown in Fig. 3, where the chip number refers to
Fig. 1. The corresponding switching losses are also calculated
and shown in the figure. According to Fig. 3, the following
qualitative conclusions can be obtained.

1) The differences of turn-ON energy losses are much larger
than that of turn-OFF energy losses, whatever among high-
side or low-side parallel chips.

2) The differences of the turn-ON energy losses among low-
side parallel chips are much greater than that of the high-
side chips.

3) The chip close to dc negative terminal (7 in the figure)
withstands the largest switching loss among all the chips.
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Fig. 3. Measured switching waveforms and energy losses of (a) high-side

parallel chips and (b) low-side parallel chips.

B. Qualitative Analysis

Fig. 4 shows the equivalent circuits of turn-ON transient of
the high-side and low-side parallel chips, respectively. Z¢ is the
stray impedance of the copper layer among parallel chips, and
Zyy is the stray impedance of the bond wires-connected chips
and copper layers. The following equation is applied to simplify
the expression for the qualitative analysis:

Zeo = 0 ey

{ZW:ZC:ZCq:SL
where s is the Laplace operator. Besides, the uneven stray
impedance of the gate is ignored in this article since the un-
balanced dynamic current is more sensitive to the mismatched
power source stray impedance as discussed in [24], [29], and
[30]. Moreover, the mutual inductances among different com-
mutation loops are also ignored in the quantitative analysis [29],
[30].

When the chips turn ON, the current of each chip i can be
expressed as follows:

ix = gm(ucEr — Uin) (2)
where k = 1 to 6. g,,, and Uy, are the transconductance and
threshold voltage of IGBT chip, respectively. uggy is the gate—
emitter voltage of the kth chip.
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Fig.4. Equivalent circuit diagrams at turn-ON transient of (a) high-side parallel
chips and (b) low-side parallel chips.

For high-side parallel chips, ugg1, ugre, and uggs can be
expressed as the following formula, according to Fig. 4(a):

diq dig dip
- S i e 0
UGE1 = UGO_h i ( I + at )
dis dig
= - L—= L= 3
uGE2 = UGO_h i 0 3)
di
UGE3 = UGO_h — Lidtg

where i is the current flowing from B to A, ip is the current
flowing from C to B, and uco 1, is the voltage between G}, and
Oy, as shown in Fig. 4(a). According to Kirchhoff’s laws, the
voltage relationship among point A to F can be expressed by

: dia dip dip
L&a (24 22 5
a * dt  dt dt >
dlc  dia  dig
oL = - == _ =) =
dt dt dt 0
dia _dis _dig) ', (dlo _dis _dis _dip
dt dt  dt dt dt dt dt
dip dip  di;
L= _ I ===
dt ( dt dt) 0

“)

where I is the total load current of the module, which can
be considered a steady variable since it changes little during
the fast turn-ON transient. Therefore, the above formula can be
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transformed into

dig dip dio dig

AL— —L——L—+2L— =0
dt dt dt + dt (5)
dia dip diy disy dis
L— - 4L—+L——-2L— —L—=0.
dt dt dt dt dt 0

Therefore, the following formula can be reached after rear-
ranging:

diy = A 'Bdi, u (6)
where A = [{ ] B = [ 5% ] i = [t 2
diy g = [, L2 dia] " Substituting (2) and (6) into (3), the
following formula can be obtained as:
1

—Eiy 5 = (ugo_n — Uin)I — LEdi, g — Cdix

= (ugo_n — Um)I = (LE + CA"'B)din u (7)
sL sL
inm = [i1, i2, i3]", C = [SL 0 }, Eis
0 0
a third-order identity matrix, and I = [1,1, 1]7. According to
the differential properties of Laplace transform, the Laplace
transform of di,, g1 can be expressed as the following formula
since the initial value of i,, g is equal to zero:

L (dln_H) == Sin_H(S) - in_H (07) == Sin_H(S). (8)

Therefore, the Laplace transform of (7) can be expressed as

! (Uco_h(S) - U:?)

7Ein_H(5) =
I— (sLE + sCA 'B)i, u(s).

where ix = [ia, ig]”,

Im
©))
According to (9), i, m(s) can be calculated by

Uth) [(1+5L> E+sCA1B} I
S Im

U, -
9m (42L29m252 + 52Lgms + 15) (ugoh(s) — ;h)

(2313, 35% + 60129, 252 + 52Lgms + 15)

U
Im (30L29m252 + 43Lgm5 + 15) (uGOh(S) - =k

in mu(s)= (UGO_h(S)

(23L3g,n,3s3 + 60L2g,,25% + 52L g, s + 15)
Utn,
Im (uco_n(s) — —

S

L (Lgms + 1) _
(10)

Therefore, the ratio of current among chip Ty, T2, and T can
be expressed as

B ln H(s)  42L%g,,%s? + 52Lg,,s + 15 .
Gz = in_r(2)(5) -~ 30L2¢,,252 4+ 43Lgy,s + 15
_nm 2)(5) B 30L2g,,%s% 4+ 43Lg,,s + 15
S = i 11(3)(5) "~ 2302252 + 37TLgms + 15
inm)(s)  42L%g,,%s® +52Lg,,s 4 15
S13 = in1(s)(5) 2302922 + 37Lgps + 15
(1)
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According to (11), the order of turn-ON current and loss among
high-side parallel chips are

11 > 19 > i3 (12)

Eon_1 > Eon 2 > Eon 3. (13)

While for the low-side parallel chips, ugga, ucrs, and ugges
can be expressed as the following formula (14), according to
Fig. 4(b):

ucra(s)=ugo 1(s)—Zwia(s)+Zoais(s)+Zoais(s)
uges(s)=uco i1(s)—(Zw+Zc1)is(s)— Zcais(s)
uare(s)=ugo_i1(s)—Zc1is(s) —(Zw+Zc+Zc1)is(s)

(14)

where ugo ; is the voltage between G; and O;, as shown in
Fig. 4(b). Substituting (2) into (14), the following formula can
be reached after rearranging:

LBy 1 (s) = (Uco_l(s) - U) I Diyp(s) (15

Im
sL 00
where D = [ 0 2sL sL } Ap 1 =iy, i5, i¢]7, and its calculation
0 sL 3sL
result is
. Uin 1 -
inL(s)=(ucoi(s)—— | | —E+D| I
S 9Im

Im <uGO_l(s) -
(Lgms +1)

_ | 9m 2Lgms +1) <UGoz(8)

Ut h T
S
_Un
S

(5L2g1m2s% + 5Lgms + 1)

U
9m(Lgms +1)(ugo_i(s) = =)

(5L2¢%282 + 5Lgms + 1)

(16)

Then, the ratio of current among chip T4, T5, and Tg can be

expressed as

ln L@(s)  5L%g,%s% +5Lgy,s +1

§a5 = =75 55 >1
In L(5 o)(S) 2L2gm?s* + 3Lgms + 1
n L (S) 2L mS + 1

§56 = G _ 229 (17)
inrne)(s) Lgms+1

€1 = in L) (s)  5L%gn2%s? 4+ 5Lgms + 1

46 in L(6)(5) - L2¢,,252 4+ 2Lgm,s + 1

Accordingto (17), the order of turn-ON current and loss among
high-side parallel chips are as follows:
14 > 15 > ig (18)

Eox_ 4 > Eon_ 5 > Eon - (19)

Furthermore, the ratio of the imbalanced current between
the high-side and low-side parallel chips can be characterized
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Fig. 5. Magnitude—frequency characteristic curves of uneven current ratio
with variable parameters.

by

5= S16

513
_ 115L%¢,,*s*+300L3g,,,3s3+283L2g,,%s>+112Lg,,s+15
 42I4¢,,4s4 +136L3¢,,353+161L2g,,252 +82Lg,,s + 15

(20)

According to formulas (11), (17), and (20), the magnitude—
frequency characteristic curves of uneven current ratio are de-
scribed as Fig. 5. It indicates that the imbalance of current of
the low-side chips is much greater than that of the high-side
chips. What is more, the uneven current ratio would increase
as the current rise time decreases (as the frequency increases).
Besides, the decrease of g, and L can delay the responses in
the frequency domain, thereby improving the current imbalance
ratio.

Different from turn-ON current, turn-OFF current is less in-
fluenced by the inconsistent parasitic inductance caused by
asymmetrical layout [31], [32]. Therefore, the current sharing at
turn-OFF transient is more balanced, regardless of high-side or
low-side chips.

The above qualitative analysis results are consistent with the
DPT results shown in Fig. 3. It can be concluded that among all
switching processes, the uneven turn-ON losses of low-side chips
are the most severe, which cannot be ignored at high-frequency
inverter applications.

> 1.

C. Quantitative Calculation

According to the results of qualitative analysis in Section II-
B, an accurate quantitative calculation model for the uneven
turn-ON losses of the low-side parallel chips need to be pro-
posed. Therefore, some ideal assumptions and simplifications in
Section II-C are not adopted in this section to ensure calculation
accuracy.
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Fig. 7. Schematic diagram of parasitic inductance inside the IGBT module.
(a) Circuit considering mutual inductances. (b) Decoupled circuit.

To simplify the calculation process, the concept of equivalent
turn-ON losses P, is proposed, as shown in Fig. 6. The form
of P4, is a series of triangles with the same base side, and the
slope of the left side is proportional to that of the current within
rise time ... The rise time ¢, is defined by power semiconductor
manufacturers, that is, the rise time of the power module from
10% 1 t0 90% I - during the turn-ON transient. The rise time can
be obtained by datasheet or DPT for the power module. In this
way, the area of the geometry formed by Pon and the abscissa
axis is similar to the area of the triangle formed by P, and the
abscissa axis. Therefore, the ratio of each chip’s turn-ON loss to
the total turn-ON losses can be simplified as follows:

t
Jo) Podt s, IrEF K

N POy fttf P, dt S0y Sk a Sy IrEF K
(21

Nk

where k = 4, 5, or 6. Moreover, the mutual inductances among
different commutation loops should be considered in the quan-
titative calculation. The symbols of mutual inductance refer to
Fig. 7. Correspondingly, (14) can be rewritten in time-domain
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form as the following formula:

diy dis di di
UGE4—UGOl—LWd +LC2<dt5+ d:) Mczjd—;B
dip dis dig
M i)
C”( a Tar T
di di di di
UGE5 = UGO l_LWd_tS—L01 (d_t5+d_t6)+MCI ld_f
dlB d’L5 die
M, i)
+ 012( dt+dt+dt
di di
uaps = ugo 1 —(Lw+Lc) dtﬁ +Mc 1d—?
dia  dig
M, A 76
+ c_2< i +dt>
d’i5 dZG d
—Len [ =2 4+ =5 ) + Moy 1 —2 + M,
Cl(dt + dt)+ Clldt + Mc1 2
diB di5 d’L@
(‘E*E*E)‘
(22)

When M ¢ 1, My 1, and M ; are close to Mco 2, Moy 2,
and M ¢ o, respectively, (20) can be approximately reached
Meo 1dd + Mca 2 ( d;f + %—F%)
Moo 1+ Mcs 2 <% dig
~ 2 dt ' dt

dis  dig

di
M1 —2 + Mci» <_E ot E)

2
_Mcia+Mey 2 @3)

dis  dig
2 %)
+

( at " dt
dig dZA dig
Me 1—— + M, —
Cagy T Mo ( dat dt)
Mo+ Mcy o (dis
2 dt )’

In this way, the mutual inductances can be decoupled, as
shown in Fig. 7(b).
According to Fig. 6, the slope of the current within the rise
time can be approximately considered as constant, which is
dix _ IrpF_k
dt t,
Furthermore, considering the nonlinearity of g,,, (2) can be
rewritten in quadratic form and then linearized at /3, as

. 7
ugek(ix) = \/Ek + U,

3 I

< L iy — 2 (25)
38 2v/Blc 3

where [ is a constant determined by device structure and doping

concentration. Therefore, the expression of U gy, at Irgr i, can
be simplified as

1o I
Uger =~ \/ 33 35 + U, + 2\/\/5% (IREF_k - ?C> . (206)

(24)
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Fig. 8. Extraction process of parasitic inductance inside FF225R12ME4 by
Q3D Extractor.

Substituting (23)—(26), (22) can be rewritten as

N%EIREF = (Uco_l = U — 112—%) I - FIrgr
(27)
where
Lw/tr _LEQCQ/tr —LEQC2/tr
F=| 0 (Lggci+ Lw)/tr Lege1/tr
0 Ligci/tr (Legc1+Lw+Legc)/tr

in which LEQC2 = LCQ—(M0272+M0271)/2, LEQ01 = Lc-
Mc1_2+Mcy_1)/2, and Lgge = La-(Mc 2+Mc 1)/2. 1gpr =
[IrEF 4, IREF 5. ] RE F_6]T, and its calculation result is

1
Irer = (uco_l —Un — ”1[2_05> (2\/\{837015 + F) I

(28)
Therefore, the calculation result of (21) is
I
—— rEF (k) _ GG(k) (29)
Zk=4 IREF(k) Zk:4 G(k)

where G(k) = (;2-E +F) 'L

To verify the accuracy of above quantitative relationship,
a series of DPTs under different load currents, bus voltages,
junction temperatures, and gate resistances are carried out. The
parasitic inductances of module FF225R12ME4 under test are
extracted by ANSYS Q3D Extractor, as illustrated in Fig. 8. The
quantitative relationship between [ and junction temperature
can be established according to the transfer characteristic curve
in the datasheet [33], which is

/8 = O‘lirjav2 + a2T'jav + a3 (30)
where T}, is the average temperature among parallel IGBT
chips, and a1, o, and a3 are the temperature coefficients.

The comparison between the proposed analytical model and
the experiment is shown in Fig. 9, which verifies the accuracy
of the model under various operation conditions. Furthermore,
introducing the influence of temperature difference among chips,
the uneven switching loss model of an individual chip can be
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Fig. 9. Comparison results between experimental and proposed analytical
models.

expressed as

1

3 [EoN ret(Ic, Ry, Upc, Tjaw) +kr ATy ],
Fox s = k=123
ng - [EoN_ret(Ic, Rg, Upc, Tjaw) +kr AT 1],
k=456
(3D
1
Eorr k = g[EOFF_ref(IC’a Ry, Upc,Tjav) + kr AT} 4],
k=16 (32)
1
Err_k - g [Err_ref(107 Rga UDC7 deav) + kTAde_k]a
k=1,----,6 (33)

where EoN _yef, EOFF_rer, and Ey,_yr are the total turn-ON, turn-
OFF, and reverse recovery losses of power modules, ignoring
the temperature difference among chips. In this article, the three
expressions of switching loss are derived from the PLECS model
by the manufacturer, which can also be replaced by the experi-
mental test results. AT ; is the difference between the junction
temperature of the individual IGBT chip 7, ; and the average
temperature Tj,, of parallel IGBT chips. ATy; ;is the difference
between the junction temperature of the individual diode chip
T4;_; and the average temperature 7gjq, of parallel diode chips.
k7 1s the temperature coefficient of EoN yef, EOFF_ref> O Eyy_refs
which is expressed as

_ a-EON_ref a-EOFF_ref

raErr_ref
e ~ OTjaw

k .
’ ¢ adeav

(34)

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 37, NO. 4, APRIL 2022
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P=75W T,=20°C R,,=0.44°C/W

1 - Diode - 62.7°C (avg)
2-1GBT - 50.2°C (avg)
P=120W T,=20°C R,,=0.25°C/W

Fig. 10.
(right).

Thermal images of IGBT module without fan (left) and with fan

III. MODELING THERMAL COUPLING AMONG PARALLEL
CHIPS AND CORRESPONDING CALCULATION

A. Experimental Findings

The thermal cross-coupling of parallel chips is another impor-
tant effect influencing the calculation of junction temperature
inside multichip modules, which has been fully considered in
[13],[25], and [34]. However, few references focus on the impact
of cooling performance on the thermal coupling effect, and the
standard form of the thermal resistance network has not been
proposed. In [12], the influence of boundary conditions on the
thermal model is introduced by the fitting on a large number of
FE simulation results. However, the selection of fitting formula
and the correlation of fitting coefficients are unclear due to the
lack of a theoretical basis. Only based on a series of FE method
simulations and data processing, the modeling process in [12]
is inefficient.

Fig. 10 shows the thermal images of black-painted open IGBT
module under different cooling conditions by IR camera. The
diode chips are actively heated by dc current and the IGBT chips
are passively heated by the thermal cross-coupling effect. The
expression of a thermal resistance network is

-T,

T}
o (35)

Rthm,n =
where m and n are the serial numbers of actively and passively
heated chips, respectively, and T, is the ambient temperature.
Especially, Rj,m,m represents the self-thermal resistance. Ac-
cording to (35), the coupling thermal resistance without fan is
much greater than that with the better cooling condition. The
experimental phenomenon illustrates that the parameters of the
thermal resistance network are closely related to the cooling
performance.

B. Qualitative Analysis

Fig. 11 shows the 2-D schematic diagram of heat conduction
inside multichip IGBT modules, where the solder layers are
ignored. Since the cooling condition greatly affects the heat
spreading angle 6 [12], a 2-D FE simulation as Fig. 11 is
carried out to investigate the distribution of §. According to the
simulation results shown in Fig. 12, § can be ideally expressed
by

 —keudT,/dx

tanf = g(h)l(z) = ) (36)
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Fig. 11. Schematic diagram of heat conduction inside multichip IGBT
modules.
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Fig. 12.  Two-dimensional FE simulation results according to the boundary

conditions shown in Fig. 11 (a) tanf versus position. (b) hg(h) versus In(h).

where g(#) and I(x) are the components of tan 6 related to 4 and
abscissa x, respectively. Besides, & is convective heat transfer
coefficient at lower boundary, k ¢, is the thermal conductivity of
copper, and 7, is the temperature at lower boundary, which can
be expressed by

hg(h)
T, — T, = ¢ Fou L@ 37
where
L(z) = /l(m)dm (38)
Correspondingly, (35) can be rewritten as
TI - Ta Ta: - Ta
Rinzo = = 7
Fo 2h [, (T, — T,)dx
ei};ﬂgT(Z)L(m) (39)
= hg(h) :
2h fol e Fou L@ gy

According to the first mean value theorem for definite inte-
grals, the following formula can be reached:

1
__hg(h) __hg(h)
/ e Fou L@ gy = le” Fou L&)
0

(40)

where ( is a constant between 0 and /. Therefore, (39) can be
simplified as

67 };Cgéh) L(LE) 67 };Cgc(‘h) L(I)
u u
Rtth = =
1 _he(m) _hg(h)
2h [1e Fer M Pap 2nle” Fe MO

o TR L)~ L(©)]

- 20h ' “h)
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Fig. 13.  Comparison results of Rypjc between FEM model and datasheet.

As shown in Fig. 12(b), hg(h) can be approximately linearized
as follows:
hg(h) =~ piln(h) + p2 (42)
where p; and p, are the fitting coefficients. Therefore, (39) can
be rewritten as

— 2 2 [ (2) - L(€)]

e c
Ripzo ~ 5T
—axhb (43)
where
B 6—%@(%)%(6)1 “
a= 57 (44)
—P1
b= L) - L) - 1. 45)
Cu

Since x is at the lower boundary, the coupling thermal resis-
tance of the upper chip can be expressed by

Rthm,n = RthzO +c

=axh®+ec (46)

where c represents the thermal coupling resistance inside the
module, only related to the property of the module.

The formula (46) can be considered as a standard form of
thermal resistance network. According to Fig. 12(b), the fitting
coefficient p; is positive and L(x) is an increasing function.
Therefore, the qualitative laws of b and ¢ about the module layout
can be concluded as follows.

1) The value of b decreases as the distance between parallel
chips increases. Generally, b is greater than —1 when the
distance between chips is close, and less than —1 when
the distance is far, which depends on the size of x and ( in
(45).

2) The value of ¢ decreases as the distance between par-
allel chips increases since the thermal coupling effect
decreases. Especially, c is close to zero if the two chips
are not on the same direct copper bonding (DCB).

C. Quantitative Calculation

To solve the 3-D temperature field of the proposed IGBT mod-
ule, finite element method (FEM) is applied for the extraction of
the thermal resistance network. First, the accuracy of the material
parameters and geometric structure of the FEM model need to
be verified. The comparison results are shown in Fig. 13. For the
FEM model using the material parameters shown in Table I, its
simulation results of junction-case thermal resistance are almost
consistent with datasheet. Then, based on the verified FEM
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TABLE I
MAJOR MATERIAL PROPERTIES OF THE IGBT MODULE

: P k 2

Layers Materials G’ (WImeC)  Wkeee)
Chip Si 2330 130 700
Solder SnAgCu 7404 64 232
DCB copper Cu 8700 400 385
Ceramic ALO; 3900 27 776
Baseplate Cu 8700 400 385

1 Rihl,l - thl.Z - thl,?, thlA -
0.9 Ry s Rt 6 — Rtp = R
Ripo—— R0 — Riiii — Rint iz

Thermal resistance (K/W)
(=3
O

Convection heat transfer coefficient (W/(mz- K))

Fig. 14.  Fitting results of the thermal resistance network of chip 1 based on
(40).
06 Chipl ® Chip2 ® . Chipl ® Chip2 ® |
s 3 Chip3 # Chip4 ® Chip3 © Chip4 ®
08 Chip5 ® Chip6 ® 08 Chip5 ® Chip6 ®
) b
-1 ‘.l [ 1 06 | Same|
] | DBC
-12 i 04
@
14 S 0.2
-1.6 o Lictlasnemaos |
0 2 4 6 8 10 0 2 4 6 8 10
Distance (cm) Distance (cm)
(a) (b)
Fig. 15.  Fitting parameter distribution: (a) b and (b) c.

model, the parametric sweep of variable / from 20 W/(m?-K) to
20 000 W/(m?-K) is carried out. Finally, the thermal resistance
network can be obtained according to the standard fitting form
as (40). The fitting results are shown in Fig. 14 and Table II. It
can be seen that the standard equation has high fitting accuracy,
as the goodness of fit (R in Table II) of all the chips are close
to 1. Moreover, according to Table II, the relationship between
fitting coefficients (b and c) and chip distance is established, as
shown in Fig. 15. Based on the result of quantitative calculation
in the figure, the conclusions of qualitative analysis can be
fully verified. According to (40), fewer FEM simulations can be
used to obtain the thermal resistance network related to cooling
conditions, thereby speeding up the modeling efficiency.
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TABLE II

FITTING COEFFICIENT OF THERMAL RESISTANCE NETWORK

Thermal Coefficient Thermal Coefficient Thermal Coefficient

resistance a b c R resistance a b c R resistance a b c R
Riyy 323 -0.68  0.50 0.999 Ry, 43.8 -0.75  0.02  0.999 Runs, 154.6 -1.03 0 0.999
Rz 43.8 -0.75  0.02  0.999 R 342 -0.70  0.67 0.998 Rz 80.43 -0.89 0 0.999
R 121.1 -0.97 0 0.999 Rz 57.6 -0.82 0 0.999 Riss 36.91 -0.73 051 0997
Rinta 2343 -1.12 0 0.999 Rinoa 1354 -1.00 0 0.999 Rinza 45.03 -0.773  0.05  0.998
Rus 5662 -1.31 0 0.999 Rinos 377.9 -1.22 0 0.999 Rinss 127.6 -0.99 0 1
Rue 847.7  -1.40 0 0.998 Rins 592.6 -1.32 0 0.999 Rinsse 2344 -1.12 0 0.999
Rz 5473 -0.79 0 1 Riny 74.9 -0.86 0 1 Rusz 188.9 -1.07 0 0.999
Ruis 4851  -0.77 0 1 Ring 51.7 -0.79 0 1 Russ 100.4 -0.94 0 0.999
Ruio 1563  -1.03 0 0.999 Rino 102.6 -0.94 0 0.999 Rz 68.27 -0.86  0.01 1
R0 2350  -l1.12 0 0.999 Run.10 152.5 -1.03 0 0.999 Rus.10 64 -0.85  0.02 0999
R 600.8  -1.32 0 0.998 Rzt 427.8 -1.25 0 0.998 Rz 168.5 -1.0 0 0.999
R 8083  -1.39 0 0.998 Rio12 581.9 -1.31 0 0.999 Ris12 242.8 -1.13 0 0.999
Rina) 2702 -1.148 0 0.999 Rins, 659 -1.34 0 0.998 Rine,1 911.6 -1.41 0 0.998
Rz 61.6 -1.0 0.02  0.999 Rins> 451 -1.26 0 0.999 Rine 644.4 -1.34 0 0.999
Rinss 40.59  -0.75  0.07 0.998 Riss 126.4 -0.99 0 1 Rine3 210.8 -1.09 0 0.999
Rinaa 3479  -0.72 081 0.997 Rinsa 65.8 -0.85 0 1 Rina 1253 -0.98 0 1
Rinas 63.66 -0.84 0.01 0.999 Rus.s 349 -0.70  0.50  0.999 Rines 34.52 -0.69  0.05 0.999
Rinas 128.6  -0.99 0 0.999 Runss 39.5 -0.73  0.04 0.999 Rines 28.77 -0.65  0.78  0.999
Rina7 3115 -1.18 0 0.999 Runs7 687.9 -1.35 0 0.998 Rine7 936.3 -1.416 0 0.998
Rinas 185.8  -1.07 0 1 Runss 454.8 -1.262 0 0.999 Rines 637.9 -1.168 0 0.999
Rinao 127.5  -0.99 0 0.999 Runso 199.6 -1.084 0 1 Rinso 299.4 -0.99 0 0.999
Rina o 64.66  -0.85 0.01 0.999 Runs.10 99.55 -0.935 0 1 R 10 167.1 -1.04 0 0.999
Rpan 103 -0.94 0 0.999 Rus.i 55.21 -0.803 0 1 Rue 1 73.18 -0.85 0 1
Rips 12 1469  -1.02 0 1 Rups, 12 5491 -0.80  0.01 1 Rin,12 49.07 -0.76 0 1

TABLE III

Due to the central symmetry of the module layout, the com-
plete thermal resistance network can be expressed as

[ Rima Ripim Ripia2 ]

Rth.m,l Rthm,n Rthm,lQ

Rin = Rtf.bﬁ,l Rti;6,n Rth.6,12
Riniz—my2 - Rth137'm7137n o Rypig—mo

Ripi 12 Rini13-n Rtl;l,l

@7

IV. METHOD TO RESPECIFY DEVICE SOA
A. Calculation Method of the Maximum Junction Temperature

In this section, the two-level voltage-source dc—ac converter
(2L-VSC) is selected to introduce the TSOA description ap-
proach. Above all, two ideal assumptions need to be made: one
is that the current is considered constant during one switching
cycle; the other is that the junction temperature is also considered
constant during one fundamental cycle. Based on the above
assumptions, the current /~ at the ith switching cycle can be
expressed as

Io(i) = V2 x I x sin (27 X Jour xi arccos(Q)

fw
(48)

where fouT is the fundamental frequency, fyy is the switching
frequency, and Q is the power factor. Therefore, the conduction

energy loss in one switching cycle can be expressed as

PARAMETERS OF EXPERIMENTAL SETUP

Parameter Value
Power source 1.2kV /5A
IR camera FLIR T650sc
Cooling system Water, 6L/min
DUT (IGBT) FF225R12ME4
DC link capacitor 6.8mF 1200V
Load inductor 0.5 mH, 400A
Switching frequency 10 kHz
Output frequency 100 Hz

Econ_u (1)

Epcon_u (i)

Econ_1(i)

Epcon_r(i)

Ic(i) x Vep(Io (i), Tjav)
_ < Ton (i), Io(i) > 0
0,1c(i) <0

—Ic (i) x Ve(—Ic(i), Tgjan)
= xTon (i), Ic(i) <0
0,1c(i) >0

—Ic(i) x Ver(—1c(i), Tjav)
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(49)

(50)

= X(4= = Ton (i), Ic(i) <0 (51)

0,Ic(i) =0

IC(Z) X VF(IC(i),deav)
=1{  X(57 —Ton(i),Ic(i) > 0
0,Ic(i) <0

(52)
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TABLE IV
COMPARISON RESULTS BETWEEN IR CAMERA, PROPOSED METHOD, AND IPOSIM

Conditions Value T T, T3 Ty Ts Ts D, D, D; Dy Ds Dy
Test 1I: R 439°C 442°C 428°C 448°C 435°C 417°C 443°C  442°C 428°C 435C 435°C  42.7°C
Unc=250V P 434°C  445°C  441°C  455°C  442°C 423°C  432°C  44.0°C  430°C  433°C  440°C  43.0°C
fea 1004 I 415°C 415°C  415°C  415°C  415°C 41.5°C  404°C  404°C  404°C  404°C  404°C  40.4°C
T3 B -L1%  07%  3.0%  15%  L6%  14%  2.5%  05%  05%  05%  LI1%  07%
Ru0.0165K/W | By, -5.5%  -6.1%  -1.6%  T4%  -4.6% -05%  -8.8%  86%  -5.6%  T1%  T1%  -5.4%
Test II: R 59.1°C  60.1°C 3585°C 61.3°C  588°C 54.5°C 588°C 583°C 550°C S83°C 580°C 55.5°C
Unc =250V P 571°C  59.5°C  S87°C  612°C  59.1°C S5.1°C 567°C  58.5°C  563°C  568°C 585°C  55.1°C
fra 2004 I 53.0°C 53.0°C 53.0°C  53.0°C  S3.0°C S3.0°C 49.5°C  49.5°C  49.5°C  49.5°C  49.5°C  49.5°C
o33 Bl 34%  -10%  03%  -02%  03%  LI%  -3.6%  03%  23%  26%  09%  -0.7%
Roa=00165K/W | B, -103% -118% -94% -13.5% 99% 28% -158% -151% -100% -15.1% -147% -10.8%

“IR: IR camera, P: proposed method , I: IPOSIM, E; =(P—IR)/IRx100%, Eo =(I—IR)/IRx 100%.

where Vop and Vp are the output characteristic of parallel
IGBT and diode chips, respectively, which can be obtained from
datasheet. Ton (@) is the conduction time of the high-side IGBT
chips in the ith switching cycle, which can be expressed as

0.5 x (1+K xsin(2 x © x i X four/fw))

fw
(53)
where K is the modulation index, which is set to 0.8 in this article.
Substituting (31)—(33), the average power loss of an individual
chip in one fundamental cycle can be expressed as

Ton (i) =

Prapr &

fw/four

>
z;l
%ﬂ(l) + Eon k(1) + EOFF_k(i)> ok
fw/four
four

fOUT

=1,2,3

=1

(Eeexs 4 Box k(i) + Fosr (1)) b = 4,5,6.

(54
Ppiode_k
fw/four 5 )
four ) (%W—FErr_k(i)),k: 1,2,3
— 1=
- fw/four 5 @
four 2 (% + Err,k(i)) k=4,5,6.

(55)

Furthermore, substituting (47), the junction temperature of
each chip can be expressed as

T =P x Ren + 7.1 (56)

where P [PieBT 1, PDiode_1» P16BT 2> PDiode 2> -5
P1GBT 6> Ppiodesl, and T = [T} 1, Tg4; 1, Tj 2, Tgj 2, ....T; 6,
T4; ¢]. Moreover, h can be obtained according to the information
of the cooling system, which is

_ 1
Rthca x A

where Ry, 1s the thermal resistance of the cooling system. A is
the heat exchange area of the IGBT module, that is, the area of

h (57)

Fig. 20. Temperature distribution by IR camera at (a) Test I and (b) Test II.

Process

conditions: four. Aiv. Q.
T K. Ruca, Re

Input2: 3D Geometric
of the power module:
Ru. 4. Lpge. Legon
Lzqea. Lw

Input3: Experimental
data or datasheet of
the power module:
Eon_ret. Eoft ret. En et 1,
B.Un

Upe=Ubc+30

TSOA: 7, Unc, Tjmxx

Fig. 21.  Description process of TSOA.

the bottom surface of the substrate. For the considered modules
in this article, A is 7561 mm?. Since power loss is closely related
to junction temperature, the iterative calculation is carried out
until the relative error ¢ is lower than the setting reference,
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Fig.22. TSOA of module FF225R 12ME4 under different operation conditions
(T = 60 °C).
which is
[
€= +——— < 0.001 (58)
Tl

where n is the number of iterations.
Due to the employment of uneven power loss and thermal
resistance model, the junction temperature of each chip can
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be calculated, thus the chip with the highest temperature can
be discovered and used to evaluate the thermal safety of the
IGBT module, as shown in Fig. 16. It can be seen that the
junction temperatures among parallel chips are different, and
the chip T4 usually has the highest junction temperature due to
the highest ratio of turn-ON loss. To evaluate the effectiveness of
the model, a series of simulations at different operation condi-
tions have been carried out by Infineon IPOSIM. The comparison
results are shown in Fig. 17. Since the measurement conditions
of thermal resistance in the datasheet and IPOSIM are using a
water-cooling bar [35], the thermal cross-coupling effect is poor
(shown in Fig. 14). Therefore, the calculation results between the
average junction temperature and IPOSIM are almost the same
when the cooling performance is good. However, as the cooling
performance decreases, the calculated junction temperature is
gradually higher than IPOSIM due to the greater thermal cross-
coupling effect. In this case, the conventional 1-D RC lumped
thermal model by IPOSIM could lead to the underestimation
of the maximum junction temperature in the IGBT module,
increasing the risk of thermal failure of the device. Additionally,
the difference between the maximum junction temperature and
the average junction temperature increases as the switching fre-
quency increases at the same current, due to the uneven dynamic
current effect. The comparison results show that the proposed
calculation method is more effective than the traditional one in
calculating the maximum junction temperature.

To verify the accuracy of the proposed method, an experi-
mental setup was established, as shown in Figs. 18 and 19. The
setup consists of an H-bridge inverter, a water cooling system,
and an infrared thermal camera, and the setup parameters are
presented in Table III. Moreover, an opened and black-painted
IGBT module was used for the test of temperature distribution
under the high-frequency inverter condition for each chip. In
the experiment, two different operation conditions were tested
as shown in Fig. 20, and the comparison results are shown
in Table IV. From the test results, it can be seen that the
temperature distribution among parallel IGBT chips is quite
uneven due to the imbalanced switching loss and the uneven ther-
mal resistance distribution, and chip T4 has the highest junction
temperature. Compared with [IPOSIM, the proposed calculation
method can describe the uneven temperature distribution among
chips to a certain extent, as shown in Table IV. The errors come
from the simplified processing of the method itself, such as
the averaging processing of power loss in parallel diode chips.
However, the maximum temperature inside the IGBT module
can be accurately calculated by the method, thereby providing
strong support for the safe design of inverters.

B. Description Process of TSOA

The detailed description process of TSOA is shown in Fig. 21,
where Ur,ow and Uyppger are the lower and upper limits of
Upc respectively, and I1,ow is the low limit of 1. The complete
process considers both operation conditions and the information
of power modules. Owing to the proposed analytical model of
uneven power loss and thermal distribution in (29) and (47),
the description process can be performed within a few seconds,
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Fig.23. Recommended area of different types of IGBT modules under inverter
applications. (a) Repeq = 0.024 K/W, T, = 60 °C, and f = 10 000 Hz.
(b) Ripea = 0.06 KI/W, T, = 40 °C, and f = 5000 Hz.

including the several hundred junction temperature calculations
under different current and voltage. Therefore, the approach is a
more efficient tool in the initial design phase of the power elec-
tronic system, compared with the traditional circuit simulation
software. Fig. 22 shows the TSOA of module FF225R12ME4
under different operation conditions. It can be seen that the area
of TSOA is sensitive to Ripca, f and Ry, while less sensitive
to Q. Moreover, the 50% current margin (based on experience)
still cannot meet the thermal safety requirements of the power
module under certain operation conditions. Therefore, can be
regarded as a supplement to the datasheet, which enables more
well-founded margins design to achieve the safe application of
power modules in the inverter application.

With the proposed approach, the TSOA of standard 1200-V
half-bridge IGBT modules from 150 to 450 A with EconoDUAL
housing can be fully described. According to [21], 100 °C
can be considered as the optimized junction temperature since
the device achieves good tradeoff between cost and thermal
safety. Correspondingly, Fig. 23 shows the recommended area of
different types of IGBT modules under inverter application (Rg
is the recommended value on the respective datasheet), which
represents the lowest design cost when the maximum junction
temperature is lower than 100 °C. It illustrates that the proposed
approach can guide the cost-efficient device selection for the
power electronics system.

V. CONCLUSION

This article proposes a description approach for the TSOA of
multichip power modules. The superiority of this approach is to
consider the uneven distribution of junction temperature among
parallel chips while ensuring the efficiency of the calculation.
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The two key influencing factors, i.e., uneven dynamic current
and thermal cross-coupling effects, have been fully investigated
and modeled. The proposed uneven power loss and thermal
resistance model are verified by experiments and FEM sim-
ulation, and further applied in the TSOA evaluation process.
Compared with the traditional circuit simulation software, the
proposed approach has higher calculation efficiency and accu-
racy, especially suitable for initial device selection and system
design. Moreover, although for IGBT module and 2L-VSC in
this article, the method is also applicable to other multichip
parallel high-power devices and circuit topologies.
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