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ABSTRACT 
Electric vehicles are recognized as the solution 

for the future to reduce emissions, especially in the 
city center, where health-related issues are due to the 
high population density and pollutant concentration. 
Due to this, the automotive industry has to change 
several paradigms to introduce more efficient 
vehicles and overcome the reluctance to change the 
user. In this sense, the thermal management of the 
vehicles has to be re-designed to manage the 
operating temperature of high-power devices such as 
drivers and motors. In the present investigation, a 
lumped parameter model has been developed to 
study the dynamic thermal behaviors of electric 
vehicle power trains. The study analyses the 
interaction between the heat exchanger and the 
operation of two electric motors and a single inverter. 
To set up the model, a computational fluid dynamics 
simulation has been carried out to characterize the 
thermal-fluid dynamic characteristics of the relevant 
components of the system, such as the cooling 
systems of the inverter and the electric motor. 
Stationary and transient analyses have been carried 
out considering the variation of the thermal load 
according to the vehicle route. The effects of thermal 
inertia and the effects of the control logic system 
have also been highlighted. 

Keywords: electric vehicle, thermal management, 
lumped-parameter model, computational fluid 
dynamics, dynamic simulations 

NOMENCLATURE 
H [bar]  pump head 
h [W/m2K] heat transfer coefficient 
P [W]  power 
p [bar]  static pressure 
Q [l/min]  volume flow rate 
T [°C]  temperature 
t [s]  time 
Δ [-]  difference 

1. INTRODUCTION 
Thermal management of an electric vehicle is 

crucial to extend the rangeability and reduce electric 
consumption. Recent estimations show that the 
thermal management system accounts for 60 % of 
the total electric usage [1 – 3]. The modeling of such 
systems determines several challenges related to the 
cross-correlation between devices designed to 
accomplish different tasks (e.g., cabin temperature, 
heat rejection of the power train, etc.) [1]. To study 
such a system, low-order models help run several 
scenarios representing the operating conditions 
involved in automotive applications. Lumped-
parameter models (LPM) are among the most known 
low-order models. The LPM model is based on a set 
of equations representing the physical phenomenon 
and, simultaneously, a set of coefficients or datasets 
representing the relationship between independent 
variables and the characteristics of each modeled 
device/system. Lumped parameter models allow the 
schematization of the system with details related to 
cross-correlation phenomena coming from the 
thermal systems, transmission, and driver 
characteristics [4, 5], showing the possibility of using 
the model to optimize the systems by reducing fuel 
consumption. 

Similarly, LPM has been used to assess the 
interaction between electrical devices in electric-
powered vehicles, showing the possibility of 
studying complex phenomena using low-order 
models [6]. The LPM could be fed by experimental 
data or numerical data obtained by high-order 
models such as computational fluid dynamic 
simulations. In [7], the LPM of a heat pipe based on 
CFD simulations is proposed. The three-dimensional 
simulations were used to estimate the heat transfer 
coefficients in a complex geometry. At the same 
time, the LPM results could be checked by CFD 
simulations, increasing the usefulness of the LPM 
model to reduce the computational effort in the case 
of several simulating runs [8 – 10]. 
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1.1. Aim of the paper 
In the present paper, an LPM has been developed 

to study the thermal behavior of the electric power 
train of a single-seater racing car. The present results 
refer to the analysis of the cooling circuits designed 
for the racing car involved in the Formula SAE 
competition [11]. The present modeling process 
consists of a framework created using a lumped 
parameter model in which a set of data and 
parameters have been obtained by CFD simulations. 
The CFD analysis was used to characterize the on-
purpose design component devoted to managing the 
thermal behavior of electric motors and inverter. 
Using the LPM, stationary and dynamic simulations 
were carried out to describe the cooling systems and 
assess temperature variation during an endurance 
test. In this scenario, the control logic based on 
temperature data can increase car efficiency, reduce 
consumption, and manage electric power trains. 

2. COOLING CIRCUIT 
The designed cooling circuit consists of 

numerous components designed or selected for this 
specific application. The full-electric racing car 
includes four electric motors (four-wheel drive 
concept) and a single inverter that manages the 
electric power supplied by the battery pack to the 
electric motor according to the driver's needs and 
circuit layout. To control the operating temperature 
of motors and inverter, the cooling circuit is 
composed of the following elements: 

 recirculation pump; 
 heat exchanger with cooling fan; 
 water jacket for cooling the electric motor; 
 cold plate for cooling the inverter; 
 rubber hose and fittings. 
The cooling circuit and its devices have been 

reported in a three-dimensional layout proposed in 
Fig. 1. A recirculating pump supplies the flow rate 
through the cold plate. After that, the tee fitting was 
placed  to  split  the  water  flow  rate  into   two  water 

 

Figure 1. The cooling circuit layout 

jackets to cool down the electric motor. After the 
water jacket, the two lines were re-joined 
immediately before the heat exchanger. This layout 
was implemented in the LPM by using Simcenter 
Amesim software. 

3. COMPONENTS CHARACTERIZATION 
In the following paragraphs, the characterization 

of the relevant devices has been reported to create the 
most representative LPM of the cooling circuit. 

3.1. Pump, heat exchanger and fittings 
The pump and the heat exchanger were selected 

from the market based on their performance, space 
requirements, and weight. Such components were 
characterized by manufacturers, and in this section, 
only the relevant characteristics related to the LPM 
have been reported. 

The pump performance (provided by Vovyo 
Technology Co., LTD.) is reported in Fig. 2 
according to the flow rate versus head. Since the 
competition rules impose water as cooling media, the 
characteristics curve used in the LPM corresponds to 
that reported in Fig. 2. 

Regarding the heat exchanger, the AKS DASIS 
model DASIS320100N has been selected for the 
present application. The heat exchanger has a heat 
rejection value of 10 kW. Such a value is greater than 
the estimated thermal power that has to be 
exchanged. However, installing the heat exchanger 
in the car's side pods determines the nominal air flow 
rate reduction, reducing the heat exchanger 
capability. The heat exchanger has been coupled 
with a circulating fan to ensure the greatest safety of 
the electric circuits. The fan is the type VA14-BP7 
from the manufacturer SPAL Automotive Spa. In the 
present design, the fan activation is controlled by a 
control logic based on the temperature value 
measured in correspondence with critical devices 
such as the electric motor and inverter. Such a 
condition will be implemented in the LPM to study 
the most severe condition of the circuits. 

Finally, the connection between the devices has 
been described. According to Fig. 1, the cooling 
circuit develops  according to the car length, from the 

 

Figure 2. Pump performance: head (H) versus 
flow rate (Q) 
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rear to the front section. The circuit consists of pipes 
suitable for hot water delivery, mainly used as a 
flexible connection in the cooling circuits of 
automotive engines. They are made of black EPDM 
rubber with synthetic textile reinforcing inserts 
inside to overcome the pressure. 

3.2. Water jacket 
The water jacket is used to cool the electric 

motor. Using a water jacket is known in the literature 
as a good solution to manage the temperature of 
electric motors, increasing efficiency and reliability. 
In [12, 13], analyses of different water jackets 
designed for cooling the electric motor are reported. 
In the present analysis, the water jacket's specific 
design must be accounted for. The water jacket is 
designed to adhere externally to the electric motor. It 
is characterized by a coil that wraps around them 
through which the cooling fluid flows. The external 
surface of the electric motor is smooth, allowing a 
sealing process with grooves in the water jacket. 
Therefore, the cooling water is directly in contact 
with the electric motor and is supplied through the 
water jacket in a spiral shape. In Fig. 3, the three-
dimensional shape of the designed water jacket and 
the sketch with relevant dimensions are reported. It 
is realized using a 3D printer process and PA 12 
material filled with carbon fiber. 

The water jacket performance was discovered 
through CFD simulations. A numerical analysis is 
mandatory to find the relationship between water 
flow rate and performance data, such as pressure 
losses and heat exchange parameters. To do this, a 
numerical model was setup. The computational 
domain comprises the electric motor external surface 
and the entire geometry of the water jacket reported 
in Fig.3. The model setup is similar to that described 
in [14]. The calculation is based on commercial Flow 
Simulation software embedded in the Solidworks 
suite. The computational model is discretized using 
a cut-cell approach by 530k Cartesian-grid elements 
while the low Reynolds number k–ε model, as in the 
Lam–Bremhorst formulation, is used [15]. A proper 
independent  grid  analysis  was  performed  to  assess 

 

Figure 3. Water jacket to cool the electric motor 

the model's reliability. A refinement ratio 1.2 was 
used, and the selected mesh was the finest. A 
deviation from the coarsest grid (370k elements) and 
the finest (530k) was estimated to equal 6.3 % on the 
water jacket pressure drop. The spatial derivatives 
are approximated with implicit difference operators 
of second-order accuracy. The CPU time for the 
finest grid was 2 h on a workstation equipped with 8 
physical processors. 

A volume flow rate value was imposed at the 
inlet section, while a static gauge pressure equal to 0 
Pa was imposed at the outlet section. Three 
representative volume rates have been used to 
characterize the thermal behavior equal to 4, 8, and 
12 l/min. From the CFD simulations, the heat 
transfer coefficient at the electric motor surface and 
the water jacket pressure losses have been assessed. 
In Fig. 4, the contour plot of the heat transfer 
coefficient obtained for the highest flow rate value is 
reported. Table 1 reports the CFD results helpful to 
represent the water jacket performance in the LPM 
as a function of the volume flow rate Q. Pressure 
losses (Δp) are intended as the difference between the 
static pressure at the inlet and the outlet. The heat 
transfer coefficient (h) is intended as the average 
value on the electric motor surface. 

3.3. Cold plate 
The inverter gets significantly overheated during 

the operation at the full power. The latter is placed 
on top of a cold plate to dissipate the heat developed 
by the inverter. This is an aluminum alloy plate 
traversed on the inside by tubes through which the 
cooling fluid passes. The design of the cold plate is 
reported in Fig. 5. It was provided by the 
manufacturer of the inverter (AMKmotion GmbH), 
who  reported the  proper fittings  for the inverter  and 

 

Figure 4. Heat transfer coefficient at the electric 
motor surface (12 l/min) 
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Table 1. Water jacket performance 

Q 
[l/min] 

Δp 
[bar] 

h 
[W/m2K] 

4 0.01 7.6 
8 0.05 8.3 
12 0.11 8.6 

 
all the electrical devices. The cold plate is made of 
aluminum alloy (AlMgSi0.5), and an internal 
circular-shaped groove characterizes it. 

Similar to the previous analysis, the cold plate 
has to be characterized in terms of pressure drop and 
heat exchange performance. A numerical model has 
been defined in line with the model proposed for the 
water jacket (software suite, turbulence model, and 
boundary conditions). A cut-cell approach by 400k 
Cartesian-grid cell has been used. A similar analysis 
related to the grid independence analysis was 
adopted. Even in this case, a refinement ratio of 1.2 
was used, and the deviation between the coarsest and 
the finest (selected) grid was 3.2 % for the cold plate 
pressure drop. The CPU time for the finest grid was 
1.5 h on a workstation equipped with 8 physical 
processors. The cold plate performance was 
computed for three different volume flow rate values 
equal to 8, 16, and 24 l/min. In Fig. 6, the contour 
plot of the heat transfer coefficient obtained for the 
highest flow rate value is reported. Table 2 reports 
the CFD results helpful in representing the cold plate 
performance in the LPM. 

 

 

Figure 5. Cold plate design 

 

Figure 6. Heat transfer coefficient at the cold 
plate internal passage (24 l/min) 

Table 2. Cold plate performance 

Q 
[l/min] 

Δp 
[bar] 

h 
[W/m2K] 

8 0.18 4046 
16 0.46 6491 
24 1.01 8879 

4. LUMPED PARAMETER MODEL 
After the component characterization, the LPM 

can be assembled. The LPM comprises libraries and 
specific blocks used to define the behavior of 
relevant components. The LPM has been created in 
the Simcenter Amesim environment. The first step is 
to select the proper libraries. In this project, five 
libraries have been used: 

 Cooling system: this library includes a set of 
specific components fully compatible with 
the Thermal Hydraulic and Thermal 
libraries useful to study cooling systems in 
which temperature variation and fluids are 
involved; 

 Thermal Hydraulic: this library is dedicated 
to designing hydraulic systems in which 
fluid temperature variations greatly 
influence the overall system behavior. It is 
based on a transient heat transfer approach 
used to model thermal phenomena in 
liquids (energy transport, convection) and 
to study the thermal evolution of these 
liquids in a hydraulic system; 

 Thermal: this library deals with modeling 
heat transfer phenomena (conduction, free 
and forced convection, and radiation) 
involving solid materials; 

 Thermal Hydraulic Resistance: this library 
is dedicated to the analysis of the evolution 
of pressure drops and flow rates in 
hydraulic networks where changes in fluid 
temperature have a significant influence on 
the overall behavior of the system being 
modeled; 

 Signal Control: this library describes the 
power signal characterizing the inverter and 
electric motors. 

After defining the proper libraries, a block was 
selected to create the adequate boundary condition 
and modeling strategy for the relevant components. 

The boundary conditions blocks are listed as 
follows: 

- THSD00: to define the materials of the 
devices (cold plate and water jackets); 

- CSMP1: represents the mission profile. 
This block helps study both stationary (100 
km/h, 600 s) and dynamic conditions 
(endurance test); 

- CSES0: to define the ambient condition of 
the simulation; 

- CSED0: to define the vehicle data; 
- TFFD3: to define thermal-hydraulic 
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properties. 
Specific blocks were used to model the relevant 

components. The description of such blocks is 
reported in the following paragraphs. 

4.1. Pump, heat exchanger, and fittings 
models 

The recirculating pump was modeled by the 
TFPUC0 block (Thermal-hydraulic resistance 
library) coupled with a PM000 electric motor to 
realize the assembly called the electric pump. The 
motor block allows the modification of the pump 
rotational speed if required. The pump performance 
curve (volume flow rate versus head) was added by 
using the AMETable subprogram. This curve is 
expressed through discrete values obtained from the 
manufacturer (see Fig. 2). 

The most appropriate solution to model the heat 
exchanger is based on the CSRA022 block. Two 
additional blocks were used to increase the reliability 
of the present model. The TRIG0 block allows, being 
connected to a temperature sensor at the radiator's 
output, to detect if the temperature in the radiator is 
getting too high (above a threshold value imposed by 
the user) and consequently give the input to activate 
the fan. The CSDATA000 block helps in the 
specification of vehicle velocity (e.g., the air velocity 
on the radiator surface). 

Using the layout proposed in Fig. 1, the tube 
length and diameter have been assessed. To model 
the cooling circuit in terms of length and fittings 
(bend, tee, etc.), the following blocks have been 
used: 

 TFL000: used for straight pipe; 
 TFBP11: used for bend; 
 TFDC10: used for diameter changes; 
 TF206: used for three-way fitting. 

4.2. Water jacket and cold plate models 
The water jacket and the cold plate have been 

modeled by the CSEN032 block. Such a submodel 
allows the definition of the heat flow source and a 
heat flow rate, which are specified according to the 
data related to inverter and electric motor heat 
generation. In stationary conditions, such a value will 
be kept constant. In contrast, in dynamic simulation, 
the values of the heat flow rate will vary according 
to the power consumption related to the endurance 
test. In addition to these data, the heat transfer 
coefficient is mandatory, representing the heat 
exchange process between the coolant fluids 
(simulated in the LPM) and the electrical devices 
(inverter and electric motor). These numbers were 
obtained by the CFD simulations, and they are 
reported in Tables 1 and 2. 

5. STATIONARY CONDITION 
A sensitivity analysis of the LPM was 

performed to evaluate the cooling circuit's 
performance in several operating conditions (thermal 
power, vehicle speed, cooling flow rate, etc.). In the 
present manuscript, a representative stationary 
condition has been reported. The ambient 
temperature has been set at 36 °C (summer 
condition), while the threshold temperature for the 
cooling fan is imposed equal to 65 °C. The thermal 
power at the cold plate was equal to 2000 W, while 
at the electric motor, a thermal power of 1200 W was 
imposed. The vehicle speed was imposed equal to 
100 km/h, representing the condition in which the 
estimated maximum speed is reached using the 
maximum of the inverter and the electric motor. The 
results of the LPM model allow the identification of 
the operating point of the cooling pump and the 
related head that  overcomes the  pressure losses over 

 

 

Figure 7. LPM of the cooling circuit realized in the Simcenter Amesim environment 
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Table 3. Results of the stationary simulation 

Component 
Δp 

[bar] 
ΔT 

[°C] 
Water jacket 0.056 1.8 
Cold plate 0.619 1.5 

Heat exchanger 0.002 3.3 
Pump head 0.721 0.0 

 

Figure 8. Pressure trend over the cooling circuit 

 

Figure 9. Temperature trend over the cooling 
circuit 

the circuit. Similarly, the temperature difference 
across each component can be obtained. The results 
are reported in Table 3. Figures 8 and 9 report the 
pressure and the temperature values over the cooling 
circuits. The charts show the pressure and 
temperature values according to the cooling water 
flow path, which starts from the pump outlet section. 

From the results obtained in the stationary 
condition for the worst scenario, it is possible to draw 
several indications. The internal pressure is lower 
than the critical value reported for each component 
and suitable for the selected rubber hose. 

Similarly, the highest temperature is lower than 
the critical values for pure water. At the same time, 
the working temperature values of the electrical 
device (inverter and motor) are within the safe range 
defined by the manufacturer. At the same time, the 
temperature differences obtained with the LPM 
simulation are lower than the critical values (ΔT < 5 
°C for cold plate and water jacket). 

6. DYNAMIC SIMULATION 
A dynamic simulation was carried out using the 

LPM in order to simulate the car performance during 
the endurance test, with particular attention paid to 
the behavior of the cooling system during the 
execution of subsequent identical laps. 

The first step is the definition of the typical lap. 
From the data previously recorded by the racing 
team, a typical is 1 km long and repeated 22 times. 
In addition to this overall data, the electrical power 
for the inverter and electric motor have been 
assessed. These data represent the thermal load of the 
cooling circuits, which change according to the lap 
layout (straights and curves). Using the mission 
profile block (CSMP1), the sequence of straights and 
curves (15 steps) regarding thermal power and 
vehicle velocity has been reproduced. In Fig. 10, the 
mission profile regarding vehicle speed has been 
reported. The maximum speed is reached at the end 
of the straight, while the average velocity is between 
50 km/h and 60 km/h. The vehicle speed is divided 
into 15 steps and is the basis for estimating the 
thermal input for the cooling circuit. 

The electrical power and vehicle speed can be 
matched by using the datasheet provided by the 
manufacturer. The calculation estimated the current 
intensity coupled to the voltage values for the 
electrical motor and, thus, the water jackets. The 
combination of these values results in the thermal 
power profile proposed in Fig. 11. It is important to 
note that the thermal power experienced at the 
inverter section follows the trend of the water jacket 
and vice versa.  This is due to the correlation between 

 

Figure 10. Mission profile: vehicle speed 

 

Figure 11. Mission profile: thermal input at the 
cold plate and water jacket 
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the power supplied by the inverter and the electric 
power at the motor. Such a condition determines that 
the cooling circuit has to overcome the contemporary 
presence of the highest values of thermal input in 
both the cold plate and water jacket. 

The last required data for the dynamic 
simulation is the initial condition. Since no data are 
available, the initial condition will be kept equal to 
the worst scenario, as represented by the stationary 
condition that was reported early. This allows the 
cooling circuit performance to be evaluated when it 
operates at full load immediately before the start of 
the endurance test. 

Figures 12 – 15 report the temperature trend 
obtained during the simulation of the endurance test. 
Figures 12 – 14 refer to the temperature values 
obtained in correspondence with the inlet and outlet 
sections for the water jacket, cold plate, and heat 
exchanger. It can be noted that after the initial phase 
(which is estimated to be 8 laps long), the cooling 
circuit achieves a cyclic condition characterized by 
the repetitive sequence of straight and curves 
described with the mission profile reported in Fig. 
10. All temperature differences remain 
approximately constant, and the proper performance 
of the system is constantly verified and satisfied, 
ensuring adequate heat removal from the inverter and 
electric motors during the endurance test. 

 

Figure 12. Inlet and outlet temperature trends for 
the water jacket during the endurance test 

 

Figure 13. Inlet and outlet temperature trends for 
the cold plate during the endurance test 

 

Figure 14. Inlet and outlet temperature trends for 
the heat exchanger during the endurance test 

 

Figure 15. Thermal power trends at the heat 
exchanger during the endurance test 

Figure 15 shows the thermal power exchanged 
by the radiator. The local variations (peaks and 
valleys) are visible due to the instantaneous variation 
of the thermal inputs. At the same time, an almost 
constant average value of the thermal power can be 
seen, approximately 3500 W. 

7. CONCLUSIONS 
In the present analysis, a lumped parameter 

model has been used to assess the stationary and 
dynamic performance of a cooling circuit used in an 
electric car. The present design refers to the thermal 
management of an electric powertrain used in a 
single-seater racing car. 

The modeling process involves the schematic 
representation of the three-dimensional layout of the 
circuits and the analysis of the devices devoted to 
cooling the inverter and the electric motors. In 
particular, the designed-on-purpose cold plate (for 
the inverter) and the water jacket (for the electric 
motor) were characterized using CFD simulations. 
The LPM model has been completed by adding the 
manufacturer's pump and heat exchanger data. 

After defining the library set and the most 
suitable block, a stationary simulation was 
performed. The worst scenario regarding operating 
temperature and thermal power input has shown that 
the cooling circuit allows the preservation of the 
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operating characteristics of devices, matching the 
safe condition provided by the manufacturer. 
Starting from the stationary condition, a dynamic 
simulation was set up to study the cooling circuit 
performance during an endurance test. The model 
results show the temperature and the thermal power 
trends according to the laps. Even starting from the 
conditions related to the maximum thermal load, the 
cooling circuit can overcome the endurance test, 
ensuring suitable thermal management of the entire 
system. 

Using the methodology presented in the present 
work, it is possible to check the system's reliability 
during the design phase and, simultaneously, 
increase the efficiency of the vehicle, reducing the 
consumption and thus increasing the rangeability or 
the performance of the entire vehicle. 
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