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Dynamic Electrothermal Model of Paralleled IGBT
Modules With Unbalanced Stray Parameters

Yunyu Tang, Student Member, IEEE, and Hao Ma, Member, IEEE

Abstract—Compared with single-module applications, unbal-
anced stray parameters come about frequently in the process of
installing paralleled IGBT modules, which could result in some
distinctions of current sharing and temperature distributions. To
focusing on depicting this practical issue, a novel dynamic elec-
trothermal model extended to paralleled systems is proposed in
this paper to establish a comprehensive transient model to char-
acterize the relations of power losses, junction temperature, and
unbalanced parasitic elements. The model can describe the inter-
actions of current distributions and thermal dissipations between
paralleled modules. In addition, the variation of unbalanced tem-
perature during transient process can be obtained with the pro-
posed electrothermal model. First, the stray inductance parameters
in the paralleled branches are analyzed in detail by finite-element-
method simulation tool. And based on impedance analysis, an im-
proved power loss model is built up, considering the interaction of
paralleled devices. Moreover, by the method of resistor—capacitor
networks extracted from numerical simulations of 3-D structural
model, the transient thermal impedance of devices and cooling sys-
tem is obtained for fast and accurate electrothermal cosimulation of
the paralleled system. Experimental results are carried out to ver-
ify the proposed model and coincide with the theoretical analysis.

Index Terms—Electrothermal model, insulated-gate-bipolar-
transistor (IGBT) module, paralleled, stray parameters.

1. INTRODUCTION

URING the past decades, power semiconductor devices
D especially insulated-gate-bipolar-transistor (IGBT) power
modules have found an important application in industry due to
the excellent performance in high power converters. In order
to scale up the current carrying capacity of power converters,
the modules are commonly applied in paralleled connection
when considering the cost and complexity of the power sys-
tems. One main issue about paralleled devices is how to obtain
the best current sharing performance. However, there are always
some unequal stray elements existing in the paralleled branches
when mounting the devices because of some system restrictions.
Since the operation performance of parallel power devices are
strongly dependent on their junction temperatures and the par-
asitic parameters in the circuits [1]-[4], it is necessary to build
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Fig. 1. Proposed electrothermal feedback networks for paralleled modules.
the electrothermal model for paralleled modules to develop more
reliable power converters and satisfy the power demands.

As illustrated in Fig. 1, the model structure of the paralleled
system consists of feedback networks of interactional power
loss models and thermal impedance. With initial conditions
of the power circuits, the dissipations of each module P41
and P g2 can be derived under certain junction temperature
T}1 and T}5. Then, the calculated losses are delivered to ther-
mal models to calculate junction temperatures. After enough
iterations of the transient flow, the steady-state junction tem-
peratures can be obtained. Since most presented electrothermal
models [5]-[10] are suitable for single module but do not con-
sider the coaction of paralleled devices, an improved model
specialized for paralleled IGBT modules should be proposed
for system design. The circuit simulation tools like SABER or
SPICE are widely employed to calculate the losses by simulat-
ing current and voltage waveforms based on physical models
[11]-[13] or behavioral models [14]-[16]. For physical mod-
els, although simulation results match experimental data very
well, accurate physical parameters extracted from the devices
are difficult to be obtained and massive data are needed to be
processed. The simulation speed of behavioral models is much
faster, but it is hard to guarantee the calculation accuracy in
variable operation situations without considering their physical
mechanisms. Thus, based on equivalent circuits derived from
physics, analytical models were proposed and proved to be fast,
accurate, and suitable for data processing and loss calculations
[17]-[20]. Temperature-dependent parameters can be acquired
by typical measurements and diagrams from datasheet. Never-
theless, there are few papers that introduced this method into
the analysis of paralleled modules. Therefore, in this paper, an
improved analytical model of the power losses for paralleled
modules is carried out to cooperate with thermal models. In ad-
dition to considering the variety of junction temperatures and
stray parameters, the current distributions based on impedance
analysis is included in the proposed loss models.

It is necessary to create a 3-D structural model of paral-
leled IGBT modules because the power dissipations generated
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from the silicon chips diffuse to the cooling system in three
dimensions. In [21] and [22], the authors proposed several so-
lutions to the heat diffusion equations by employing mathemat-
ical methods. However, solving complexity is increasing when
considering the sophisticated geometrical shape of the cool-
ing systems. With increased operation speed of computers, the
temperature distribution can be calculated by the finite-element
method (FEM) [23]-[25], which is employed in commercial
simulation tool, like ANSYS. However, it is difficult to cosim-
ulate the thermal models with circuit simulation tools. For that
reason, the models of thermal RC networks [23]-[26], which
can be derived from FEM calculation results, are widely im-
plemented because the thermal properties of the systems can
be integrated into circuit simulation tools. Nevertheless, little
attention has been paid to the analysis of temperature distri-
butions in the paralleled modules on the same heat sink since
the relative position of devices will affect the thermal coupling
of the modules. In this paper, some efforts have been made to
analyze the coupling in the thermal models with an innovative
RC network.

Unlike single-module electrothermal model [5]-[10], unbal-
anced problems will arise significantly in paralleled modules
since unbalanced stray parameters can induce current distribu-
tion problems significantly. Furthermore, unbalanced junction
temperature will emerge during the transient process. However,
there are fewer literatures focusing on depicting this practical
issue. In this study, the electrothermal model is extended to par-
alleled systems, providing a comprehensive transient model to
characterize the relations between unbalanced junction temper-
ature and unbalanced stray inductance in practical installations.
This is derived with the help of a detailed parallel-device model
extended from single-device models and an improved thermal
model by considering the thermal coupling between modules.

This paper is organized as follows. First, power circuits and
stray parameters in the power circuits are analyzed in Section
II. Then, an improved power loss models suitable for paralleled
modules are described in Section III. Subsequently, a novel RC
network of paralleled modules is proposed and the parameters
extracted from the FEM simulation tool are presented in Section
IV. Then, the electrothermal model of the total systems are
established and verified by some experimental results in the
Section V. The summarization is given in the final section.

II. ANALYSIS OF STRAY PARAMETERS

First, the parasitic elements in the system were calculated
by establishing the physical models in the FEM software. It
should be noted that stray inductance in the power circuits is the
reason that causes voltage spikes at turn-off period and increases
switching losses especially in high switching frequency and
large power ratings. Consequently, the selected device ratings
are higher to avoid failures, which means more cost of the
whole systems. As shown in Fig. 2, a popular buck converter is
selected as a study case in this study, which is widely applied
in energy storage systems. The IGBTs below are in parallel to
perform as a diode with zero driving voltages. Table I shows
the basic parameters and components of the circuit. Usually,
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Fig. 2.  Schematic diagram of buck converter with paralleled IGBT modules.
TABLE I
PARAMETERS AND COMPONENTS OF THE CONVERTER
Parameters Symbols Values
Input voltage Uin 250 V
Output voltage U, 150V
Output current I, 30 A
Switching frequency fs 40 kHz
Filter inductor Ly 150 pH
Filter capacitor Cy 300 uF
IGBT FWD Wire 3
s & ~ e
Terminals b R
§ ] Wire 6
i + Wie 7 | Wire 1
RJ’M’
Wire 4
Wies | Wire 2
DBC conductors  Bonding wires
Fig. 3. Internal structure of an IGBT module (FF300R12KT4) and the equiv-

alent connection schematic of this module.

the stray inductance is composed of two types: the internal
part mainly distributed inside IGBT modules including in the
terminals, bonding wires, and copper traces; the external stray
inductance parasitizing connecting wires and bus bars in the
power circuits. In order to model the parallel systems precisely,
the stray inductance is calculated by the FEM tools first as
follows.

In this study, a commercial half-bridge IGBT module
FF300R12KT4 is employed and the packaging layout of this
module is illustrated as the left picture of Fig. 3. There are four
IGBT chips and eight free-wheeling diode (FWD) chips on the
DBC substrate, which are connected by copper traces and termi-
nals to external circuits. Each bonding wire that connects copper
traces is in parallel connection to achieve high power capability
and low stray inductance. Accordingly, the schematic diagram
of this IGBT module is derived to simplify the model as shown
in the right picture of Fig. 3. In order to obtain the values of
stray inductance, some efforts have been made based on FEM
tools [27] or some equations deriving from the electromagnetic
theory [28], [29]. In this study, an FEM simulation tool ANSYS
is applied for the stray parameters estimation since this method
performs high calculation accuracy especially for complicated
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TABLE II
STRAY INDUCTANCE OF INTERNAL MODULES AND EXTERNAL CONNECTION

Stray Inductance of Internal Modules

‘Wire Number Values(nH) Wire Number Values(nH)

1 3.57 5 16.3

2 14.7 6 11.9

3 10.8 7 15.9

4 29.5 - -
Stray Inductance of External Modules

Collector (bus bars) 15.0 Collector (wire:15 cm) 58.2

Emitter 17.2

Gate 354

Fig. 4. Pictures of the paralleled system with (a) cylindrical wires or (b) bus
bars connections.

structures. The frequency of the current source applied on the
components is set as 1 MHz, which is associated with the du-
ration of switching phases. Table II gives the calculation results
of stray inductance in each equivalent wire in Fig. 3. The re-
sults indicate that the stray inductance in power circuits takes
smaller part of the internal inductance when compared with that
parasitizing the driving circuits.

The other partial stray inductance in the commutation cir-
cuits mainly exists in the outside connecting wires. There are
two main alternative connecting ways: cylindrical wires or pla-
nar bus bars as shown in Fig. 4. The structure of the designed
bus bars is built by two paralleled conducting plates, which are
separated by a thin insulating layer made of PET material. As
discussed in [30], a lumped parameter model can be employed
to analyze the stray characteristic since the wavelength is far
larger than the dimension of the bus bars. In addition, the di-
ameter of the copper wires is selected as 1.2 cm to bear the
designed current stress. In order to compare the stray induc-
tance of cylindrical wires and bus bars, a 3-D FEM analysis
is carried on to estimate the stray inductance individually. As
shown in Table II, the results indicate that the structure of bus
bars processes lower stray inductance than the copper wires,
which is the reason why bus bars are widely employed in high
power converters. However, in this study, the cylindrical wires
are employed when considering the feasibility of measurements
by current probes. After simulating the stray parameters in the
circuits, a novel power loss model for parallel modules is pre-
sented in the following section.
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Fig. 5. Schematic diagram of buck converter with stray inductance in the top
paralleled devices.
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Fig. 6. Typical turn-on waveforms of paralleled modules with unbalanced
stray inductance in the top paralleled devices.

III. PROPOSED ANALYTICAL LLOSS MODEL FOR PARALLELED
MODULES WITH UNBALANCED STRAY INDUCTANCE

A proposed analytical loss model, which is suitable for paral-
leled modules, is described detailedly in this section. Compared
with single-module loss model, the interactions of paralleled
modules, especially the distinction of current distributions, are
emphasized when considering the diversity of stray inductance
and junction temperature. The current sharing is analyzed based
on the impedance of each branch in different source frequencies.

Based on the analysis of stray inductance in Section II, a
detailed schematic diagram of the buck converter is shown in
Fig. 5. The collector inductance L, is equal to the summed
inductance of internal Wire 3 and external inductance in the wire
connecting collector and power supply. The gate inductance L,
can be obtained by adding the internal inductance on Wire 6 and
Wire 7 to the external stray inductance in the driving circuit, and
the internal emitter inductance L.; is equal to partial inductance
in Wire 1 and L, is the outside emitter inductance in the wire
connecting emitter and the filter inductor. The letter “D” in
parenthesis means the inductance in the paralleled FWDs. In
respect that there is a filter inductor with high inductance value,
the stray inductance in the filter loop has little influence on the
transient mutation of switching waveforms. Thus, only the stray
inductance in the emitter, collector, gate, and the switching
loop is considered as depicted in the schematic diagram. Fig. 6
shows typical turn-on waveforms of the paralleled modules
with unbalanced stray inductance in the collector. As studied
in [16], the total losses of single module are usually classified



1388

Fig. 7. Equivalent circuits of analytical models. (a) Equivalent circuit before
uge reaches Uyy, . (b) Equivalent circuit for stage 1. (c) Equivalent circuit for
stage 2.

into switching losses, conduction losses, and blocking losses of
IGBTs and FWDs. The blocking losses are not discussed in this
paper since these partial losses account for a small proportion
of the total power losses. The following is the detailed analysis
of the power losses in paralleled modules.

A. Turn-On Switching Process

According to the mutations of collector current and collector—
emitter voltage, the switching process is divided into three equiv-
alent circuits as depicted in Fig. 7. As illustrated in Fig. 7(a),
when a positive gate supply voltage is applied on the driv-
ing circuit, the collector current 7. keeps close to zero and the
collector—emitter voltage u., remains the input voltage Uj, be-
fore the gate—emitter voltage ug. rises to the threshold voltage
Uiy, since the internal MOS channel has not taken shape. After
that, as demonstrated in Fig. 7(b), the collector current begins
to increase toward the conduction current as the internal MOS
channel starts to form and the electron current has an access to
flow into the drift region. Meanwhile, the current of the paral-
leled FWDs falls to the turn-off state due to the constant load
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current at this short period. Moreover, u., turns to decrease be-
cause the sharp rise of the collector current results in an induced
voltage across the stray inductance, which can be calculated by

ditot dicl

cel — Uvin —Lp——— LC Lei T 1

Ucel D~ (Ler + Lein) i (1
ditot dicQ

ce2 = Upn — L — (Le Leiz)—— 2

Uce2 D dt ( 2+ 2) dt ( )

where 1.1 and u.eo are the collector—emitter voltage of Module
1 and Module 2, U;,, is the input voltage, i, is the total current
of paralleled modules, Lp is the total stray inductance in the
input bus wires, L., L.o are the stray inductance in collector,
L1, Leio are the stray inductance in internal emitter and ¢, , .2
are the collector currents.

Since u., remains a high level, IGBT modules operate in the
active region. The relation of ¢, and wu,. can be defined as the
following expressions [17]:

ic = 211 (uge - thh)2 (3)
di du du

= e — U, h £ = m — 4
g~ oluse = Un) == = gn = @

where K, is the internal MOS channel conductance, Uyy, is the
threshold voltage of the device and g, is the transconductance,
which can be derived from the transfer characteristic J.—U,.
curves, which was tested by the Curve Tracer TEK 371A and
a heating platform. These temperature-dependence parameters
K, g, affect the slope of di.. /dt at turn-on stage as investigated
in [31].

Since the “Miller plateau” has not been formed in this period,
the equivalent circuit can be simplified as Fig. 7(b). Accord-
ing to the Kirchhoff’s voltage laws, the voltage u,. can be
expressed as

duge d? Uge di,
dt < d? dt
where U, is the positive value of the driving voltage, Rz, is the
driving resistor, L, is the parasitic inductance in the driving
circuit, and Cy. is the gate—emitter capacitor.
Assuming that

U, = RyCyo —2* + L,C, + uge + L, (5)

a =

b=

L,Che ©)
Rg Cgo + Lcigm . (7)

The voltage can be derived in two different expressions [18]
by comparing the values of b? and 4a as the followings:

B

b 1 b\?
Uge = Uy — (Uy — Uth)e_ﬁf cos — () t

when ¥’ < 4a
uge = Uy — (Uy — Unn)
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t t

2a 2a

20 o 240 — 20 o 4210
Vb 10 i
2a _ 2a
b—vb2—4a b+vb? —4a
when b>> 4a. (8)

In the study, b*>>4a prevails and the secondary equation in
(8) is used commonly in the model calculations. For paralleled
IGBT modules, the stray inductance in emitter affects the slope
of current increasing by changing the slope of the voltage ..
Also, the junction temperature has an impact on the current
change rating as K, varies with temperature. The collector cur-
rent of paralleled modules can be derived by substituting (8)
into (3).

After the total current of each IGBT module excesses the out-
put current, the FWDs (D1 and D2) begin to turn to the reverse
recovery stage. As investigated in [32], the reverse recovery cur-
rent is related to several parameters: the conduction current, the
current slope, and junction temperatures, which can be mod-
eled as presented in [33]. The detailed model of the reverse
recovery current can be found in the previous work [34]. The
recovery current of paralleled diodes merge to the connecting
point, and then, is divided to the paralleled IGBTs according
to the impedance of each branch. For the purpose of calculat-
ing current spikes in each IGBT, the angular frequency of this
period should be calculated first as

T
Wy = 27Tfp - r (9)

rr
where w,, f, is the angular frequency and frequency of the
collector current in this stage, t,, is the duration of the reverse
recovery current of FWDs.
As a consequence, the collector current of each IGBT can be
calculated as

. . ZQ(WP)

el = D +Ic 10
P e ae

o = ip =) (11)

. Z (wp) + 2o (wp)

where Z;(w,) and Z;(w,) are the impedance of Module 1
branch composed of L1, Cee1, Leit, Cge1, Rg1, and L, and
Module 2 branch composed of Lca, Cee2, Leiz, Coe2, g2, and
Lg»,ip is the total reverse recovery current, and ., I.» are the
steady current for each branch. The values of the impedance
from collector to emitter are estimated by calculated results
of stray inductance and measured capacitors. As the voltage-
controlled current in Fig. 7(c) is controlled by u,. and g
changes little during the “Miller plateau,” the current source can
be treated as an open circuit when we analyzed the impedance of
each branch. Meantime, the voltage u.. drops to the saturating
voltage rapidly because the Miller capacitance Cy. provides a
path to decrease the voltage as explained in Fig. 7(c), which can
be expressed as

ducc o Zig o Ug - U})l

dt  Cype  RyCye

where U, is the value of the voltage u,, at this period, ¢, is the
current through the driving circuit and Cy. is the gate—collector

(12)
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Fig. 8. Typical on-state current waveforms of paralleled modules with unbal-
anced stray inductance in the top paralleled devices.
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Fig. 9. (a) Equivalent circuit for the capacitive region. (b) Equivalent circuit
for the end of the resistive region.

capacitor in this stage. Although the capacitance C,. decreases
nonlinearly with a function of the collector—emitter voltage
during this period, a two-step function of the collector—emitter
voltage can be implemented to simplify the calculation [19].
According to the test results by a 590 CV analyzer, Cy is
estimated as 1.6 nF when the voltage is higher than 4 V,
otherwise the value is 4 nF.

B. Conduction Process

As shown in Fig. 8, in the conduction process, there is a tran-
sient duration from reverse recovery to the resistive region where
the collector current is in proportion to collector—emitter volt-
age. Since the current source is in high frequency at the start of
the transient process, the stray resistors in emitter and collector
have little influence on the current distribution. The impedance
of each branch is different from that in stage 2 because Cl.
becomes smaller in this region after “Miller plateau.” In stage 2,
the impedance of paralleled modules performs inductive, which
means the branch with larger stray inductance will share less
reverse recovery current. However, since the impedance shows
capacitive when the capacitance C. decreases to a small value
in Stage 3, the current sharing behaves the reverse pattern in
this period. As depicted in Fig. 9(a), the current sharing can be
expressed as

Zon2(wp)
Zonl (Wp) + Z0112 (wp)

leel = Io . (13)
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Fig. 10.  Typical turn OFF waveforms of paralleled modules with unbalanced
stray inductance in the power loop.

Zonl (wp)
Zon1(wp) + Zon2 (wp)

e = 1o - (14

where i..; and i..o are the collector current in the paralleled
modules in capacitive region, Z,,1(w,) and Zyyo(w,) are the
corresponding impedance of paralleled modules at the start
of transient duration. Since the capacitor Cy. becomes much
smaller when compared with C.., it has little influence on the
current sharing in this period. In contrast to the current shar-
ing behaviors in stage 2, the branch with higher stray induc-
tance performs less capacitive, which results in more current
sharing.

In Fig. 8, the transient duration is the transient process
between the capacitive region and the resistive region. During
the transient duration, the branch impedance varies from
capacitive to resistive, which results in the difference of
the voltage drops on the stray inductance becomes smaller
gradually. At the end of the transient duration, the slope of the
current source is equal to the change rate of the current through
the filter inductor, which leads to the branch impedance closed
to be resistive as illustrated in Fig. 9(b). The current distribution
is depended on the stray resistor IR.; in emitter, RR.; in collector
and the on-state resistor I,,, which was derived from the
output characteristic /.—U,, curves tested by the Curve Tracer
TEK 371A and a heating platform. According to measurement
results, R.1 and R, is about 50 pf2, which is smaller than R,
(3.4 m€2 at 20 °C). Therefore, the current diversity is inapparent
in the resistive region when compared with that in the capacitive
region. Although the impedance is resistive at the end of the
transient duration, the current difference in capacitive region
leads to a transient current sharing to resistive region.

C. Turn-Off Switching Process

The turn-off switching period can be divided into two dif-
ferent stages according to the voltage mutations as pictured in
Fig. 10. First, the collector—emitter voltage u.. rises up to the
supply voltage because the gate pulse ceases and declines to
the threshold voltage. Since the FWDs have not been turned
on in this period, the collector current cannot be transferred
from IGBTs to FWDs. The main factors that affect the slope
duc. /dt are the junction temperature and steady-state collector
current at fixed supply voltage Upc and driving circuits [35].
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The expression for the slope is presented as

dttee - 1 Ug —Uygr (15)
dt Rg Cgc 1+ (Co /gm R{/Cg(:)

where U, ¢ is the negative value of the driving voltage and C,, is
the charge extraction capacitance as derived in [35]. It should be
noted that du../dt decreases with the increase of temperature
and slightly rises when the collector current becomes larger,
but is not influenced by the stray inductance in this stage as
discussed in [35].

The FWDs turn ON after u.. reaches the blocking voltage.
Accordingly, the collector current declines dramatically to the
tail current based on the theory in [36] and can be calculated by
(3)—(8) as the analysis of Stage 1 during turn-on process. This
rapid current change will induce a high voltage spike across the
stray inductance, which can be depicted by (1) and (2). When
the internal MOS turns OFF, the collector current turns into the
tail current. Under high lifetime situation, this current can be
expressed as follows [13]:

_Uepon )ty

io = Lt - T (16)

where I;,; is the collector current at the start of the tailed stage,
Qy_p—p 18 the common-base current gain of the transistor in
the equivalent and 7i,; is the carrier transit time. The value
of a;,_,—, and 7,51 can be obtained by fitting the test current
waveforms.

The loss model of single module is investigated in previous
work [34]. The temperature-dependent parameters have been
tested by a heating platform and the transient waveforms are
demonstrated and compared with measured results in [34]. In
view of impedance analysis, the proposed analytical model can
be employed to calculate losses in different stages for paralleled
models under different stray inductance. The junction tempera-
ture should be known previously to determine parameter values.
However, losses contribute to the temperature varying. There-
fore, thermal models were established to obtain the junction
temperature with certain power losses as the following section
shows.

IV. PROPOSED THERMAL IMPEDANCE CALCULATION METHOD
FOR PARALLELED MODULES

In this section, a novel thermal model, including the interac-
tion of paralleled modules, which are mounted on the same heat
sink, is built to derive the relations between power losses and
junction temperatures. The FEM simulation tool is used to ob-
tain the thermal impedance of the proposed model. Furthermore,
we analyzed the influence on thermal flow with different dis-
tances between mounted modules to give a more precise thermal
model.

The lumped RC networks, which can be extracted from ther-
mal dynamic curves, are widely utilized to analyze thermal
characteristic since it is easy to be integrated into circuit sim-
ulation tools, such as SABER or MATLAB. In practical ap-
plications, IGBT modules are always mounted on a heat sink
to keep the junction temperatures lower than the limiting tem-
perature. According to the power dissipations of the devices in
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Fig. 11.
lation tool.

Structure model of paralleled modules established in the FEM simu-

different operation conditions, heat sinks are always designed
with various sizes. Also, force air or water cooling is typically
implemented to improve the heat-sinking capability. In general,
arbitrary geometrical shapes of heat sinks and varying surround-
ing fluid make the analytical methods [21], [22] for obtaining
the transient thermal impedance more complicated. To solve
these intricate problems, the numerical method with 3-D FEM
simulation tools is widely employed, even though at the cost of
more computer resources.

The model of the whole system was built in the FEM tool
ICEPAK first, based on the dimensions and materials of the
modules and heat sink. After that, a coarse meshing for the sys-
tem and a denser meshing in the devices were implemented to
get precise results. The transient curves of temperature distribu-
tions were obtained to derivate the RC networks of this system
by numerical calculations. The schematic structure of the par-
alleled system is depicted in Fig. 11, which is composed of two
IGBT modules and a cooling system with a heat sink and fans.
The heat sink is cooled by forced air convection generated from
two fans located at symmetrical position.

With a reasonable assumption that the materials are homoge-
neous and isotropic, the 3-D heat diffusion equation to describe
the transient temperature in this system can be written as

T;(x,y, 2,t)
—_———., 1

V(kZVT;(LE,y,Z,t)) = PiCi ot P

=1,2,...,n
a7
where T; is the temperature for the ith layer, and k;, p;, and ¢; are
the thermal conductivity, the specific, and the material density,
respectively, in the ith layer and n means the total number of
layers. In the IGBT module, the heat source generated from the
silicon layer mainly flows to the heat sink in the vertical direction
as the Z-axisin Fig. 11. To get more accurate results, the meshing
size in the vertical direction must be slimmer since the thickness
of each layer is extremely thin compared with the length and the
width as illustrated in Fig. 11. In addition, the rotation per minute
(RPM) of the fans is set as 2500 to produce constant wind speed.
Fig. 12 illustrates the layers inside the modules and key
temperature points of paralleled IGBT modules mainly in the
vertical direction. Table III shows the thickness and thermal
conductivity of each layer. It should be noted that the tempera-
ture distribution on the top surface of heat sink is diverse when
the power losses of parallel modules are different, especially
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TABLE III
THERMAL PARAMETERS AND THICKNESS OF EACH LAYER IN MODULES

Layer Silicon ~ Solder  Copper Al, O3  Baseplate
Thermal conductivity (W/(m=K)) 180 57 390 17 390
Thickness (1m) 300 100 400 380 3000

- ."|‘. A .T. A =
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?3.0%1 1 19

4 — - =FWD datasheet
. ——FWDFEMal
Ve ——IGBT datasheet

........ IGBT FEM cal (Z,, =0.1mm)
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A - - - IGBTFEMcal (Z =2mm)
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Time[sec]
Fig. 13. Comparison of calculation results and datasheet of

transient thermal impedance for IGBT and diode

(EI‘I’OI‘(%) _ |calculation—datasheet]| « 100%)

datasheet

chip chip

when the distance of the modules is longer. At the condition of
certain power losses P, the transient thermal impedance Z;;, can
be derived by

Zin = —. (18)

P

By substituting the calculation results into (18), the tran-
sient thermal impedance curves from junction to case for both
IGBT and FWD are derived and compared with device datasheet
as shown in Fig. 13. The comparison indicates that the calcu-
lated steady impedance is in accordance with the provided data.
Additionally, the meshing quality especially in perpendicular
direction affects the calculation accuracy. Thermal impedance
with different maximal element size Z,, .« In Z-direction is
calculated in the software. When Z,, .« is set to be equal to
the smallest size of the layers: 0.1 mm, the error is within 0.5%.
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TABLE IV
PARAMETERS FOR THE TRANSIENT THERMAL IMPEDANCE FOR IGBT, FWD
CHIPS, AND COOLING SYSTEM

Parameters of Thermal Impedance Internal Modules

i 1 2 3 4
IGBT R;(K/W) 0.024 0.027 0.030 0.011
Ti (s) 0.051  0.060 0.059 0.071
FWD R;(K/W) 0.039 0.043 0.048 0.018
7i (s) 0.059 0.058 0.030 0.174
Parameters of Thermal Impedance for the Cooling System
Grease R;(K/W)  0.078
7i (8) 0.814
Heat sink Vertical P, R; (K/W) 0.051
Heat sink (D = 3.8 cm) 7i (s) 54.41 -
Horizontal Py R;(K/W) 0.087 0.018
Heat sink (D = 3.8 cm) 7 (S) 11.68 70.57
Middle Py, R;(K/W)  0.175 -
7i (s) 66.40
- x x % *
0.03 - o R
FEM calculation 5 410,
% experimental results
20021 S o Fan curve
B4 £
I = 800
N %
400
0.01 E 1
Aﬂ 100 200 300
Vloume Flow (cfim)
0.00 : : : ’
0 100 200 300 400 500
Time[sec]

Fig. 14.  Comparison of calculation and experimental results of transient ther-
mal impedance for heat sink and the fan’s nonlinear curve of pressure to volume
flow.

However, the error increases to be 11.1% if Z,, ,ax 1S set as
2 mm. Thereby, the meshing quality in Z-direction should be
denser to get precise results.

Foster RC network is utilized to characterize the transient
thermal impedance in a simple RC cascade form. The parameters
of the RC network can be obtained facilely by the transient
temperature curve. In general, the curve of Z;), versus time is
fitted as a series of finite number of exponential terms as

!

By applying user-defined functions in the data-fitting toolbox
“cftool” in MATLAB, the parameters r; and 7; were obtained
and listed in Table I'V.

Moreover, the thermal impedance of heat sink used in this
system was calculated and shown in Fig. 14. In the software
ICEPAK, the IGBT chips are heated by constant power and the
simulative model of the heat sink is established according to
the real objects including the sizes and the materials as shown
in Fig. 11. Also, the position, the distance, and the size of the

19)
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Temperature distribution of a cut plane in a simplified model of par-
alleled blocks. The two blocks are heated by 50 W and the ambient temperature
is 30 °C.

Fig. 15.

fans can be specified as the same with the real objects. Since
the heat sink is cooled by air force, the most important factor is
the input fan flow rate, which is characterized by the nonlinear
curve of pressure to volumetric flow as depicted in Fig. 14.
The curve can be obtained in the datasheet of the fans. After
these sets in the software, air speed through the fins of the
heat sink can be calculated automatically. In order to measure
the thermal impedance of the heat sink, we built a platform
with the same dimensions of the simulative model. One of the
paralleled modules in the buck converter as pictured in Fig. 2 was
operating to generate power losses. According to the simulation
results, the temperature-dependent power losses change little
during the transient process of the thermal impedance of the
heat sink because the transient duration of Zy, j. is much shorter
than 7)., and the thermal resistance of the heat sink is much
smaller than the thermal resistance of the modules. To verify
the calculated thermal impedance, the temperature at the bottom
boundary of the base plate was measured by a thermistance when
a single module was operating. Although the temperature is
distinct at the boundary and the center of the baseplate’s button,
the difference is slight according to the simulation results as
shown in Fig. 15. Also, the fitting parameters of Foster network
for the heat sink and grease were derived from the simulation
results.

Most of thermal models proposed in papers [21]-[26] are
suitable for a single module with high accuracy. However, for the
paralleled IGBT modules mounted on the same heat sink, the
interaction of the devices is hardly considered. In this study,
the thermal distribution of two simplified block sources on the
same heat sink was simulated and depicted in Fig. 15. There are
two parts of heat flow: the most losses as P,; and P, flow in
the vertical direction and a small part as P,; and P},» flows in the
horizontal direction. Fig. 16 gives the temperature distributions
in the surface of the heat sink with two different distances of
mounted modules in the moment of 500 s. The results show that
smaller distance leads to less temperature distinction between
the block center and the intermediate position of two modules,
which cannot be explained by thermal models of single module.
Therefore, an interacted RC network is introduced to illustrate
the relation of the transient thermal impedance and the distance
of the paralleled modules. In order to derive the RC network
parameters, the transient temperature drop between the center
of the block and the middle point of the paralleled devices on
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Fig. 16.  Temperature distribution on the intersect line of the cut plane and the
surface of heat sink with different mounting distance at the moment of 500 s.
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Fig. 17. Temperature distribution on the intersect line of the cut plane and the
surface of heat sink with different mounting distance at the moment of 500 s.
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on Fig. 12.

Network of thermal impedance for paralleled IGBT modules based

the surface is calculated and depicted in Fig. 17. With fitting
tools, the parameters are derived and shown in Table IV.

According to the structure model of the paralleled system as
shown in Fig. 12, the network of thermal impedance for the
internal structure and cooling system can be drawn as shown in
Fig. 18. The interaction effect of the paralleled modules can be
described by the RC cells in horizontal direction.
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Fig. 19. Typical transient waveforms of U, during switching under unbal-
anced parasitic inductance.

V. ELECTROTHERMAL MODELS AND
EXPERIMENTAL VALIDATIONS

It is necessary to combine the analytical loss model and ther-
mal impedance to build a complete simulation electrothermal
model. In addition, experiment should be carried out to verify
the proposed model. Since there are parameters varying with
junction temperatures in the loss model, the junction tempera-
ture should be acquired first. Then, an integrated electrothermal
model was established in MATLAB/Simulink environment to
calculate the transient junction temperatures and losses in this

paper.

A. Derivation of Junction Temperatures

With the aim of investigating the influence on the tempera-
ture distributions by different parasitic parameters, the junction
temperature should be obtained first with good precision, mean-
while with low cost. Practically, there are several methods that
can be employed, including optical methods, physical contact-
ing methods, and electrical methods [37]. It is worth noting that
there are few accesses to probe the silicon chips in the mod-
ule package. Thus, physical contacting methods are not suitable
in this application. Besides, by infrared radiation thermometers
after disposing of the shell of the modules, the infrared reflec-
tivity of chip surface and silicon gel above the chips will have
an inestimable impact on the temperature measurement. There-
fore, by surveying some thermosensitive electrical parameters
during the operating process of devices, electrical methods are
indicated as indirect but low-cost and precise means to obtain
junction temperature. The parameter of the on-state collector—
emitter voltage U, is common utilized to estimate the variation
of averaging temperature in space with proper calibrations [38],
[39]. However, a transient region after the voltage U, turns to
conduction state from blocking state lasts some time, which will
emerge especially in high-frequency applications and paralleled
systems as observed in Fig. 19. In this study, with the frequency
increasing, the on-state duration becomes shorter, which results
in the difficulty to measure precise values of the voltage U...
It is worth underlining that the study in [35] provides an al-
ternative and relatively accurate way to determine the junction
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Fig. 20.  Equivalent circuit for testing IGBT transient characteristic (dashed
area stands for the half-bridge IGBT module).

TABLE V
SPECIFICATIONS OF THE SYSTEM IN FIG. 21

Stray inductance in emitter L . 14.7 nH
Stray inductance in collector L . 3.57 nH
Stray inductance in gate driving circuit L , 51.5nH
Total stray inductance in other wires L 4 123.5nH

temperature because du../dt at turn-off phase is sensitive to
the variation of T} with a relatively linear relation. Therefore,
the temperature-sensitive parameter du,/dt is derived to de-
termine the junction temperature, which is shown in the next
part.

B. Electrothermal Models

First of all, it is necessary to certify that the electrical model
is suitable for single device and can be used to estimate the
switching losses. So, a chopper cell circuit as shown in Fig. 20
is established to test the switching waveforms and measure the
transient power losses. By FEM software ANSOFT, the para-
sitic inductance can be calculated precisely, and the results are
shown in Table V. The input voltage U, is 300 V and the con-
duction current is 90 A. First, the switching waveforms of the
IGBT module (FF300R12KT4) with different driving resistors
are tested and compared with calculated results as shown in
Fig. 21. Although there are some knee points in the calculated
waveforms since we used different equations to model every
stage in Section III, the results match well. Then, the module is
measured in different junction temperature by utilizing a heating
system. The loss calculation results deriving from this analytical
model are compared with measurement data in Fig. 22. As seen
in the figure, the difference between the measured and calculated
switching loss is within 5%, which indicates good agreement. It
should be noted that the turn-on duration can be shorten by re-
ducing the driving resistor, and the turn-on losses are decreased
accordingly as can be seen in Fig. 22. In additional, test results
of duc. /dt versus temperature and collector current in inductive
loads is exhibited in Fig. 23. The quantitative relations are fitted
in linear by test results.

Generally, the electrothermal model should combine the elec-
trical model and thermal model to make up a feedback network
as mentioned in Fig. 1. Thereby, a circuit simulation diagram
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Fig.21. Comparisons of measured and calculated (a) turn-on and (b) turn-off

waveforms of single IGBT module with different driving resistors (test condi-
tion: conduction current is 90 A, input voltage is 300 V, junction temperature is
20 °C).

including the RC networks was built in MATLAB/Simulink en-
vironment to verify the proposed paralleled models as depicted
in Fig. 24. There are three main parts in this model. First is the
initial conditions including the input voltage U;,, output filter
current /, and unbalance stray inductance L., L.o. The sec-
ond part is the loss models for the paralleled devices under the
initial conditions. Besides, the junction temperatures of both
devices, which are calculated by thermal models, are the extra
inputs since the temperature-sensitive parameters in loss models
are determined by the derived temperatures. The derived equa-
tions in Section III are realized by program files, which can
be embedded in Simulink environment easily. We calculated
turn-on losses, turn-off losses, and conduction losses separately
because the current distributions are diverse in different stages.
The losses of each part are derived by integrating the product
of the collector current and the collector—emitter voltage at dif-
ferent stages. The duration of stage 1 in Fig. 6 is determined
by the collector current rising from zero to steady current and
the duration of stage 2 is the same as the diode reverse recovery
time. Moreover, the duration of stage 4 in Fig. 10 is calculated
according to the rising slope of u., and the duration of stage 5 is
identical to the tail time of the collector current. After summing
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Fig. 24. Electrothermal model of paralleled IGBT modules in MAT-
LAB/Simulink environment.

up each part, the losses of paralleled devices can be obtained.
Last part is the thermal model, which is composed of resistors
and capacitors as illustrated in Fig. 18. The input of the thermal
models is the calculated power dissipations from losses models.
At the beginning of the next calculation recursion, the junction
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Experiment 2

Fig. 25.  Buck converter for paralleled modules with equal and unequal stray
inductance in collector.

temperatures in losses models are replaced by the output results
of the thermal models, as illustrated by the feedback lines in
Fig. 24. The recursion is carried on until the junction tempera-
tures tend to be stable. In this study, we set the simulation time
600 s according to the thermal impedance of the heat sink.

C. Experiment Verifications

1) Experiment Setup: In order to validate the proposed tran-
sient electrothermal models with different stray inductance as
discussed previously, a platform of buck converter with cooling
system was established for electrical and thermal measurement
as illustrated in Fig. 25. Two cylindrical wires are employed to
connect the positive wires of input voltage and the collectors
of paralleled modules with the same and different length. The
inductance value of wires can be obtained as demonstrated in
Section II.

In the first experiment, which is under the same parasitic pa-
rameters in collector of modules, the stray inductance of equal-
length wires is 58.2 nH. After that, replace one of the wires with
a longer one (141 nH), which will lead to unbalanced current
sharing. Fig. 26 depicts the comparisons of turn-on and turn-off
waveforms of u.. and i, from measurements and calculations,
which are in good agreement. The results show that the par-
alleled modules share the identical collector current when the
collector connecting wires are equal. It is unsurprised to acquire
balanced sharing due to that all the structures are symmetrical to
ensure all the parasitic elements are as same as possible, plus the
same parameters of the driving circuits. The unbalanced stray
inductance in collector results in obvious distinctions in current
sharing and different voltage mutation as shown in the picture of
Fig. 26(c) and (d). The difference can be explained qualitatively
by the proposed model as discussed in Section III.

2) Transient Junction Temperature Validations: During the
experiment, the transient waveforms of the collector current
and the collector—emitter voltage were memorized by the oscil-
loscope at certain time interval. Subsequently, the junction tem-
perature and power losses at different moment were obtained
by analyzing the experimental data. Fig. 27(a) shows the tran-
sient temperature in the experiment with equal inductance and
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Fig. 26. Comparisons of measured and calculated (a) (c) turn-on and (b),
(d) turn-off waveforms of paralleled IGBT modules [(a), (b): identical stray
inductance L.; = L.o = 58.2 nH, (c), (d): different stray inductance L.; =
58.2nH, L.2 = 141 nH, junction temperature is 20 °C)].
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Fig. 27. Transient curves of junction temperature of paralleled modules.

(a) Equal stray inductance. (b) Different stray inductance. (Error(%) =
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tashoct x 100% the same below)

Fig. 27(b) shows the temperature under the test of unequal in-
ductance. The curves show good agreement within 10% error
at transient process when compared with the calculation results
derived from the proposed models. Some distinctions occurring
on the transient process of fast temperature mutations may be
due to the imprecise time counting and deviations in the method
of temperature measurement. In addition, the manufacturing tol-
erances result in the modules positions that are not as precisely
positioned as in the simulation. The difference in the steady-
state junction temperature may come from deviation between
the calculated thermal resistors and real ones.

3) Loss Model Validations: It can be drawn that the junc-
tion temperature in the paralleled modules is not the same since
some distinctions happens on the stray inductance located in the
collector. To illustrate the reasons in more details, the transient
power losses in different stages are pictured in Fig. 28, includ-
ing the experimental and calculated results. Fig. 28(a) shows
the turn-on, turn-off, and conduction loss energy in one switch-
ing cycle in the experiment with equal parasitic parameters.
Fig. 28(b) and (c) shows the power loss energy of the mod-
ules with larger inductance (141 nH) and smaller inductance
(58.2 nH), respectively. It can be observed that the turn-off and
conduction losses of the module with larger inductance become
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Fig. 28.  Transient curves of power losses of paralleled modules. (a) Equal

stray inductance, (b) larger inductance, (c) smaller inductance.

more, compared with the losses in the experiment with equal
inductance, on the contrary, the turn-on losses becomes fewer.
The variation tendency of the losses in the other module is in the
opposite direction. On the whole, the losses of the branch with
larger stray inductance become more, which leads to the junction
temperature increasing slight as seen in Fig. 27(b). Meanwhile,
the total losses of another paralleled device decreases dramati-
cally, and thus, the junction temperature turns to be lower pal-
pably. In the process of the experiments, the results indicate that
as the distinction of stray inductance in the paralleled devices
becomes larger, the difference of junction temperature in the
devices turns into be larger. An 82.8-nH difference in collector
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Fig. 29. Transient overshooting of current and voltage of paralleled modules.
(a) Collector—emitter voltage during turn OFF, (b) collector current during turn
ON.

inductance results in about 10 °C distinctions. In the long term
of system running, the unbalanced stray inductance will bring
about the lifetime of the devices reduced because of the unbal-
anced temperature distribution in the modules. Compared with
electrical models without considering that the losses changes
when junction temperature varies, the change of losses in differ-
ent stages can be predicted precisely, which brings about more
accurate temperature results furthermore.

4) Current and Voltage Spike Validations: Another aspect
that should be concerned is the overshoot impulse of the
collector current in the turn-on period and the collector—emitter
voltage in the turn-off period. As shown in Fig. 29(a), in the
module with larger inductance, the voltage spike during the
turn-off period becomes larger since the voltage is proportional
to the stray inductance. However, the spike is weakened as the
junction temperature rises. At the same time, the current peak
in the turn-on period increases when the junction temperature
goes up as illustrated in Fig. 29(b). The reason is that the reverse
recovery charge of the FWDs, which determines the current
peak during turn ON, is related to the junction temperature
directly. According to the impedance of paralleled branch,
the modules with larger inductance will share smaller current
spike. Therefore, as the power rating of the system increase,
the paralleled module with smaller stray inductance takes more
risks to get out of order due to higher current spike. Meanwhile,
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larger stray inductance may lead to higher voltage spike, which
causes the module breakdown more likely. In addition, the
proposed method can be expanded to more paralleled devices
since impedance analysis in loss models is easily implemented
to calculate the current distributions in several paralleled
modules.

VI. CONCLUSION

In applications of parallel modules, junction temperature dis-
tributions and overshoot of current and voltage are significant
factors that determine lifetime of the devices and reliability of
the system. Since some restrictions during the system instal-
lation can result in unbalanced stray inductance in the paral-
leled branch, a dynamic electrothermal model is proposed in
this paper. First, the parasitic elements are analyzed and cal-
culated in detail by an FEM tool. By considering the inter-
action of the paralleled IGBT modules based on impedance
analysis, an improved power loss model, which takes into ac-
count the influence on the losses by junction temperature, is
put forward. Furthermore, a novel thermal model is estab-
lished to derive the parameters of the RC networks. The rel-
ative position of the paralleled devices in the same heat sink,
which has an impact on the thermal transient behaviors, is also
included in the thermal networks. In general, the quantified
correlation between stray power losses, thermal impedance,
and stray inductance is mathematically built up and validated
by experiments. Based on the proposed model, issues such
as temperature unbalance and overshoot of current and volt-
age can be analyzed quantitatively to guide the design more
precisely.
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