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Abstract— This paper presents the design investigation of liquid 

cooled heat sinks for a 48V/35 kW GaN FET dual three-phase 

inverter using CFD analysis. With the use of GaN FETs , higher 

power density can be realized in power electronics components 

which results in higher heat density as well. In order to find an 

optimal heat sink configuration, the cooling performance of two 

different configurations of cold plates is investigated and 

compared with commercially available cold plate. And the 

distribution characteristics of the temperature, pressure and 

fluid velocity field are compared and analyzed.  
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I. INTRODUCTION  

Due to the energy crisis and environmental pollution, 
electric vehicles (EVs) have become the main development 
and research trend and the focus of global competition and 
development [1]. However, the challenges for the EVs are the 
limited driving range and long recharging time [2]. Higher 
power density and high efficiency of the power electronic 
systems can increase the driving range of the EVs. Therefore, 
it is important to improve the power density and efficiency of 
each component in the powertrain as much as possible [3]. To 
increase the power density and efficiency of the motor 
inverter, the gallium nitride field-effect transistor (GaN FET) 
has emerged as a promising solution. GaN FET offer lower 
on-resistance, faster switching speed [4], higher breakdown 
voltage and higher allowable operating temperature [5]. 
However, higher power density results in motor inverter 
generating a huge amount of heat density, which deteriorates 
the performance of the devices and decreases their reliability 
[6]. Therefore, it is very important to cool the motor inverter 
to make it work below the maximum allowable temperature 

The conventional air cooling method has been unable to 
meet the requirements of high power density heat dissipation 
[7]. Liquid cooling has become an attractive solution for the 
cooling of power electronics converters due to its high cooling 
capacity. During the past decades, liquid cooled cold plate has 
been considered as an attractive and effective heat removal 
tool due to its advantages including easy fabrication and low 
cost. Sakanova et al. [8] investigated the liquid cooling system 
for power electronics converters. The authors studied the two 
cold plates embedded with a U-shaped copper tube and a 
serpentine cooper tube, respectively. Their results showed that 
cold plate with a serpentine cooper tube can provide better 
cooling performance than cold plate with a U-shaped copper 
tube. Nawawi et al. [9] designed a high power density three-
phase SiC-MOSFET inverter. In their study, a water-cooled 
aluminum cold plate with a serpentine cooper tube was used. 

Results showed that the power density of the prototype is 6.49 
kW/kg. Jollyn et al. [10] conducted an experimental study on 
the effect of several design parameters on the cooling 
performance of liquid cooled cold plates. Two cold plates 
contain 4 and 8 parallel tracks of the serpentine channel, 
respectively. They pointed out that the convective heat 
transfer area can be increased by increasing the channel length 
instead of increasing the channel diameter. Karimi et al. [11] 
studied on the three-phase inverter with a 8 pass cold plate 
heat sink. They reported that the maximum junction 
temperature of the inverter was decreased to 82.2 °C when the 
thermal paste and NX100 materials were used for the thermal 
interface material and cold plate. 

However, these studies on the liquid cooling for power 
electronics have been performed with a variety of 
commercial-off-the-shelf (COTS) cold plate heat sinks. 
Because of the limitation of processing conditions in the past, 
serpentine copper tube only can be embedded into an 
aluminum baseplate to form a channel. The advantage of the 
COTS cold plate heat sink is the low cost of manufacturing 
the embedded copper tubes. But one of the disadvantages is 
that due to the limitation of the copper tube diameter, a large 
heat dissipation area can not be provided in some parts. The 
other one of the disadvantages is that the copper tube is not 
always arranged exactly under the devices, which results in 
uneven temperature distribution and large temperature 
gradients. The temperature uniformity and thermal stress 
directly affect power devices' reliability and lifetime. This is 
because they designed the heat sink and the motor inverter 
separately instead of an integrated design. Even if an inverter 
is designed perfectly, the heat dissipation effect may be poor 
due to insufficient focus on the selection or design of the 
matching heat sink. Thus, the COTS cold plate heat sink can 
not meet the heat dissipation requirements of high power 
density devices. Moreover, the placement of the cooling 
channel directly below the GaN FETs can play a more crucial 
role in heat dissipation compared to increasing the channel 
effective length. When the power device layout is known, the 
liquid-cooled cold plate heat sink can be designed and 
optimized with computational fluid dynamics (CFD) 
simulations. 

Therefore, the specific position of multiple power devices 
in the motor inverter should be considered to carry out the 
integrated design of the heat sink and motor inverter. On the 
one hand, the integrated design concept can arrange the 
corresponding cooling channel directly below each device to 
ensure temperature uniformity. On the other hand, the 
integrated design concept provides targeted cooling only 
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where the power devices are included instead of cooling the 
entire bottom surface of motor inverter. This not only avoids 
the waste of cooling capacity but also reduces the pump power 
required when compared to the conventional design of motor 
inverter heat sink. 

One common configuration of cold plate heat sinks is the 
parallel arrangement either of the rectangular cross section 
plate fins, which is called finned shape heat sink [12]. 
Compared to the COTS cold plate heat sink, the finned shape 
heat sink can increase the heat transfer area between fluid and 
solid. Meanwhile, the energy consumption of driving fluid can 
be reduced by the straight channels between the plate fins. 
Moreover, the finned shape heat sinks are easily processed and 
manufactured. Tran et al. [13] performed the design and 
optimization of the liquid cooled cold plate for a 60 kW 
converter. Results showed that the maximum coolant fluid 
temperature obtained by the cold plate with straight fins is 6 
°C lower than that of the cold plate without fins. Boteler et al. 
[14] studied the thermal characteristics of an all SiC 1200 V, 
400 A dual MOSFETs power module with a liquid cooled 
finned heat sink. The effects of the inlet fluid temperature 
(30°C, 50 °C and 80 °C) and inlet flow rate (1.9 L/min, 3.8 
L/min and 7.6 L/min) were considered. Results showed that a 
device temperature rise is only 24 °C when the input power is 
set to 158 W/cm2. Liang et al. [15] designed a high efficiency 
liquid cooled heat sink for a motor inverter. Effects of 
different channel gap and flow rate on the cooling 
performance were considered. They reported that when the 
flow rate is fixed, the temperature rise of multiple small 
channels configuration is 14 °C lower than that of the single 
channel configuration. 

The design goal of the heat sink is to achieve high power 
density for  GaN-based inverter. To obtain an optimal heat 
sink configuration, the cooling performance of two different 
geometry configurations of heat sinks is investigated. 
Temperature distribution characteristics and fluid velocity 
field of different configuration heat sinks were compared and 
analyzed. 

II. INVERTER POWER LOSSES 

A. GaN FET Selection 

The GaN FET used in this work is GS61008P by 
Gansystems and its basic electrical characteristics are listed in 
Table 1[16]. The inverter has 96 GaN FET. Its switching 
frequency reaches more than 10 MHz, and the Ron is 7 mΩ at 
room temperature. 

Table 1 Parameters of selected GaN switch 

Parameter Specification 

Switch 

 

GS61008P-MR, GaN E-mode, 

GaNPX package 

,, ,DS DS on DSV R I  100V, 7 mΩ, 90A 

gQ  8 nC 

OSSC  250 pF 

,min ,max/GS GSV V  -10V/ +7V 

,min ,max/th thV V  1.1V/ 2.6V 

Heat extraction Bottom side 

,th JCR  0.55 OC/W 

 

B. Analytical Loss Calculations Of The Inverter 

A dual three-phase inverter has been designed to control dual 

hree-phase permanent magnet synchronous motor (PMSM) 

and the topology is shown in Figure 1. The losses in inverter 

are analytically calculated to be utilized in CFD simulations. 

 

 

 
Figure 1. Inverter 6-phase topology. 

 

Generally, the conduction losses of a semiconductor switch 

used in an inverter DC/AC converter can be occurred in the 

drain-source channel ( QP ) and the body diode channel ( DP ), 

which are expressed analytically as below. 
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Where, ( )DS peakI  : peak current of the GaN switch, M: 

modulation index, θ: converter/output current phase angle, 

( )DS onR : drain-source resistance, ( )D onR : diode forward-biased 

resistance. 

 
However, in a GaN FET, there is no body diode and no 

reverse conduction occurs through the channel itself. Hence, 

the above equations can be modified by replacing the diode 

forward-biased resistance ( )D onR  with ( )DS onR . The total 

conduction losses are then given by 
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Assuming , the current flow of 560A through the inverter leg 

during the peak power 35kW, each switch would have a 

current of 560/8=70A , hence the value of 70A as Id is used 

to calculate the conduction loss. ( )DS onR is 7mΩ at 25°C. 

To calculate the turn-on and turn-off losses, following 

equation can be used 
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Where onE , offE  is turn-on/off energies and swf  is 

switching frequency. In the switch datasheet, at 50V testing 

conditions, the switching energy during turn-on and turn-off 

are shown as follows. 

 
Switching 

energy during 

turn-on 

Eon 2.8µJ 
VDS = 50V IDS =20A 

VGS = -3 -6V  

Switching 

energy during 
turn-off 

Eoff 1.6 µJ 

RG(on) =4.7Ω RG(off) =1Ω 

L = 28µH Lp= 3.8nH 

 

Assumed that switching frequency is 50kHz . A scaling factor 

is used to normalize the applied testing voltage. 

 
6 1482.8 10 50000 ( ) 1.344 10 [ ]

50onP W− −=    =   (6) 

6 2481.6 10 50000 ( ) 7.68 10 [ ]
50offP W− −=    =   (7) 

 

Besides, it is noted that recovery charge Qrr is zero for 
GaN FET, hence reverse recovery loss is zero. 

The output capacitor COSS of the GaN FET must discharge its 

stored energy every switching cycle, so it has switching loss 

associated with it. It is given by equation shown below.  

 

.
OSSC OSS swP E f=  (1) 

Where OSSE is energy stored in output capacitor, and swf  is 

switching frequency 
6 2480.4 10 50000 ( ) 1.92 10 [ ]

50OSSCP W− −=    =   (9) 

The total power losses of a GaN switch is the sum of 

conduction and switching losses. 

 

( ) 8.8044[ ]
ossloss GaN cond on off CP P P P P W= + + + =  (2) 

In a dual-three phase inverter, there are 6 legs and each leg 

has 2×8 switches, so total switches used is 96. Therefore, the 

total power losses of the 6-phase inverter can be calculated at 

operating temperature of 25°C, phase current 560Apeak and 

switching frequency 50kHz. 

 

( ) ( )96 845.22[ ]loss INV loss GaNP P W=  =  (3) 

 

III. SIMULATION MODEL DEVELOPEMENT 

In this paper, all simulations have been performed using 
the Ansys Icepak. Two cold plate design variations are used 
to simulate and study the geometry effects on temperature and 
pressure drop. A comparison between the two simulated cold 
plates will be done and the better performing model will be 
optimized and compared with the commercial heatsink shown 
in Figure 4 

A. Model Description And Cooling System Boundary 

Conditions 

CFD analysis is used to examine the flow characteristics of 

the cooling water; however, for ease of analysis, the complex 

real model needs to be simplified based on the purpose of 

analysis. In particular, for this study, the analytical model can 

be simplified considering only the cooling water flow path, 

which is sufficient to examine flow behavior. The base plate, 

where the fluid flows, is simplifiled by removing the 

engraved fluid path and by assigning a finer mesh and higher 

object priority to fluid channel. The boundary conditions used 

in this model are specified in Table 2 

 

 
Table 2 Boundary Conditions of the Model 

Section Boundary Conditions 
Parameter Values 

Fluid Inlet Temperature 25.8°C 

Fluid Inlet Velocity 1.4 m/s 

Fluid 

Outlet 
Pressure 0 Pa 

GaN 
FET(each 

device) 

Power 8.8W 

Fluid 

Channel 
Turbulent Flow 

Enhanced Two Equation 

Model 

Convective 

Heat Flux 

Heat Transfer 

Coefficient 
10 W/m2K 

 

B. Cold Plate Design Variations  

In this paper two variations of cold plates are used as shown 

in Figure 2 and 3. Their inlet areas and boundanry conditions 

are same. Only the shape of the fluid channel is changed.  

 

 

 
Figure 2 Cold plate design (CP-A) with straight fluid channel 



 

 

 
Figure 3 Cold plate design (CP-B) with serpentine shaped fluid channel 

 

Figure 4. Six half-bridge modules mounted on commercial cold pate 

IV. SMULATION RESULTS 

This section reports the simulation results obtained in the 
FEM simulations with different geometries of cold plate. The 
main idea is to compare the effect of different geometries and 
boundary conditions on the maximum cold plate temperature 
and junction temperature. 

A. Temperature Of GaN FETs Without Cooling 

 

Figure 5. Temperature Distribution of the single GaN FET Half Bridge 

Module 

To get a better understanding about the cooling requirements 

of the inverter and the cooling system, it is important to get 

an estimate of the temperature of the module without any 

active cooling system. Figure 5 shows the steady state 

temperature distribution of the GaN FETs with natural 

convection. The temperature reaches 917°C,exceeding the 

safe operating point of the GaN FETs. Hence, it is crucial to 

provide an active cooling system for the inverter. 

B. Commercial Cold Plate  

A commercial cold plate as shown in Figure 6 with 4 pass 

copper tubes buried in the extruded aluminium base plate and 

epoxy layer on top of copper tubes is simulated as a baseline 

for comparison with the cold plate designs considered in this 

paper. As shown in Figure 4 , each cold plate can mount 3 

half-bridge modules and two same cold plate arrangement are 

made for dual-three phase inverter. By taking advantage of 

the symmetry ,the CFD simulation is performed only on one 

cold plate to save the computational time.  

 
Figure 6. 3D model of the commercial cold plate 

A pressure drop of 124 mbar (Figure 7) is observed, mostly 

contributed due to the bends in the copper tube.  

 

 

 

 
Figure 7. Pressure countour in fluid channel of the commercial cold plate 

 

The maximum temperature on the top surface of base plate is 

42.5°C (Figure 8). The goal of the study is to create a new 

cold plate geometry with a optimum design to minimize the 

maximum temperature in base plate and pressure drop in the 

fluid channel.  



 

 

 
Figure 8. Temperature distribution on the top of the commercial cold plate 

 

C. Cold Plate With Straight Fluid Channel(CP-A)  

 

Figure 9 Temperature distribution on the top of cold plate with straight 

fluid channel 

A maximum temperature of 38.2 °C (Figure.9) is observed 
on top of the cold plate and a pressure drop of 62.1 mbar. The 
pressure drop in water channel is 50% less as compared to 
commercial cold plate. This is observed due to the lower 
energy loss owing to less severe bends in CP-A fluid channel. 

 

 

Figure 10. Velocity profile in fluid channel with straight fluid channel 

D. Cold Plate With Serpentine Shaped Fluid Channel(CP-

B)  

 

 

Figure 11. Temperature distribution on the top of cold plate with serpentine 

shaped fluid channel 

 

 

Figure 12. Velocity profile in serpentine shaped fluid channel 

A maximum temperature of 33.3 °C is observed on top of 
the cold plate and a pressure drop of 82.1 mbar. The fluid 
channel of CP-B also consists of U-bends , however, the fluid 
is injected via three sub-inlets which prevents from huge 
pressure loss as compared to the commercial cold plate.  

V. CONCLUSION 

In this paper, a CFD simulation study using Ansys Icepak 
was perfomed on the liquid cold plates of a dual-three phase 
inverter. First a baseline study was done on a commercially 
available cold plate.Water is used as cooling fluid. Maximum 



 

 

temperature of 42.5°C was obseverd on the cold plate surface 

and a pressure drop of 124 mbar in the fluid channel. The 
influence of pressure drop and maximum temperature was 
chosen as criteria to design an optimum cold plate geometry. 

Two different geometries were chosen with same 
boundary conditions and CFD simulations were performed. 
Cold plate design A (CP-A) has straight fluid channel and cold 
plate design B (CP-B) has serpentine fluid channel It is 
observed that in CP-A the temperature on top of cold plate 
reaches higher by 4.9°C as compared to CP-B, however the 
pressure drop is 20 mbar less in CP-A as compared to CP-B. 
In comparison to commercial cold plate both designs, CP-A 
and CP-B, have better performance in terms of pressure drop 
and maximum temperature. In future work, prototypes of the 
two cold plates designs will be made and experimentally 
verified and compared with commercial cold plate design.  
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