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Abstract—This paper discusses the improvement of
operational reliability and lifetime of power electronic modules
due to the reduction of the temperature gradient in the
semiconductor structures. High temperature gradient in the
power electronic modules having a large area of the
semiconductor structure is a more affecting issue than the
junction temperature. The improvement in the temperature
gradient is achieved by varying/degrading the thermal
resistance along the heat sink length. A conventional cooling
system for three semiconductor modules based on a forced air
heat sink was modelled and analysed to derive a reduction rate
of the appropriate thermal resistances. Implementation of the
forced air heat sink having non-uniformed thermal resistances
along the heat sink length ensures the uniform temperature
distribution across the power semiconductors and, therefore,
the improved thermal gradient.
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1. INTRODUCTION

Electric drive systems are a rapidly growing area of
industrial applications consuming approximately half of the
electrical energy generated in the world [1]. An important
component of the electric drive is the power electronic
inverter, which provides the appropriate operation of an
electric motor according to an intended control algorithm.
The inverter as the most electrically and thermally loaded
element of the drive circuit mainly determines the safety
and reliability of the system processing [2]. Yang et al. [3]
reported that about 31% of total component failures in
power electronic devices occur due to the failure of
converter power semiconductors.

The thermal stress of the power semiconductors
composing electric drive inverters depends on two major
factors. The first factor is the temperature of the ambient
affecting the thermal condition of the junction — the ambient
temperature value can be high, particularly in high-power
density applications. The second factor is the power loss
produced in the junction due to the load profile. Both factors
have a significant influence on the temperature of the
semiconductors and are the main causes of the component
overheating [4].

The most common approach to power semiconductor
heat management is a heat sink providing the transfer of
heat power from the junction to the environment. Natural
and forced air-cooled heat sinks are considered effective and
inexpensive  solutions, widely wused in industrial
installations. Many electric/electronic manufacturers offer a
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large variety of air-cooled heat sinks for various power
electronic applications, where three (or six) semiconductor
modules are usually installed on the top of the heat sink
alongside the rectangular surface. The number of
semiconductor modules depends on the module internal
circuitry, which usually represents one or two
semiconductor switches to build a six-switch inverter.

In case of forced air cooling, the fan is located at one
side of the heat sink to provide airflow through the fins.
Such a heat sink configuration causes the temperature
difference alongside the heat sink length. It means that the
temperatures of the semiconductor modules are different.
The device installed close to the airflow inlet has the lowest
temperature and is thermally underloaded, while the
temperature of the device at the opposite end is the highest.
This semiconductor module has the highest thermal load,
and its condition determines the reliability of the entire
system.

Apart from the variation in the thermal loads, the
temperature difference occurred in a forced air-cooled heat
sink produces a high temperature gradient across the heat
sink surface and, therefore, across the semiconductor
module surface. The modern, high power semiconductor
modules have a large surface area of the semiconductor
structure. For example, the total surface area of the
transistors and diodes in the IGBT module CM400T-24S [5]
is about 50cm’ (approximal dimensions of the
semiconductor structure in the module CM400T-24S are
shown in Fig. 1; Fig. 2 illustrates a cross-sectional view of a
typical IGBT module installed on the heat sink top surface).
A high temperature gradient creates mechanical stress in the
structure of the semiconductor and it has a negative impact
on the reliability of operation and the lifetime of the
module. For the power electronic modules having a large
area of the semiconductor structure, the temperature
gradient becomes a more important reliability issue in
comparison to the junction temperature [6],[7].

There are a few methods for reducing the temperature
difference between the power semiconductors and,
therefore, improving the temperature gradient. An advanced
method called active thermal control focuses on the
redistribution or/and adjustment of power loss in
semiconductor junctions to uniform the temperature [8]-
[10]. This method does not require hardware modification
but demonstrates reduced operational efficiency and
increases the total amount of power loss. Another approach
is related to the application of the wvariable thermal
resistance alongside the heat sink [11],[12]. This method
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Fig. 1. Area of the semiconductor structure of the IGBT module
CM400T-24S [5] (approx. 50 cm?).

requires modification of the heat sink to ensure the uniform
temperature of the power electronic modules due to the non-
uniform thermal resistance distribution. The power
converter cooled using this approach has the temperature of
all semiconductors similar to the hottest device but a
negligible temperature gradient.

This paper analyses a modification of a standard heat
sink to implement variable thermal resistances along the
heat sink length. The thermal resistances are varied in a way
to provide the same temperature in the semiconductor
modules and to reduce the thermal gradient. In order to
increase/adjust the appropriate thermal resistance, the
corresponding area of the heat sink is mechanically
modified to degrade the heat transfer conditions.

II. FOrRCED AIR HEAT SINK COOLING SYSTEM

Fig. 3 shows a schematic diagram of the conventional
forced air heat sink configuration having three power
semiconductor modules (IGBT) installed on the top in a
row. The fan blowing air into the heat sink fin area is
located at the inlet of the cooling system. The heat sink is
virtually divided into 3 sections (A, B, and C). Each section
has a thermal resistance (heat sink — ambient) and there are
two thermal resistances between sections A/B and B/C. If
the thermal resistances of each section are the same, then
the temperature on the top surface of the heat sink is
increased from section A to section B, producing the
temperature gradient.

The thermal equivalent circuit of the analysed cooling
system is shown in Fig. 4. The circuit was derived from the
approach presented and discussed in [9],[11],[13],[14].
According to the equivalent circuit, it can be seen that the
temperature of each section of the heatsink 7, T, and T¢
are defined as follows:

Ty =Ty +7

Iy =Tp+7,+7, (D

I.=Tp+t,+7,+7,
where T4z is the temperature of ambient air; 7,, 75, and 73 are
temperature drops across thermal resistances Rr, R, and
R7p3; 4 and 13 are the temperatures of the thermal sources

reflecting the air temperature increase alongside the
heatsink length.

It is assumed that the temperature of the thermal sources
in the thermal equivalent circuit is proportional to the
temperature drop across the thermal resistances Rr or Rp,.

Diode IGBT Chip solder
o Ceramic
—_— ,
opper | f Base plate solder
Base plate~] | _Thermal grease
Heat sink

Fig. 2. Cross-sectional view of a typical IGBT module installed on
the heat sink top surface.

This assumption introduces the coefficient k, which is
providing the link between temperature drop across a heat
sink section thermal resistor and corresponding source
temperature and is expressed as a ratio k, = t,/t; = 13/15. In
general, the coefficient depends on the airflow rate through
the heat sink and the thermal capacitance of the air. Hence,
the temperatures of the circuit thermal sources are
determined using the following equations:

7, =kr (TA _TAIR)zkrz-l

(2)
Tp :kr (TB -7y _TA[R):krTZ

The temperatures of the IGBT modules are shown as
junctions in the thermal equivalent circuit. Therefore,
resolving the junctions problem in terms of the incoming
and leaving power flows, the power loss generated by the
IGBT modules P, P,, and P; can be expressed as follows:

R =F+Fy—Fy,

P, =By + By + Py — Proy 3)

Py =Py + By + Py
where P, P,, and P; are power loss in the IGBT modules A,
B, and C respectively; Pgy is the power flow from IGBT
module B to IGBT module A; Pgy; is the power flow from
IGBT module C to IGBT module B; P, P, and Pp; are
power flow through thermal resistors Ry, Rp, and Rp3; Pey,

Pc,, and Pc; are power flow through thermal heat capacitors
Cl, C2, and C3.
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Fig. 3. Schematic diagram of the three-mass thermal model
of the cooling system.
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Fig. 4. Thermal equivalent circuit of the cooling system.



The heat sink is considered as a combination of three
sections A, B, and C where each section is represented by
the thermal heat capacity. Therefore, the power flows P,
Py, and P¢; through the thermal capacitors are defined as:

dr, dr dr
PCIZC]_.PCZZCZTZ 3d_t3

- ; Py = 4

dt r O @

The thermal heat capacitors are calculated using the

specific thermal capacity of the heat sink material and the
appropriate mass of the heat sink section:

C=c¢,xmy; Cy=c,xmy; C;=c, xm %)

where ¢, is the specific heat capacity of the heat sink
material (aluminium); my, mp, and mc are the masses of the
corresponding sections A, B, and C of the heat sink.

Power flows between the heat sink sections Pg;, and
P, are as follows:

:TB—TA _Lith T

P
Ry, Ry, (6)
I.-T, tz+7,-71,
Py = R = R
723 723

where Ry, is the thermal resistance between heatsink
sections A and B; Rps; is the thermal resistance between
heatsink sections B and C.

Substituting (4) and (5) into (3):

E:Clﬁ+i—rz+k’rl_fl
dt RT] RT12
dr, t, t,+kt -1, t,+kr,—7
P =C2—2+—2+ 2 ] 2" 5 %
RTZ RT12 RT23
dr, 7, rt,+krt,-7
1)3 =C3 3 + 3 + 3 772 2
dt RT3 RT23

Rearranging (7) for Simulink modelling and simulation:

N T, (kf —1)+T2 s (sC]RT] +1)
l RTIZ RTl
P 7, (k. —1)+1, T (k, 1)+, D (sCyR;, +1) ®
RTIZ RT23 T2
p T (k,=1)+7;  7;(sC,Ry5 +1)
’ RT23 RT3

This set of equations has been used to build the Simulink
model of the thermal model of the three-phase inverter
cooling system. Fig. 5 shows the block diagram of the 3-
mass thermal model developed according to the set of
equations (8).

The model was simulated using MATLAB Simulink
software environment. The heat sink selected for the
simulation is the standard heat sink 171 [15] having the
dimensions W130.4mm x H57mm x L310mm. It was
assumed that the simulation model has three IGBT modules
CM400T-24S1 [5] installed on the top of the heat sink. The
thermal resistances (for section A, B, and C) of the
equivalent circuit were derived using both the heat sink
geometry and  airflow  speed (5m/s)  where
Rn = Rn = R73 = 0320C/W, RT12 = Rn3 =0.25°C/W. The
coefficient k&, = 0.18, the thermal capacity of each heat sink
section C; = C,=C;=100J/°C, and the room temperature
is 25°C. The simulation was conducted under condition: the
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Fig. 5. Simulink model of the thermal equivalent circuit.
power loss generated in each IGBT module is 100W per
module.

The simulation result in Fig. 6 demonstrates a difference
in temperature (approx. 3°C at the steady-state condition)
between the IGBT modules. Though the absolute values do
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Fig. 6. The temperature transient of IGBT modules.
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Fig. 7. The temperature along the middle line on the top surface of the heat
sink (red) and the temperature of the airflow through the heat sink (blue)
versus the heat sink length (310cm).



not exceed the rated module temperature, the different
temperatures indicate the thermal gradient occurring due to
uniform thermal resistances along the heat sink. Therefore,
the temperature difference is assumed to be an indirect
indicator of the thermal gradient in the semiconductor
structure. The discussed simulation model (Fig. 5) is a fast
approach to estimating the gradient of temperature across
the power electronic modules.

However, a more detailed numerical simulation can
provide the results with better accuracy. For example, Fig. 7
shows the results obtained from the simulation of the same
cooling system conducted using ANSYS software. The red
curve in Fig. 7 shows the temperature in the middle line on
the top surface of the heat sink, whereas the blue curve is
the air temperature in the middle of the fin area of the heat
sink. It can be seen that there is a temperature gradient
affecting the IGBT modules. What is more, the IGBT
module A located by the air inlet and having the lowest
temperature is the semiconductor device most affected by
the temperature gradient in comparison to other modules.

III. TEMPERATURE GRADIENT IMPROVEMENT

In terms of steady-state operation, the set of equations
(7) can be reduced to the following expression, where the
components providing the circuit dynamic performance are
omitted:

pod nlk )
RT] erz
PZ:T_z+71(kr_1)+7z_Tz(kf—1)+T3 o)
R, Ry, Ry
pof ko
RT3 ers

The power loss generated in IGBTs operating under
conventional balanced mode is the same in each power
semiconductor module. Therefore, for further analysis, it
can be replaced as P = P, = P, = Ps.

The best improvement of the temperature gradient can
be obtained if the temperature of each semiconductor
module is the same. If the temperature of power
semiconductors A, B, and C are the same (7= Tz = T¢)
then the power flows between the heat sink sections are
neglected (Pgiy = Pro3 = ). Therefore, (9) is rearranged to
obtain the formula as follows:

RTI RTZ RT3
Substituting (1) into (10):
4 _ LT _ LTt an
RT] RTZ RT3
and (2) into (11)
4L o_h —k,1, _h —k.1,—k, (71 _kr71) (12)
er er Rr3
Hence,
11—k, :(1—k,)2 13

RT] RTZ RT3

If the thermal resistor Rp; is considered as the base
resistor representing 100% then the other thermal resistors
R7 and R, can be calculated in respect to Ry3 as follows:

4 | |
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Fig. 8. Thermal resistances of the heat sink sections Ry, Ry and Rp
(in pu) versus the coefficient &, providing the link between temperature
drop across a thermal resistor and corresponding source temperature.

RT3 R RT 3

R, = ‘R, =
T2 l—kf’ Tl (l—kr)z

This equation shows the increase rate of the thermal
resistances Ry and Ry, relatively to the thermal resistor Ry;.
If the thermal resistance Ry3 is known, (14) provides an
understating of how the heat sink sections A and B should
be modified (or designed) to ensure the required increase.
Fig. 8 demonstrates the curves of the thermal resistances
Ry, Rpp and Ry; (in per unit) versus the coefficient £..

(14)

The value of thermal resistance in the required heat sink
sections can be increased according to (14) by reducing both
the surface area and the air speed to ensure the improvement
of the temperature gradient. Fig. 9 demonstrates an example
of the temperature gradient improvement on the surface area
of the heat sink obtained from the ANSYS simulation. The
temperature distribution of the conventional cooling system
analysed in the previous section is shown in Fig. 9a. It can
be seen that the surface temperature of the heat sink having
uniform thermal resistances has a significant gradient,
which affects the IGBT modules installed on the top. Fig. 9b
shows the temperature distribution of the heat sink where
the thermal resistances in sections A and B have been
degraded (increased) using the reduction of the airspeed
through the fin area as proposed in [12]. Though the
absolute temperature of the power semiconductor modules
A and B are increased, the temperature gradient is improved

Temperature

Fig. 9. Temperature distribution: (a) conventional cooling system having
uniformed thermal resistances; (b) non-uniformed thermal resistances.



in comparison to the conventional heat sink configuration
(Fig. 9a). It means that the applied measures reduced the
thermo-mechanical stress in the semiconductor structures.

IV. CoNcLusION

For power electronic modules having a large area of the
semiconductor structure, the high temperature gradient
causes the thermo-mechanical stress in the semiconductor
and, therefore, affects the operation reliability and the
lifetime of the device. It is admitted that the temperature
gradient has a more negative impact on the semiconductor
condition than the high junction temperature.

This paper provides a discussion on the improvement of
temperature gradients in forced air-cooled heat sinks where
power semiconductor modules are installed at the top in a
row. The disadvantage of the conventional cooling heat sink
configuration is that the length of the thermal gradient along
the heat sink occurs as a result of the gradual increase in the
temperature of the airflow through the fin area. The
improvement in the thermal gradient can be achieved by
varying/degrading the thermal resistance along the heat sink
length.

Following the thermal model described in the paper, the
heat sink is divided into three sections, where each section
is represented by a thermal resistance (heat sink — ambient).
The increase (degradation) of the thermal resistances of the
sections located by the air inlet ensures a uniform
distribution of the temperature along the heat sink length.
The model was analysed to derive the thermal resistance
increase rate required for the gradient improvement. The
analysis is underpinned by the results obtained from
simulations conducted in MATLAB Simulink and ANSYS.
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