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A Precise Model for Simulation of Temperature
Distribution in Power Modules

GENG Li', CHEN Zhi—mingl, R. Kruemmer®, T.Reimann” and J. Petzoldt’

(I Department of Applied Electronics, Xian University of Technology, Xitan 710048, China)

(2 Department of Electronics, Technical University of Ilmenau, D-98684 Ilmenau, Germany)

Abstract: The interaction between the active chips mounted and the same base plate is considered as a thermoelec—

trical coupling effect. An approach to coupling effect analysis of a multi-chip system is presented with IGBT as a

sample. Finite element method is used to evaluate the temperature distribution in power modules. The precise elec—

trothermal model is obtained by fitting the curve of transient thermal impedance with a finite series of exponential

terms, in which, the thermal-coupling effect among chips is considered as a prediction of the highest transient tem-—

perature of the chips. This model can be used in many thermal monitoring systems. Both ANSYS and PSPICE si-

mulation software have been employed. and the simulation results agree with the experimental ones very well.
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1 Introduction

With the technology advancing, the characte—
ristic dimension of semiconductor devices becomes
smaller and smaller, so the electrical performance
of power devices and the power electronic systems
are greatly influenced by the temperature’s rising
inside the semiconductor devices. In order to pro-
tect the power devices, the temperature of devices
should be monitored during the operation. Should
any junction temperature in the device approach
the critical value, immediate actions would be taken
to reduce the dissipation. Much attention has been
paid to the evaluation of increment in the tempera—
ture rising and the heat transmission. In previous
works'"? a good method has been proposed to

monitor the chip temperature, namely on-ine tem-
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perature measurement technique, which is based on
the dynamical electrothermal model of a power de-
vice as well as its components. For this purpose,
several models have also been established, inclu-
ding the normal model and the transformed one.
The former, in the form of distributed RC equiva-
lent network or the so—called fransmission line”,
has been widely used in some thermal simulators
and can well demonstrate the coupling of the elec—
trical and thermal phenomena in power devices,
while the latter is with series connection of RC ele-
menl.:lll‘

Mounted on a base plate, power devices can
build large power modules, such as IGBT modules,
as improves the handing capability and compact-
ness of the power conversion system greatly. When
the devices operate at the same time, the heat will

influence the temperature of each chip. It is rather
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complicated because of the interaction between the
temperature rise and the heat transmission among
the chips on the same base plate, that is to say, it is
the most important to understand the interaction
between them so as to establish a good electrother-
mal model.

Thermal coupling effects having been consi—
dered, an improved electrothermal model is pre-
sented in this paper as an on-ine temperature mon—
itor to calculate the chip temperatures of IGBT
power modules. 3D finite element method is also
used to calculate the temperature distribution. T he
curve of transient thermal impedance has been fit—
ted with a finite series of exponential terms to ob-
tain the precise electrothermal model, which ap-
plies to the circuit simulation software such as
PSPICE., etc. Results from both the finite element
numerical solution and the PSPICE simulation are
in agreement with the measured ones. IGBT mod-
ule (SKM 75 GB 123D) is the sample in the simu-
lation and tests. An infrared camera has been used

to measure the temperature.

2 Thermal Impedance and RC Pa-
rameters in Electrothermal Model

The transient thermal impedance curve of a
power device is usually obtained by measuring the
chip temperature under a constant power dissipa—
tion'”, which, however, may result in some uncer—
tainty under different measuring conditions. In this
work, by using the thermal simulation software
ANSYS, the thermal distribution in a chip was ob-
tained. The thermal impedance was then found as a
function of time. In comparison with the experi-
mental method, it is more convenient and relatively
accurate. In this method, only the thermal behavior
of the hottest spot at the chip center needs consi—
dering, because it can be regarded as the junction of
the device'”.

With a constant power dissipation P, the time
resolved temperature Tua(¢) of the hottest spot in

one chip can be obtained via a transient simulation.

The thermal impedance from junction to heatsink
Zu,_,(t) is then defined as

Zw_ (1) = (Tha(t) = Theasin) /P (1)

With the transformed model with series connection
of RC elements, we substitute Zu, , (t) into the

equation

n

Zu, (1) = SSRA(1- ekt (2)

i=1
by using a curve fitting program to get the RC pa-
rameters . Where Ri and Ci(i= 1, ***n) are the ele—
ments in the transformed model. Number of the RC
elements is decided according to the required accu-
racy of the model. The thermal resistance of one
chip can be expressed as

R‘]Ij_ — Z R (3}

i= 1
( T =
Theasink) /P in a static simulation by using ANSYS.

It can also be obtained from Ru_, =

3 Structure of IGBT Module

Three-dimensional structure model used in
ANSYS simulation is based on the actual device
layout. Figurel shows the schematic structure of
the concerned IGBT power module with two IGBT
chips and two diode chips mounted on the same
base plate. Because the length of each layer in any
chip concerned is much bigger than its thickness, a
carefully-made finite element mesh is necessary to
get an optimum mesh size, with the aim of trading
off the calculation precision, calculation time and
storage space.

Two kinds of loads are used in the ANSYS
simulation. One is the heat generation H , i. e. the
density of power dissipation, which is defined as
the nower dissipation per unit volume of a chin
heated actively; the other is the heat sink tempera-
ture at the bottom of the grease.

Static simulation was performed for IGBT and
the diode in the module, respectively. T he thermal
resistance calculated from equation (3) is 0.49°C/

W for IGBT and 0. 78°C/W for diode.
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FIG.1 Structure of IGBT Module

(b) Cross Sectional View of One Chip

Figure 2 shows a static temperature distribu-
tion in the power module when the constant power
of 100W is dissipated by both IGBT 1 and diode 2
simultaneously. When the heat sink temperature
keeps 0C, the temperature of the hottest point in
either IGBT 1 or diode 2 is higher than that when
the same power is dissipated by only one of them.
It demonstrates the thermal coupling effect among
the chips. As the temperature rise can not be cha-
racterized by the normal electrothermal model, a
new thermal model, considering the thermal-cou-
pling effect, should be established to monitor the

chip temperature.

FIG. 2

Simulated Temperature Distribution in

an IGBT Module

4 New Model

4.1 Calculation of Thermal-Coupling Effect
Among Chips

Neglecting the convection and radiation. we
can obtain a transition formula from the general

heat conduction equation as follows:
P(x)e(x) aT(g") — div(K (x) * gradT(x.1))
= H(x,t) (4)

where x denotes the position vector (x,y,z). Nor-

mally, errors due to the non-inearity properties of

(a) Schematic Structure of the IGBT Module:

silicon are relatively small, thus specific heat ¢(x),
mass density P(x), thermal conductivity K (x) are
regarded as independent on the temperature. Heat
generation, H (x.t) . that depends on both the posi-
tion and time, will change its overall strength with
time instead of its spatial distribution. T herefore,
equation (4) is linear.

Equation (5) is the solution of equation (4)
when an arbitrary power dissipation P(t) is applied

on a chip'”.
Twa(t) = To+ IP(Tqu.,M(.t— 7dr  (5)

where Tha(t) is the hottest spot temperature of the
concerned chip, To is the heatsink temperature,
Zum,, (1) is the time derivation of thermal impedance

ZlhlmI [ f-) .

If n independent power dissipation Pi(t) (i=
1, 2, »»*, n) are applied on n chips of one power
module, respectively, the hottest spot temperature
of the j+th chip Tjuu(t) (j= 1,2, ", n) can be writ-

ten as below, because of the linear thermal system.

(6)

where ATjnai(t) represents the hottest spot tem-

Tiva(t) = To= EAT;‘l..n.r‘(.‘:)
i= 1

perature rising on the j-th chip when the only po-
wer load Pi(¢) is applied on the i-th chip. A ccord-

ing to equation (5), Tjni(t) is obtained from

Tioi(t) = To+ IP,-('r}Zn.}.,m,‘,.(x— Hdr (7)

where Zuw,,, (1) is the time derivation of Zuw,, ().

Yihot, i

Zw,,.. (t) is defined as the thermal-coupling

impedance from the i—th chip to the j th chip. It is
determined by Zu,, . (1) = (Tiai(t) = To)/Pi,

where Piis the constant power dissipated on the

i-th chip.
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For the module with n chips, there are n Xn
thermal-coupling impedances. When i= j, Zu,,, (1)
represents the thermal impedance of the i-th chip.

Therefore, equation (8) is obtained from (6)

and (7):
T;‘l.m(!) = To+ E IP;{ ﬁ Z|I|}.h0t_l.(f - T) dT( 8]

In the case of steady-state, there is no diffe—
rence in the time domain. Equation (8) can be sim-

plified to

"

Tiw= To+ Z Ru,, Pi (9)
=

where Ru

bt

expresses the thermal-coupling resis—

tance from the i-th chip to the j-th one. Equation

(9) can be also written as

AT that Ru,,, K Ru,,, A Roy,.| |p,
M M M M M M M

AT = | Ru,,, K Ru,.. A Ru,, | + P

M M M M M M M

AT ot Ru,., A Ru,, . A Ru,, I 'P«
(10)

4.2 New Electrothermal Model

Transformed equivalent circuit with series
connection of RC elements is used in the new elec-
trothermal model with thermal-coupling effects
considered. The equivalent circuit structure ob-
tained from equation ( 8) is shown in Fig. 3. The
voltage of node 1 represents the temperature of the
hottest spot in the j+h (j= 1,2, ***, n) chip. Cur-
rent source represents the power dissipation in
each chip. Voltage source represents the tempera—
ture of heatsink. There are n equivalent circuits
having the similar structures to that shown in Fig.
3, presenting the thermal features of n concerned
chips, respectively.

In our case, four chips are mounted on the IG-
BT power module. Due to the symmetric effect, two
equivalent circuits are enough to present the ther—
mal features of IGBT and diode. The new elec—
trothermal model of IGBT 1 is shown in Fig. 4. Sev—
en pairs of RC elements are applied to fit the ther-

mal impedance of IGBT1 and thermal-coupling
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FIG.4 Electrothermal Model of IGBT 1

4.3 Simulation and Results

Based on the structure model with the grease
thickness of 70um, 16 thermal coupling resistors
are obtained from the static simulation on the 1G-
BT power module, as is shown in Table 1. Accord-
ing to the symmetric effect, there are eight differ—
ent coupling resistor values. Equation (10) and the
parameters in Table 1 are used to calculate the
hottest temperature of each chip. For example, the
power dissipations of 27W and 23W are applied in
IGBT 1 and diode2, respectively. T he heatsink tem-
perature To keeps 24°C. Simulation results show
that the hottest temperatures of IGBT 1 and diode2
are 37.893C and 42.584°C, respectively, while the
calculation results are 37.90C and 42. 58°C. T hey
coincide with each other well. It is easy to evaluate

the static thermal-coupling effects with equation
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(9) or (10).
Table I  Thermal-Coupling Resistance of IGBT Module
Rinwon/(C =W 0.4936 Ru2/(C+ W™ 1) 0.077 R 3/('C =W~ 1 0.0252  Ruos/(C+W™ 1 0.0071
R2ho1/(C = W) 0. 0681 Rao.2/(C» W™ 1) 0.7814  Raw.3/(C+W™ 0.0886  Rawa/(C+W™ 1 0.0225
R 1/(C oW1 0.0225 Ry 2/(CT-W™ 1 0.0886  Raa.3/(C-W™ 1) 0.7814  Rans/(C W™ 1) 0. 0681
Rano 1/ ('C + W™ 1) 0. 0071 Rano.2/(C =« W™ 1) 0.0252 Raw.s/(CW™ 1 0.077 Rano s/ (T W™ 1) 0.4936

An infrared camera is used to monitor the
hottest temperature of each chip mounted on the
open IGBT module. Different constant power loss—
es are applied on IGBT 1. The temperature rises of
each chip with power losses are shown in Fig. 3.
The curves are proximately linear. The slope of
curve TAGBT 1 is the thermal resistance of IGBT 1
and the slopes of other curves represent the ther—
mal-coupling resistance from IGBT1 to their re-
spective devices. Table 2 shows the comparison be—
tween the simulation results and the tested ones
when the power losses of 100W and 70W are dissi-
pated on IGBT 1 and diodel, respectively. The sim—
ulation results in Table 2 are based on the struc-

ture model with grease thickness of 200um.
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FIG.5 Measurement Results of Middle Point

in Every Chip with Different Power Losses Ap-

plied on IGBT 1

Table 2

Comparison Between Simulation and Test Results

IGBT 1 Diodel Diode2 IGBT2
Simu Meas Simu Meas Simu Meas Simu M eas
Power Losses/W 100 102.3 0 0 0 0 0 0
AT/C 60.1 58.2 16.8 18.7 8.59 10.5 4.5 4.8
Power Losses/W 0 0 70 72 0 0 0 0

AT/C 13.1 13.2 62.6 63.5 14.5 14.6 6.8 6.5

The errors are mainly due to the non-uniform

grease thickness between the case and the

heatsink. In practice, it is difficult to evaluate the

grease thickness and the grease can not be pasted
as evenly as that applied in simulation. During the
simulation, the hottest point is in the middle of the
chip and the temperature distribution is only decid-
ed by the thermal effect. However, in practical op-
eration, the chip temperature is also influenced by
the device structure, existing defects in silicon, and
electric field, etc. Besides, some errors are caused
by the different boundary and the ambient condi-
tions between the simulation and measurement.
Transient analyses are also done on the IGBT
module. By using the methods above, the elec—
trothermal models of both IGBT and diode with
thermal-coupling effects considered have been es-
tablished. The RC parameters are also obtained by
fitting the coupling impedance curves. The fitting
correlation coefficient P is bigger than 0. 997. Then
can be

electrothermal model

PSPICE to

waveform at a given power.

implemented in
simulate the junction temperature

For example, the rectangular power pulse with
the amplitude of 100W and duty cycle of 1s is alter—
nately applied on IGBT1 and diodel, i. e. IGBT |
turns on but diodel turns off during one cycle. T he
heatsink temperature is 0°C. Figure 6 shows the
variation in temperature of the hottest point on 1G-
BT I that are obtained from ANSYS and PSPICE
simulation, respectively. Curve 1 represents the re-
sults of PSPICE using normal thermal model with-
out considering the thermal-coupling effect, while
curve 3 is that using a new thermal model. Curve 2
is the results of ANSYS. The values from curve 3
and curve 2 agree with each other very well and are
both higher than that from curve 1. The elec-
trothermal model with thermal coupling effect con-

sidered is much accurate compared with those mul-
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ti-chip module applications. A rising trend is ob-
served in the curve after each cycle to get its static

state.

B &2

T/C

=

0 0.5 1.0 1.5 2.0 2.5 3.0 3.54.0
t/s

FIG.6 Transient Simulation results

5 Conclusion

Finite element method is used to discuss the
thermal-coupling effects in a multi-chip system. A
precise electrothermal model has been obtained
with the thermal-coupling effect having been con-
sidered among the chips, which applies to kinds of
thermal monitoring systems. For example, it can be

easily transferred in micro-controller by means of

the delay element model'”, therefore, the junction
temperature of the device can be determined on-
line.

Because of the limitation of data storage space
and long time needed in the calculation, it is diffi-
cult to get the solutions with long time evolution
by using ANSYS. It is expected to use the numeri-
cal method to set up a good thermal model and

then use PSPICE to get the dynamic results.
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