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Abstract— Power module contains one or more 

semiconductor switches packaged together for easy 

connectivity. Power semiconductor modules play a key role 

in a power electronic system. The module can be used to 

enclose diodes, FET, IGBT, or similar semiconductor 

switches. Nowadays, Insulated Gate Bipolar Transistors are 

widely used because of their good switching performance 

combined with fairly low conduction losses. A lot of effort 

has been put to develop the next generation IGBT modules 

of hybrid vehicles. The trend of power electronics 

miniaturization, both in consumer and military applications, 

challenges board assembly design, materials, and processes. 

PEs must meet strict automobile manufacturers’ design 

criteria like weight, size, reliability, and cost when used in 

HEVs. Existing designs rely mainly upon over sizing the 

PEs or by inclusion of large heat sinks, both of which 

detract from size and cost criteria of automotive design 

criteria. In this paper, inverter module of Toyota Prius 

consisting of 12 pairs of IGBT devices and diodes is used. 

Parametric study is carried out to study the effect of number 

of channels of cold plate on the performance of module. 

Also, effect of single sided and double-sided cooling method 

on the maximum temperature is studied. 
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I. INTRODUCTION 

POWER semiconductor devices are an enabling technology 

to convert energy between different forms. In the last two 

decades, they are playing an increasingly important role in 

safety-critical aerospace and automotive applications where 

stringent reliability constraints are placed on power 

electronic (PE) systems. As a result, there is a pressing need 

to improve power electronic systems by optimized design, 

advanced manufacturing and packaging, as well as system 

integration. PEs must meet strict automobile manufacturers’ 

design criteria when used in HEVs. The four most important 

design criteria for the automotive industry are weight, size, 

reliability, and cost [1]. Insulated-gate bipolar transistor 

(IGBT) is a typical power electronic device having ability to 

operate without breakdown at hundreds and thousands of 

volts and current capacities in tens to thousands of amperes. 

IGBT power modules find widespread use in various 

applications including renewable energy, transport and 

space, industry, utility and home appliances. They have been 

manufactured in large quantities and have dominated a large 

portion of the medium- and high-power conversion market 

for decades. Their failures determine the system downtime 

and increase the operational cost [2], [3]. Power 

semiconductor devices were rated as the most fragile 

component of a power electronic system from a recent 

industrial survey, followed by capacitors and gate drives [4]. 

Also, IGBT device generates a lot of heat in normal 

operation because of its power conversion inefficiency, 

which is exacerbated when the IGBT devices are used as the 

high-speed switching devices in power systems operating at 

high voltage and high current levels [5]. Fig 1 shows a 

typical multilayered IGBT power module. 

 
Fig. 1: Typical multilayered IGBT power module. [6] 

The heat flux of these devices for hybrid electric 

vehicles is now at the level of 100–150W/cm2 and is 

projected to increase to 500W/cm2 in the next generation as 

the current capacity and switching frequency increase [7–9]. 

High heat flux leads to high IGBT temperatures and has 

grown into one of the major barriers to the development of 

advanced power electronics for electric vehicles. The device 

and package related failures account for 35% of the faults in 

the power electronics system [10]. The constantly growing 

need for power semiconductor devices coupled with 

important roles they have played in the system has led to 

corresponding reliability. In general, an IGBT module is 

comprised of one or more semiconductor chips and its 

package, which are equally important in providing high 

performance service. It is constructed with different 

materials (e.g., silicon, aluminum, copper, ceramics, and 

plastics), package designs (e.g., layout, geometry, and size) 

and properties (e.g., electrical, thermal, and mechanical). 

These components/layers are mostly bonded together by 

soldering and bond wires. The assembly is then covered 

with an insulating gel and enclosed in a polymer housing 

from which only the metal connectors of the device 

terminals emerge. The base plate of the assembly is 

mounted onto a heat sink or other cooling devices with 

thermal interface material greased between them for 

improved thermal contact. Today, there is a growing trend 

toward IGBT. In most cases, this trend is technology driven 

and for a given application, gain in terms of cost, reliability 

or manufacturability are often not achieved. So it has 

become an essential part to study the effect of various 

parameters on IGBT. 

II. OBJECTIVE 

A steady state thermal analysis of a twelve-pack Insulated 

Gate Bipolar Transistor (IGBT) power module is carried 

out. Number of channels on cold plate is taken into 
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consideration in the analysis for parametric study. A 

comparison of single sided cooling and double-sided cooling 

and its effect on IGBT temperature is shown. 

Material Dimensions(mm) 

Thermal 

Conductivity 

(W/mk) 

Aluminum Cold 

Plate 
81.3 x 216.4 x 6 200 

TIM 81.3 x 216.4 x 0.1 4 

Copper Base Plate 81.3 x 216.4 x 3 393 

Solder Layer 1 32.3 x 24.4 x 0.1 50 

Copper 1 32.3 x 24.4 x 0.41 393 

AlN Substrate 32.3 x 24.4 x 0.64 170 

Copper 2 32.3 x 24.4 x 0.41 393 

Solder Layer 2 32.3 x 24.4 x 0.1 50 

Diode 6.6 x 6.4 x 0.32 120 

Chip 13.7 x 9.8 x 0.51 120 

Table 1: IGBT 

III. FINITE ELEMENT MODEL AND TESTING CONDITIONS: 

In this study, IGBT module of the well-known Toyota Prius 

inverter is considered. The Prius IGBT module inverts dc 

input power from the battery to variable frequency, variable 

voltage, three-phase ac output to drive the motor. A three 

dimensional model with: 12 pairs of  chip- diode,  two 

solder layers and one DBC layer below each pair mounted 

on  a base plate is generated. The base plate is mounted on 

the cold plate using TIM, the stacked up layer is as shown in 

Fig. 2. The cold plate has 81 number of channels with the 

channel height of 1mm, the channel width of 0.5mm and the 

wall thickness of 0.5mm. More details on the Prius inverter 

and motor can be found in reference [11]. Finite element 

simulation software is used to create the geometry and to 

carry out the steady state thermal analysis. Material 

properties are assigned to cold plate, base plate, solder layer, 

DBC, diode and chip as given in table 1. Finite element 

model is generated as shown in the Fig. 3 in which the total 

number of nodes is 3594966 and total number of body 

elements is 754223. Element type Solid 87 and Solid 90 are 

used for components while Conta 174 and Targe 170 are 

used for contact elements. Mesh sensitivity analysis is 

carried out where maximum IGBT temperature varies in the 

range of +/- 5%. Fine meshing is used for the analysis. A 

power dissipation of 40W is applied on each diode and 

160W is applied on each chip. This contributes to a total 

heat flux of 120 W/cm2 on the IGBT device, 95 W/cm2 on 

the diode, and a total power dissipation of 2400Won the 

entire motor inverter [12]. The model has been validated 

with reference [13]. 

 
Fig. 2 Single IGBT stacked up Layer 

 

 
(a) 

 
(b) 

 
(c) 

Fig 3(a): The layout of the IGBT device for Toyota Prius 

inverter(b) Isometric view finite element IGBT test model 

(c) Front view of finite element meshed model 

R134a is considered as the working fluid. The convective 

coefficient range for this coolant is generally, 10,000 

W/m2K to 22,000 W/m2K. For steady state analysis the 

average heat transfer coefficient is taken as 11500W/m2K 

[13]. 
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IV. RESULTS AND DISCUSSION 

 
Fig. 4 Temperature plot showing results for Baseline case 

Maximum temperature for baseline case is 68.895ºC as 

shown in fig. 4. Due to computational limitations, unit cell 

of the model is considered for simplicity having maximum 

temperature 63.96ºC shown in fig. 5.  

 
Fig. 5 Temperature plot of unit cell for Baseline case 

A. Effect of varying number of channels: 

Fig. 6, fig. 7 and fig. 8 show the effect of change in number 

of channels of cold plate on maximum temperature on die. 

Table 2 below show the comparison of number of channels 

on cold plate, channel width and maximum temperature. 

Fig. 

No 

No of 

channels 

Channel width 

(mm) 

Maximum 

temperature (ºC) 

5 81 0.5 63.96 

6 54 1 66.1 

7 41 1.5 68.323 

8 32 2 70.479 

Table 2 

 
Fig. 6 Temperature plot 54 channels and 1mm channel 

width 

 
Fig. 7 Temperature plot 41 channels and 1.5mm channel 

width 

 
Fig. 8 Temperature plot 32 channels and 2mm channel 

width 

 
Fig. 9: Effect of No. Of channels vs Maximum temperature 

Fig. 9 show the effect of change in number of 

channels of cold plate on maximum temperature. As we see, 

maximum temperature on chip reduces with increasing 

number of channels. The reason for this is more area under 

convection. 

B. Double-Sided Liquid Cooling: 

 
Fig. 10 Temperature plot of unit cell for double sided 

cooling 
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Maximum temperature obtained for doubled sided 

cooling is 44.309ºC as shown in fig. 10 whereas for single 

sided cooling it is 63.96ºC. Though double sided-cooling 

has few disadvantages, the percentage variation in single 

sided cooling and double-sided cooling is 44.34% which is 

quite large and considerable.  

V. CONCLUSION 

In this paper, a generalized parametric study is presented 

with respect to the thermal performance of the module. The 

results of the analysis illustrate the effect on thermal 

performance of IGBT, which are in turn crucial to consider 

during the designing process. We conclude that as the 

number of channels increases, maximum temperature on 

chip reduces. Also, we have studied the comparison between 

single sided cooling and double sided cooling. Percentage 

variation between both is 44.34% 
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