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Modular-based modeling of electric vehicle thermal management system
Modular system implementation in Simulink

BABAK HEYDARNEZHAD KARIMI,NOAH WIRSEN

Department of Mechanics and Maritime Sciences

Chalmers University of Technology

Abstract

There are many advantages coupled to the transition from conventional internal
combustion engines (ICEs) to battery electric vehicles (BEVs). From an environ-
mental standpoint, BEVs are generally associated with less emissions, resulting in
cleaner air in cities and lower contribution to climate change. To replace the ICEs,
the energy efficiency of a BEV needs to be maximized. If that regard, an optimized
thermal management system plays a vital role.

Thermal management system ensures not only higher energy efficiency but also
longer range, increased lifespan of the internal components, reduced running cost,
etc. This project aims to develop a novel modeling methodology for the BEV ther-
mal management from the system perspective. The goal was to perform simulations
at low computational costs while capturing the relevant physics of the system with
good accuracy. The work comprised several steps: become familiar with the ex-
isting thermal management system, collecting data from simulations, experiment
and supplier, processing data in the form of regression, model the data in a system
format for different boundary conditions and finally validate the system for differ-
ent driving scenarios and ambient conditions. In this methodology, three physical
properties are considered: mass flow rate and pressure to validate the system from
a fluid perspective; and temperature to consider the thermal aspect.

A component-based modeling approach was employed making it possible to capture
the behaviour of the individual components and their interactions. The approach
is very robust since once the components properties are mapped, the model can be
used in multiple thermal management layouts.

The developed model was successfully validated from the flow perspective with the
pump component having the biggest impact in the model performance. The pumps
were modeled with high accuracy within 5 % error margin, and the system produced
accurate results for mass flow rate, temperature and pressure. The thermal valida-
tion was performed for different driving scenarios such as highway, city driving and
WLTC. The system followed similar trends in the mass flow rate, temperature differ-
ence and pressure drop over each component compared to GT-SUITE simulations.
The model has great potential to serve as a virtual test bench for different design
concepts. The usage of the model will substantially reduce the simulation time and
efficient optimization procedures, during both physical and virtual testing.

Keywords: BEV, Simulink, GT-SUITE, Thermal management system, Driving cy-
cle, Cooling system, Modular approach.
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Nomenclature
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Pressure difference
Temperature difference
Distance between two nodes
Inlet mass flow
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Total pressure at the outlet
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Introduction

1.1 Background

There is a continuous development in the automotive industry, and the shift from
fossil to electric has just begun. The implementation of EVs (Electric Vehicles) is a
necessity to reduce the emissions that are contributing to climate change, smog, and
ecological changes [22]. In order to compete with the traditional internal combustion
engines, energy efficiency and driving range are two of the most critical parameters
for a BEV (Battery Electric Vehicle)[11]. Several factors affect these two parameters,
one of them is the ambient temperature. During cold days, when there is a heating
demand, a lot of the energy stored in the battery will be directed towards heating
the cabin and the internal components. If the ambient temperature is high, there
will instead be a request for cooling. To mitigate the loss in range that arises during
these two scenarios, one needs an efficient thermal management system. Improved
thermal efficiency will increase the consumer acceptance of BEVs [11]. A thermal
management system consists of heating and cooling systems. A cooling system
operates by transferring energy away from the internal components. An efficient
way of doing this is to transfer energy to the surrounding air by using a cooling pack.
This cooling pack is connected to the three subsystems within the BEV; HV (High
Voltage) Battery circuit, Electric drive circuit, and Climate circuit. The performance
and energy efficiency are directly correlated with the working temperature. By
managing the temperature in the system, one mitigates the possibility of fatigue
and increases the lifetime of internal components.

1.2 Aim and objectives

The aim of this work is to develop a modeling framework that can be used for
virtual testing of different design concepts. The models should be robust (serving
multiple purposes), be easy to use and able to run fast. It should be possible to
simulate common driving scenarios, perform sensitivity analysis, and optimizations
from both hardware and software point of view.
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1.3 Scope and limitations

The system is based on the following three properties: mass flow, pressure drop,
and temperature. All subsystems are complete from a flow perspective (pressure
drop and flow rate) but not from a thermal perspective (temperature). The climate
circuit does not contain any thermal models, implying that it can only be studied
from a flow perspective. The electric drive circuit and HV battery circuit, on the
other hand, both contain thermal models which enable them to be studied from a
thermal perspective.

To build a thermal management system, the data that the system is based upon
needs to originate from a certain source. The chosen sources for this model are
mainly the system simulation software GT-SUITE. However, some of the compo-
nents are derived from experimental data, CFD in 3D, supplier data, etc. The data
needs to be processed before being handled in Simulink. This step is called regres-
sion and implies that the studied property is matched to another property with
inter-and extrapolation.
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Theory

This chapter presents how the thermal system is developed and the underlying
theory. It describes how the three properties (mass flow, temperature and pressure)
are modeled and how they are influencing the system [2].

2.1 Kirchhoff’s Laws

A thermal network in a BEV contain flow rates pressure drops and resistances. In
an electrical circuit there are currents, voltage drops and resistances. It is possible
to make analogy between the two physical domains. The fluid flow in the thermal
circuit can be seen as the current flow inside the electrical circuit. The pressure
drop/rise can be seen as a voltage drop/rise, and the flow resistance can be seen as
the electrical resistance. The similarities between the two circuits are illustrated in
figure 2.1. Kirchhoft’s laws, nodal continuity and loop equations need to be solved
to find the pressure drop and flow rate in the system [2]. A loop in a circuit is any
closed path along a circuit that does not encounter the same node more than once.

e Nodal continuity: The sum of the flow rates going in and out from each loop
should be zero.

o Loop equations: Sum of pressure changes in each branch around the fluid loop
should equal zero.

These two conditions are also exemplified in figure 2.1.

o The current going in and out from a node has to be the same, see figure 2.1a
and figure 2.1b.

o The voltage rise in the battery is equal to the summation of voltage drops in
the resistors. This implies that the total voltage drop in the circuit has to be
zero, see figure 2.1a. A similar statement can be made for the thermal circuit,
i.e. the pressure rise in the pump should be equal to the pressure drop in the
circuit, see figure 2.1b.
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(a) Pressure drop in an electric circuit (b) Pressure drops in a thermal circuit

Figure 2.1: Kirchoffs analogy for electric and thermal circuit

The flow resistance can be calculated if the pressure and flow rate across a particular
branch is known as:

AV AP
Re = NE — Rpjow = U (2-1)

where Rpjo,, AP and Q is the flow resistance, pressure change and flow rate.

2.2 Radiator model

With Kirchhoft’s laws and the analogy between thermal and electric circuits one
have solved for two out of three properties (mass flow and pressure). To extract the
third property (temperature) one needs to consider the heat transfer in the system.

A central component in a cooling system is the radiator. The working principle of the
radiator is to dissipate energy from the coolant gained from the inefficiencies inside
the components. This is accomplished by having a different medium (ambient air)
at a lower temperature than the coolant. This enables the internal components to
function at optimal conditions and mitigate the damage that can arise from thermal
fatigue.

2.2.1 Equations for the radiator model

The radiator model, unlike the rest of the components, is a 1D model. A single pipe
within the radiator is divided into three nodes (inlet, middle and outlet). Several
conditions must be fulfilled to have a physically accurate model. Three of these are
the three conservation laws which are summarized in equations 2.2 - 2.4. The conser-
vation laws for mass, momentum and energy for incompressible fluid are described
by equations 2.2 - 2.4 [10]:

Oz/csp(VT~n) dA (2.2)
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> F= . Vp(V,-n)dA (2.3)
ddlf = /cs ep(V -n)dA (2.4)

Here V, is the velocity of the in/outgoing flow, n is the direction of the normal
vector, p is the density, dA the control surface, and e is the total energy per unit
mass [10].

The corresponding Navier-Stokes equations for a transient system are described by
equations 2.5 to 2.7. These equations are used for simulating the radiator model
[18].

Min, = Moyt (2.5)

where m is the mass flow. The mass flow is constant across the component since no
mass can disappear according to conservation laws. The total pressure at the in-
and outlet are calculated according to:

POoutl = POm - Boss (T, m) (26)

where P, is the total pressure. The total pressure at the outlet is the total pressure
at the inlet minus the pressure drop occurring across the component. The pressure
drop is dependent on temperature and flow rate. The temperature difference across
the radiator is calculated as:

k(T T 1
Totem = | ((vp CE) (%) vT) — ugx - me(T)q'Loss> dt (2.7)
where k is the conductivity, p is the density, C), is the specific heat, u is the velocity
and qr.ss is the heat rejection. The first term in equation 2.7 represent the thermal
diffusivity. Thermal diffusivity is a measure of how well a material is able to conduct
thermal energy relative to its ability to store thermal energy [20]. The second term
represents the effect of the momentum on the temperature gradient described in the
conservation laws, and lastly the third term describes the temperature difference
that originates from the coolant rejecting heat to the ambient air.

Heat rejection from the coolant

The working principle of the radiator model is to calculate how much energy is
added to the ambient air. The energy that the air receives from the coolant must
be equal to the energy that the coolant rejects. By solving for the Nusselt number
(considering the air side), one can extract the heat transfer coefficient and the heat
lost from the pipes. The Nusselt number is calculated as [9].

Nu = 0.023Re(T, U)"® Pr?3? (2.8)

2
1 __ pu
Piotat = 2 + Psiatic
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where Re is the Reynolds number and Pr is the Prandtl number. The Reynolds
number is determined as: [10]

_ pLV

i

where L is the characteristic length, V is the velocity of the fluid and p is the dynamic
viscosity. The airflow varies and depends on three main factors: the vehicle speed,
the fan speed and the ambient temperature. By specifying these three parameters,
one can extract the air mass flow. The Prandtl number is calculated as [10]:

Re (2.9)

_ HGy

P
T

(2.10)
where C), is the specific heat and k is the conductivity. All these three variables are
temperature dependent.

Once all the variables for the Nusselt number are calculated, the heat transfer coef-
ficient can be determined according to

B Nuk

h
L

(2.11)
With the heat transfer coefficient known, the ¢;,ss could be calculated according to

equation 2.12
(Loss = RAAT (2.12)

where h is the heat transfer coefficient, A is the area of the pipe and AT is the
temperature difference in the coolant.
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Method

3.1 Introduction

System-level simulations is very beneficial for industrial purposes. System simu-
lations can capture the physical properties of multiple components and how they
interact with each other. Testing different concepts by employing virtual prototypes
and hence reducing cost, time-to-market, increasing quality and safety This project
focused on developing modeling methodology for performing the so called 0D system
simulations for the complete vehicle thermal management system.

1D-solvers can serve multiple purposes. It can be used to solve fluid simulations,
map based approach for electric motors and simplified modeling of battery packs.
Even though 1D-solvers are fast and efficient, it is possible to simplify the simu-
lation environment even further. This is done by using a 0-D simulations. This
simplification allows for faster simulations and improved optimization capabilities.
MATLAB/Simulink enables the user to run 0-D simulations with information re-
garding different flow properties already summarized in nodes. The data originates
from a multiphysics system simulation software named GT-SUITE. Since all the
equations already are solved, the number of CPU hours decrease dramatically when
simulating the same system in Simulink.

The thermal management system can be divided into four different subsystems:
electric drive circuit, high voltage battery circuit, climate circuit and cooling pack
see figure 3.1.
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Cooling Pack
Electric Drive H.V Battery Climate
Circuit Circuit Circuit

Figure 3.1: The three subsystems; Electric Drive Circuit, HV Battery Circuit,
Climate Circuit and Cooling Pack

As seen in figure 3.1, the three circuits can interchange coolant with each other by
changing the valve openings. This is crucial to maintain a proper working temper-
atures for the internal components and achieve high energy efficiency.

3.2 BEV components

This section briefly presents information regarding the working principle of the com-
ponents within the four subsystems and their impact from thermal management
point of view. Some of the components are seen in figure 3.2

o

Electric machine
Inverter

On board charger
High voltage battery
HVAC

Cooling pack

U A

Figure 3.2: BEV components
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Electric Machines

An electric machine propels the vehicle by converting electrical energy from the bat-
tery to mechanical energy. The maximum energy efficiency of an electric motor is
normally around 75% [6]. Since a motor is a component with high energy demand
and relatively low energy efficiency, some of the energy will be converted into heat.
High temperatures result in high copper resistance in the windings and demagnetiz-
ing of the permanent magnets. This leads to lower machine torque and increases the
winding failure rate. "It is a rule of thumb that 10°C temperature increase halves
the life expectancy of an electric machines' [13]. The temperature for an electric
machine should not exceed 100°C [16].

Inverters

The inverters are assigned to regulate the speed and torque from the electric ma-
chines. They do this by converting DC (direct current) from the batteries into the
3-phase AC (alternating current). When the vehicle is in energy regenerating mode
(braking), the inverter is tasked to do the opposite conversion, from 3-phase AC to
DC. This enables the battery to charge during braking. For a motor to function,
an inverter has to be installed up-streams of the electric machine. In the mod-
eled system, there are two inverters: IEMF and IEMR (Inverter Electric Module
Front/Rear). The temperature of an inverter should not exceed 80°C [16].

On Board Charger

The OBC (On-Board Charger) is connected to an external power source during
charging. A major benefit of an OBC is that it allows for different power inputs and
phases. The car can be charged with everything in between single-phase 1.9 kW to
3 phase 20 kW. The efficiency of an OBC varies but can reach up to 90 %. The
higher the efficiency, the lower the losses and thereby the requirement for thermal
management. If the efficiency is reduced, it will require some heat sink which is
unfavorable considering both the limited space and increase in weight [3].

Vehicle control unit

The Vehicle control unit (VCU) is a low-voltage control module in charge of almost
all processes relating to the functional aspects of a BEV. The VCU uses various
driver inputs and estimates a torque value needed to get received by the inverter.
The torque value is proportionate to the accelerator and brake pedal positions and
the gearbox setting. This is adjusted via any other vehicle torque demands, such as
the Electronic stability Control System (ECS).

High voltage battery

A HV battery is a battery pack that consists dozens of battery cells. Each cell
comprises two electrodes called anode and cathode. These two are merged into an
electrolyte and divided by a separator. The electrolyte carries both positively and
negatively charged ions. Electrons are unable to travel through the separator and
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are therefore forced to travel through a load. This movement of electrons is powering
the device [15]. Lithium-ion batteries are currently the most attractive option due
to their high energy /power density. The energy density within a lithium-ion battery
is generally around 50-200 Wh/kg. The thermal management of batteries is crucial
since the preferred temperature range is relatively narrow. The temperature within
the battery should be around 0-45°C. The ideal temperature is 25°C [14].

Chiller

To dissipate heat through heat exchangers, there needs to be a hot and a cold
medium. When the ambient temperature exceeds the battery operating tempera-
ture range, an additional cooling source is required. For that purpose a chiller is
connected both to the climate and battery circuit through a refrigerant loop. This
allows for further temperature reduction of the coolant [17] even though the ambient
temperature is high.

HVAC

The primary purpose of an HVAC (Heating Ventilation and Air-Conditioning) is
to regulate the temperature inside the vehicle cabin. Depending on the ambient
conditions, the heating and cooling demand can either be collected from external
sources, such as chillers and PTC (Positive Temperature Coefficient) or directing
the coolant with valve openings. It is favorable to avoid using external sources to
reduce the energy consumption|[11].

HVCH

High Voltage Coolant Heater (HVCH) is placed in BEVs to warm up both cabin and
high voltage battery in cold ambient temperatures. It converts DC electric power
into heat without loss [19]. This component is essential to increase the BEVs range
and extend the battery cell when the ambient temperature is low.

3.3 Simulink

Simulink is a powerful tool that allows for model-based design in a block diagram
environment. The tool was chosen for this project due to its capabilities of handling
simulations on a system level. Simulink is integrated into MATLAB, which enables
the user to incorporate MATLAB for post-processing purposes and further analysis
[21]. While there is a predefined library within Simulink with various components in
different physical domains, it was not used in this study. Instead, a component-based
library was constructed with GT-SUITE with most of the data originating from GT-
SUITE. A component-based library entails that the models within the system are
based on specific components. This implies that as long as the components within
the system remains unchanged the extracted model can be used for different types
of analysis in different layouts.

Simulink uses a solving procedure seen in figure 3.3.

10
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{Assume q; for all component}

Calculate ¢
for all loops

Calculate AP,

for all loops

Recalculate g;
for all loops

e

Figure 3.3: Coolant flow rate calculation flow chart

By using equation 2.1, a numerical process can be carried out to find the pressure
drop for the components. The solving procedure assumes a mass flow rate for each
of the components, estimates the mass flow rate in each branch from the total loop
flow rate, and finally calculates the loop pressure drops. If the absolute value of
these pressure drops are not close to zero with sufficiently small error, repeat the
iteration on the loop flow rates until they are all zero.

3.4 Data acquisition

To understand how all the components within the system behave under various
conditions, the system had to be simulated under various conditions. The three
parameters that changed during this project were temperature, pump speed and
valve positions. Seven different ambient temperatures were considered: -20, 0, 15,
30, 40, and 70°C. The pump speeds were varied 16%-100% of its maximum capacity.
Six different valve arrangements were to be simulated to extract the profiles for
the components. The total number of simulations required to build this simulation
network under these conditions are 252. See figure 3.4 for graphical a representation.

11
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Temperature  -20°C Speed 100% * Valve option 1
0°C 93.8% +  Valve option 2
15°C ;
x 83.8% X *  Valve option 3
20°C — 66.7% —— — — 252 Total
o *  Valve option 4
30°C 50% P
40°C 33.3% * Valve option 5
70°C 16.7% +  Valve option 6

Figure 3.4: Simulations required

The state of the simulation was set to a steady-state and total time to 300 s. The
results for the components were compiled in a .txt file.

3.5 Regression

The .tzt was processed through the in-house script which delivered an excel file. The
excel file contained all the results and made it possible to link the pressure drops for
the various components. By doing so, one can extract the pressure drops between
the components, i.e., the pipes. Once the pressure drop for the pipes was captured,
the results were imported into MATLAB to perform the regression. Regression is
a statistical method where the goal is to create a function which best match the
observed data.

To process the data in Simulink, the simulation block called “n-D Lookup Table”
was used. The dimension 'n" is set after the number of dependent variables. For
example, to calculate the pressure drop across a component (e.g a pipe), the depen-
dent variables are temperature and flow rate. This implies, if the temperature is
kept constant, a specific mass flow rate corresponds to a specific pressure drop, see

figure 3.5.

12
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Figure 3.5: Pressure drops versus mass flow rate in a pipe under various ambient
temperatures

This interconnection was used in the regression for the components. The regression
in MATLAB was required for several reasons. First, regression is a viable option
to expand the existing data range. Regression enables the model to handle scenar-
ios that are not simulated in GT-SUITE, see an example in figure 3.6 where the
range of the mass flow rates and pressure drops is increased to get an estimate of
how the properties progressed. Secondly, Simulink can only perform a linear inter-
extrapolation which is not as accurate as 2nd- or 3rd-degree order regression that
can be performed in the MATLAB script. To mitigate the regression in Simulink,
the pressure drops across a component had to be matched to a standard mass flow
rate determined in MATLAB.

A second-order polynomial function (without a constant) was used to perform the
regression for the pressure drop calculation based on the mass flow rate and temper-
ature, see figure 3.6a. To extract the resistance, a third-order polynomial function
was utilized, see figure 3.6b. The regression process is done by the in-house function
called Regression.m which has the option to change the order of the polynomial
function, or include additional elements to the dataset delivered by the regression.
It is worth noting that the same settings in the regression function are not feasi-
ble for all the components. Depending on the component and boundary conditions,
these settings had to be altered. It was observed that if the degree of the polynomial
function was odd, it was more likely to perform a successful regression due to the
characteristics of the data.
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Figure 3.6: Regression for a pipe

Some components have a higher constraint on accuracy than others. The pump in
a cooling the circuit is one of these components because the pump determines the
flow rate. The flow rate is a dependent variable for the pressure drop calculation for
all the internal components within the circuit. The regression for the pump, unlike
the other components, is based on data provided by the supplier and not the GT-
SUITE results. The supplier data contained information regarding flow properties
such as pressure rise and flow rate under various pump speeds and temperatures.
The regression for the pump was conducted in two steps. The objective of the
first step was to perform the pressure drop regression to a specific predetermined
mass flow rate interval (just like the other components). A third-order polynomial
function was used to perform this regression, see figure 3.7a. The goal of the second
step was to perform the regression for the resistance to a specific predetermined
pressure drop interval. Just like in the first regression, a third-order polynomial
function was used to fit the resistance to the new pressure range, see figure 3.7b.
The new pressure and mass flow range was specified for two reasons. The first reason
was that the data needs to be compiled in look-up tables where one needs to specify
a certain data range for these two properties. Therefore, it was beneficial to perform
the regression to the same data range to avoid having several data ranges for the
different components. The second reason was to mitigate the regression in Simulink.
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Figure 3.7: Regression for the pump

As seen in figure 3.7b the regression does not follow the sudden increase in resistance
observed in the supplier data. This increase occurs when the mass flow is approach-
ing 0 and is referred to as drooping. As seen in figure 3.7a, the head pressure of
the pump can result in many different flow rates. This causes the pump to oscillate
since there are several operating points to cover. This behaviour is undesired since
it is unstable and coupled with low efficiency [26].

To enable the pump to have a linear increase in its speed and operate between the
specific speed ranges that the supplier provided, this increase had to be disregarded
in the regression. For example, a pump speed at 80% operating at 20 degrees cor-
responds to a pressure rise of 102 kPa. A pump that is operating at 100% at the
same temperature results in a higher pressure difference, 143.9 kPa. If the sudden
increase were included in the regression for the lower speed, the resistance for a
pump speed of 90% would result in unreasonably high resistances. This problem
arises since Simulink performs linear interpolations between two data points. There
are three different pumps in the system, and the regression for all of them is built
using the described principle.
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3.6 Library in Simulink

Once the data were processed in MATLAB and Excel, the objective was to create
a library in Simulink containing all different components, see figure 3.8. By having
this library ready, the modeling of the system becomes less time-consuming and
more efficient. Since the system is component-based, the same library can be used
even though the layout changes. This implies that one can test different layouts
and perform analysis more efficiently compared to GT-SUITE. Another strength of
constructing a component-based library is that the components/models can be based
on data from different sources. Such as GT-SUITE simulations, experimental data,
2D /3D CFD, supplier data, analytical approaches etc. Since the data can originate
from such a variety of sources, it is possible to choose the source that provides the
highest accuracy.
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Figure 3.8: Library in Simulink
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All the components in the library except the radiator model are based on lookup
tables. Seen in the figure 3.8, all the components have the same in- and outputs,
with the exception of the three pumps and the "pipe calculator'. The input- and
output ports Q, T, and P represent the flow rate, temperature, and total pressure,
respectively. The flow rate will remains constant independently of the component.
The temperature, however, changes depending on the component and the scenario.
Components that have high energy consumption generate some heat due to ineffi-
ciencies. The components that will add heat to the coolant are the two inverters
(IEMF& IEMR) and the two electric machines (ERAD & EFAD). The radiator,
however, will reject heat from the coolant. All the other components are assumed to
be adiabatic. All components in the circuit experience a pressure drop which implies
that the total inlet pressure is not be preserved across the component. An example
of the signal change across the EFAD-component is illustrated in figure 3.9.
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™ S
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2 ) »u2
T
Pressure Look up Table
for EFAD
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Figure 3.9: The component EFAD in the Simulink library.

To model the pressure drop across a given component, a lookup table is used. By
specifying the inlet temperature and flow rate, one can determine the pressure drop.
This pressure drop is then subtracted from the total inlet pressure to calculate the
total outlet pressure. The temperature increase is calculated as:

QLoss = meAT (31)

Here qr,ss is the heat loss, 7 is the coolant mass flow, C, is the specific heat
capacity and AT is the temperature difference across the component. Heat loss is
an input variable that varies over time, and its value depends on the specific scenario.
Scenarios describe common driving patterns were used to model the thermal aspect
of the system. This will be explained in more detail in chapter 3.8. By changing
the scenario and implementing the new heat loss for the specific component, one
can model multiple scenarios. Initially, the heat loss was set to 0 to lower the
complexity and achieve accurate flows. With the heat loss known, one can determine
the output temperature 7T5. The pressure drop and temperature increase/decrease
are calculated with the same principle for all the other components. The library
consists of two pipe-blocks. One of them contains information regarding the pressure
drop, while the other carries the resistance profile. These are denoted "Pipes" and
"Pipe calculator" in figure 3.6. The "Pipe calculator" was used to determine the flow
rate in parallel connections while the the "Pipes" calculated the pressure drop. The
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pipe blocks were masked to avoid having multiple pipes in the library. The mask
option allows the user to specify which pipe should be included when importing the
"pipes" block.

There are two thermal models in the system, battery and radiator. The radiator
model denoted RAD ED in the library has gradually increased in complexity during
this project. Initially, it was modeled as the rest of the components with a single
pressure drop across its boundaries. Once the heat was added to the electric compo-
nents, the model was customized in order to be able to dissipate excess heat. More
details how this was accomplished can be found in section 2.2. The thermal battery
model was provided by another department at Volvo Cars.
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3.7 Modeling in Simulink

The components in the library can be aligned with one another in different ways,
either in series or in parallel. To successfully design a network containing both these
alignments, the system had to be simplified initially. The system started by having
a single pipe aligned in series with a pump. Once the simulation was proven to be
stable and accurate, an additional component was added in series and then later a
parallel connection. To simulate the pressure drop in a series connection, one directs
the total flow through both components and adds up the corresponding pressure
drops, see figure 3.10. This is not the case for a parallel connection. The flow rate is
split into two branches, and the amount of flow in each branch is dependent on the
corresponding resistance (like an electric circuit). To simulate this in Simulink, one
calculates the pressure drop in the branch and the corresponding resistance. With
these two determined, one can calculate the flow rate.

100 N1 QF—pQ1 Q——P Q1 Ql—pr»—
20 T1 T2 T1 7P
P P1 P2f— P P1 P2
N2
Pump_ED Pipe EFAD
Pressure loss
TPin
M ——
TP out
-4

Figure 3.10: Pressure drop for components that are connected in series

During the modeling phase it became clear that the regression done automatically
in Simulink did not possess the same accuracy as the one that was performed in the
MATLAB script. Simulations became unstable when the flow was split into several
branches. This issue was solved using several remedies. First, the range of the
specified mass flow and pressure drop was increased in the MATLAB script. This
adjustment ensured that the extrapolation was not done in Simulink. Two other
blocks that were proven to be necessary were the moving averaging block and the
saturation block. The moving average blocks allow the simulation to oscillate over
certain values and then find the average. The saturation block was used to guide
different properties of the flow during low pump speeds and temperatures.

Once the simple layouts were set properly, the real layout was implemented and
modeled. See the three subsystems in figure 3.11.

19



3. Method

q_Front WCOND_dp
HVCH_dp

q_Rear HVAC_dp

RAD_dp

q_Pump P3_dp
P3_q

q_VCU

q to bat

Climate Circuit
P2_dp

q_rejected gq_pump

T_Rad_in Chiller_dp

T_Rad_out Battery_dp

JO00 OO

joooooont

VehicleSpeed P1_dp

Electric Drive Circuit Battery Circuit

Figure 3.11: The three subsystems: Electric Drive, Battery and Climate Circuit

These three circuits can either work separately or interchange fluid depending on
the valve openings in the subsystems. The valves in the circuits are all 2-way valves
and are controlled with a simple switch. The switch is controlled by changing the
input from a 1 to a 0 and vice versa. This possibility of directing the flow in different
directions and the possibility to isolate specific circuits is highly valued when one
wants to study a specific subsystem in more detail. The entire system, including
the valve positions, is controlled by an input file from MATLAB, see the MATLAB
code provided in Appendix A.1. In the input file one can specify the information
regarding pressure profiles, C,-values, radiator variables, state of the simulation,
ambient temperatures, etc. As seen in MATLAB code, the state of the simulation
can be specified by changing 1 to 0 and vice versa. This possibility is desired to
increase the system’s flexibility and was achieved by constructing two branches side
by side. Depending on the value of the switch, only one of the branches can be
active, see figure 3.12.
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Figure 3.12: State switch in ERAD

For the steady-state case, one needs to specify the time of interest in the scenario.

3.8 Modeling scenarios

Three different scenarios were modeled in this project. Two of the scenarios was
modeled for two temperatures, see 3.1. The scenarios were simulated to validate
the accuracy and test the flexibility of the cooling system. A scenario describes a
particular driving cycle which drivers usually encounter. See the velocity profile in
figure 3.13.

Table 3.1: Scenarios tested

Scenario: Highway driving | City driving WLTC
Temperatures: | 15°C and 35°C 46°C 15°C and 35°C
Time: 4123s 3660s 3600s

To model a specific scenario, one needs to obtain some time-dependent information
about the specific components within the system. The variables used to simulate
a scenario were the heat generated in the two electric machines and inverters, the
vehicle velocity, and the battery current. If the power loss is established, one can
determine the outlet temperature of the component, see how this is done in chapter
3.6 equation 3.1.
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(a) Vehicle speed highway

Figure 3.13: Vehicle speed for three different scenarios (highway driving, city

driving and WLTC)
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3.8.1 Highway driving at 35°C and 15°C

The velocity profile for the highway scenario is shown in figure 3.13a. There are
several variables to study in the highway driving scenario at 35°C. The immense
power requirement is reflected in the losses and thereby the temperature increase
over the electrical machines. To avoid overheating the components, this additional
heat needs to be rejected in the radiator. On the other hand, a high vehicle velocity
results in more convection and more heat transfer to the surrounding air through the
cooling pack. It should be noted that the ambient temperature of 35°C is not low
enough to activate passive cooling for the battery. It can only lower the temperature
in the electric components since they have a higher working temperature. To enable
passive cooling, another scenario was conducted with a lower ambient temperature
of 15°C. Since the temperature is well below the operating range of the battery,
passive battery cooling is a valid option. Passive cooling is enabled by connecting
the electric drive circuit to the HV battery circuit. This implies that the coolant
will be heated up in the battery and the electric machines before it passes through
the cooling pack.

3.8.2 City Driving at 46°C

Another common driving scenario is the city driving at high ambient temperatures.
This scenario consists of a constant driving speed followed by several starts and stops.
The constant velocity in the beginning is included to stabilize the system before
the fluctuating velocity profile begins, see figure 3.13b. The fluctuating velocity
represents a queue (vehicles queuing in a line). Due to the high ambient temperature
and low speeds, the heat rejection in the cooling pack will be limited.

3.8.3 WLTC at 35°C and 15°C

The WLTC (Worldwide Harmonized Light-Duty Vehicles Test Procedure) cycle is
based upon 765000 km of driving in various locations worldwide. It is designed to
be applicable to many regions and is a popular driving scenario to simulate since it
offers a harmonized driving cycle. A harmonized test is developed by organizations
to ensure that the products are tested to satisfy national standards.

It combines different driving conditions for short trips, and the goal is to make it as
representative of a regular short trip as possible[25]. As seen in the velocity profile,
parts of the cycle contain high velocities while others have lower velocities.
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Validation

This chapter will present results and analysis regarding the cooling system modeled
in Simulink. The credibility of the Simulink model will be based on data from the
supplier and the results seen in GT-SUITE. The properties of interest when doing
the modeling in Simulink are temperature, pressure and flow rate. The accuracy of
these three properties determines how well the model is performing.

4.1 Steady-state scenario

An error analysis for the three subsystems was conducted. This is required in order
to reach an estimate of confidence for the system. Without an uncertainty estimate,
it is impossible to answer how well the model actually agree with the sources it is
validated against [12]. As mentioned previously, the pump is a component of high
importance. The properties of the pump should reflect the properties of the system.
According to Kirchhoff’s laws, the total flow rate and pressure drop in the system
should be equal to the total flow rate and pressure increase in the pump, see section
2.1. The pump sets the flow rate in the system. This is accomplished by matching
the pressure rise in the pump to the pressure drop in the circuit. Since there is
a minor error for the pressure drop calculation for each component, the pressure
drop seen in Simulink will not be similar to the one in GT-SUITE. This reflects
in a miss-matched pressure rise in the pump and mass flow. In figure 4.1- 4.3 the
three pumps for the three subsystems are presented in the form of an error analysis
(with the supplier data as validation). The figures display the error in mass flow
and pressure rise.
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Figure 4.1: Results for the pump inside the HV battery circuit
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Figure 4.2: Results for the pump inside the electric drive circuit
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Figure 4.3: Results for the pump inside the climate circuit
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An acceptable error range for the three pumps was set to <10%. This range was
reasonable due to the difficulties found during the regression for the pump. To
make the pump work in between the speeds that the supplier provided, some of
the data had to be disregarded to make the regression feasible, see section 3.5.
The error for the pumps is generally low. However, the error increases when the
temperature and pump speed decrease. This is due to the reduction in absolute mass
flow in the system. Once the absolute value of pressure and mass flow, decrease the
absolute difference in these two properties becomes small and difficult to match in
the regression. It is worth noting that the supplier also struggle to capture the
pressure rise accurately for low pump speed. It is challenging to reduce the error in
the system when the dispensing volume is varying and needs to be delivered by the
same system [24]. To get the uncertainty estimate for the pump models, the errors
for the pumps were averaged. The absolute error for the battery pump, electric
drive pump and climate pump are 4.92%, 2.76% and 2.53%, respectively. Since the
error is below the 5%, the fidelity of the pumps is considered to be high.

The complete system is validated against the results from GT-SUITE. The mass flow
accuracy flowing through the components is of high importance during the pressure
drop calculation. Since the pump is delivering the mass flow, the error in the pump
will be reflected in the error for the components, see figure 4.4. The error for the
pressure drop is displayed for each component within the three subsystems.

Error (%)

Battery Chiler WCOND EFAD ERAD |EMF IEMR OBC Radiator HVAC HVCH
Components

Figure 4.4: Error comparison for all components at the ambient temperature of
20°C at 100% pump speed.

See how the error changes for 0°C and 40°C in figure A.2 in Appendix. As can be
seen in the figure, the regression for the components are done with high accuracy.
One can therefore conclude that the only "weak spot" in the model is the pump.
Like the pump, the acceptable error limit is <10% which all the components are
well below.
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4.2 Transient scenarios

This section presents the results from the scenarios described in chapter 3.8. All the
scenarios use GT-SUITE as validation. Since no thermal model was created for the
climate circuit, it will be disregarded in this section. Both the HV battery circuit and
the electric drive circuits contain thermal models and will be investigated further.
Depending on the ambient temperature, these two circuits can either be coupled or
isolated from each other. When they are coupled, passive cooling is enabled.

4.2.1 Highway Driving at 35°C

The electric drive circuit is the only subsystem that is investigated during the high-
way driving scenario at the ambient temperature 35°C. The objective in this scenario
is to match the temperature difference in the electric machines, inverters and radia-
tor that take place in GT-SUITE. In this manner the optimal working temperature
for the systems is ensured. The components that are of high importance in this
scenario are the components that generate and dissipate heat. The components
that generate most heat are the electric machines together with their corresponding
inverters. To match the heat transfer taking place in GT-SUITE simulations, the
flow rate across the electric machines needs to be adequately matched. The error
for the mass flow rate over the front and the rear machines can be seen in figure 4.5.

[\ w

Error (%)

—_
T

MEFAD MERAD

Figure 4.5: Error for the mass flow across the two electric machines

The error for the mass flow in the two branches is within 5% error during the entire
cycle. The temperature difference across the electrical machines is seen in figure
4.6b and 4.6a.
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Figure 4.6: Temperature difference in the front and rear electric machines

it is observed in the two figures, the Simulink model matched the temperature dif-
ference from GT during the entire cycle within 5% error. See the temperature
difference over the two inverters in figure A.3 in Appendix. The heat that is gener-
ated in the electrical machines and inverters is dissipated in the cooling pack. See
the temperature profile over the radiator in figure 4.7.
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Figure 4.7: Temperature difference in the radiator

The trend from GT-SUITE simulations is followed during the entire cycle. However,
the Simulink model exaggerated the peaks in temperature difference that occur in
GT-SUITE. The mass and the thermal inertia is neglected in the Simulink model.
This implies that the changes that occur in the loss will be instantaneous. These
changes are not feasible in GT-SUITE where the mass is included. In a CFD sim-
ulations, the solver accounts for previous time steps and ensures that the changes
are feasible. The high accuracy in the mass flow and temperature will be reflected
in the total heat transfer in the radiator. See Appendix A.4 for the heat transfer
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predictions being within 5% margin.

4.2.2 Highway Driving at 15°C with passive cooling

The same highway driving cycle is considered together with the losses that occur
in the electrical components. The differences are that the ambient temperature is
decreased, and the HV battery circuit and the electric drive circuit are connected.
The objective in this scenario is again to obtain the correct working temperature
for the internal components. This is achieved by matching the mass flow and tem-
perature difference (Obtained from GT-SUITE simulations) across the components
that generate and dissipate heat. The error in the mass flow rates flowing through
the battery and radiator are shown in figure 4.8.
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Figure 4.8: Error for the mass flow across the battery and radiator

The mass flow rate error in the radiator is 9 % while the battery remains below 3
%. These results are reflected in the heat transfer, see figure 4.9.
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Figure 4.9: Heat transfer in the radiator and battery

The error for the heat transfer in radiator and battery is approaching 19.65% and
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14.04% respectively.

4.2.3 WLTC at 35°C

Like in the highway scenario at 35°C, the electric drive circuit and the HV battery
circuit are isolated. The average velocity and heat losses for the electrical compo-
nents are 50% less compared to the highway scenario. This implies that less heat is
generated in the electrical components. The error for the mass flow rates over front
and rear machines is seen in figure 4.10
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Figure 4.10: Error for the mass flow across the front and rear electric machines

The average error is below 5% for the front and rear electric machines. This re-
sult implies that the pressure drop is captured accurately for both branches. The
temperature difference over the two electric machines can be seen in figure 4.11

—— Simulink — Simulink
—GT ' —aGT
g g
g g
& &
5 5
[} [}
E w E
z | 5
g | A | A | g*
g g
= =
500 1000 1500 2000 2500 3000 3500 500 1000 1500 2000 2500 3000 3500
Time (s) Time (s)
(a) Temperature difference over the (b) Temperature difference over the
front electrical machine rear electrical machine

Figure 4.11: Temperature difference over the electric machines

The temperature difference in the electric machines for Simulink and GT-SUITE
is similar. The heat that is generated in the machines is dissipated through the
radiator. See the heat transfer in the radiator in figure 4.12.
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Figure 4.12: Heat transfer in the radiator

Just like the HW scenario at 35°C the heat transfer in the radiator is similar to the
one seen in GT.

4.2.4 WLTC at 15°C with passive cooling

If the same driving scenario is investigated at the lower ambient temperature 15°C,
one can enable passive cooling. The heat transfer to the battery and the coolant
and the heat dissipated in the radiator are shown in figure 4.13.
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Figure 4.13: Heat rejected from the battery to the coolant

Similarly to the HW at 15°C, Simulink results follow the trend regarding the to
heat dissipated in radiator. However, the model underestimate the amount of heat
rejected. This is due to the error in coolant flow rate flowing through the radiator,
which is approaching 10 %. See the error in mass flow and battery in figure A.5 in
Appendix.
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4.2.5 City Driving at 46°C

The city driving scenario is challenging in terms of energy efficiency. The scenario
contains several starts and stops at the high ambient temperature 46°C. The fluc-
tuating velocity profile and the instantaneous losses that entails is challenging for
the Simulink model to capture with the same precision as the previous scenarios.
Since the ambient temperature is high, the two circuits need to be separated from
each other. The battery is cooled with a chiller, and the radiator cools the electric
components. The dissipation in the radiator is limited due to the high temperature
and low air flow velocity. The error for the mass flow in the front and rear electric
machines can be seen in figure 4.14.
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Figure 4.14: Mass flow error for front and rear electric machines

The temperature fluctuations in the system are too small to cause any oscillation
problems for the mass flow. The temperature profiles over the electric machines are
not captured with the same accuracy. As seen in figure 4.15, the temperature profile
in Simulink is shifted upwards compared to GT-SUITE.
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Figure 4.15: Temperature difference over the two electrical machines

This shift occurs since the electric machines are considered massless in the Simulink
model. GT-SUITE predicts a negative temperature difference in some time steps,
implying that the machines are absorbing heat. Another thermal model for the
electric machines has to be built to capture this temperature profile with higher
accuracy. These models were built, but not included in the present results due to
lack of time. Since the system is not reflecting GT-SUITE simulations to the same
extent as the previous scenarios, the temperature profile over the radiator will not
be captured with high accuracy, see figure

— Simulink
—GT

Temperature difference

500 1000 1500 2000 2500 3000 3500
Time (s)

Figure 4.16: Temperature difference over the radiator

If the mass for the respective component are included these drastic changes can be
mitigated.
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4.3 Remarks from the validation phase

When studying the system from the perspective of the fluid flow, it was observed
that the results for the flow pumps are of the highest importance for the entire
system. In the least favorable scenario, the error for the pumps reach 20 % but
was average below 5 %. Inaccurate predictions of the mass flow rate for the pump
will affect the accuracy of all internal components. Therefore, it is crucial to study
the total mass flow rate in the system before drawing any conclusion about the
components affected by it.

The pump also had an impact for the scenarios that had passive cooling enabled.
The error in mass flow for these simulations reached 9% which ultimately lead to a
mismatched heat transfer rate in the battery and radiator.

Table 4.1: Simulation time comparison between GT-SUITE and Simulink

GT-SUITE Simulink
Time-step (s) | Simulation time (h:min:s) | Factor of real time | Time-step (s) | Simulation time (h:min:s) | Factor of real time
Highway 35°C 0.1 12:58:03 11.33 0.1 00:00:24 0.0058
Highway 15°C 0.1 04:01:07 3.52 0.01 00:04:12 0.0611
WLTC 35°C 0.1 07:11:06 7.19 0.1 00:00:24 0.0066
WLTC 15°C 0.1 03:34:06 3.58 0.01 00:03:27 0.0575
City cycle 46°C 0.1 05:28:52 5.39 0.1 00:00:23 0.0065

The Simulink model only requires a fraction of the simulation time compared to
GT-SUITE. It can be seen in table 4.1 that the total simulation time increases once
the temperature drops to 15°C. This increase is due to the reduction in time step
which is lowered to 0.01 s compared to 0.1 s that is used in GT-SUITE. This change
was required in order to simulate the thermal battery model, which was analyzed
for the lower temperatures. Changing the sample size is a compromise between
accuracy and simulation time.
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Conclusion

Performing analysis in 0D compared to 1D offers many advantages. Since the
Simulink model is easy to use and is considerably faster than GT-SUITE, it can
be used in several areas. For example, it should be used during the early design
phase to construct an optimized layout. It can also be used to isolate specific com-
ponents and perform fast and efficient analysis.

The validation phase showed that modeling the pumps for the three subsystems
(battery, electric drive and cabin) significantly affects the system. Pumps deliver
flow rate to the system, which are dependent variable for all the internal components.
Even though the delivered flow rate can contain some error, the error for the specific
components is generally negligible. This implies that from the perspective of the
fluid flow, the pump is the only component within the system that can be improved.
It was observed that the absolute error in pressure rise for all three pumps increased
once temperature and the pump speed decreased. This is because the total flow
rate in the system was decreased, resulting in small absolute differences in pressure
rises but significant errors during validation. To maintain a low error for these
boundary conditions, the regression for the pumps needed to be performed with
high accuracy. The component became a high-fidelity component but has potential
to be improved for these more demanding scenarios. However, it should be noted
that these conditions are difficult for the supplier to capture accurately as well.

The accuracy of the model was proven to be higher than expected, which can broaden
the use of the model. If some of the fluctuations in temperature could be alleviated,
the model can take GT-SUITE role as a source of validation. This will substantially
reduce the simulation time and allow for more efficient optimization procedure dur-
ing both physical and testing.
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Appendix 1

A.1 Source code listing

clc

clear all
%Authors:
%Emails:

Noah Wirsen and Babak Heydarmnezhad
nwirsen@gmail.com and babak.heydarnezhad@volvocars.com

%Load the pressure drop and heat loss profiles

load(’clngSys_MEP2_AirFlow_Maps’)
load (’DelP_map_SPA2_Yinlun’)
load(’Rad_Air_heat_loss’)

load (’Pump_input’)

load(’Components_profile’)

load(’q_loss’)
load(’cp_glyth’)

% State,
State = 0 ;
t=500;

% Valve openings
Vi=1;
V2=0;
V3=1;
Circuit
V4=0;

%Pump Speeds

N_Climate=100;
N_Battery=100;
N_Electric=100;

Fan_Speed_input = 100;
T_Ambient_input =35;

%Pressure
%Pressure

profiles for the pumps

profiles for the components
%Power loss in the IEMF,IEMR,ERAD&EFAD

%#Temperature dependent Cp-values

Steady or Transient

ho1 o=

Steady State && 0 =

% Time step (if steady)

% setting
% setting
% setting

% setting
% Pump in

% Pump in
% Pump in

it 1
it 1
it 1

radiator, O bypass
P2, O Bypass

Bypass ,0 Battery
0 WCOND RAD

it 1 HVAC,

Climate circuit (%)
Battery circuit (%)
Electric circuit (%)

% Radiator Fan Speed (%)

% Ambient

temp (C)

Listing A.1: Input file for the Simulink Model
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Battery  Chiller WCOND EFAD ERAD IEMF IEMR OBC Radiator HVAC HVCH
Components

Figure A.1: Error for internal component for 100% pump speed and 0°C ambient
temperature

Battery Chiler WCOND EFAD ERAD |EMF IEMR OBC Radiator HVAC HVCH
Components

Figure A.2: Error for internal component for 100% pump speed and 40°C ambient
temperature
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—GT
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—GT

Temperature difference
Temperature difference
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(a) Temperature difference over the (b) Temperature difference over the
front inverter rear inverter

Figure A.3: Temperature difference over the two inverters in Highway 35°C
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—— Simulink
| |—GT

Heat transfer

2000 3000 4000

Time (s)

1000

Figure A.4: Heat dissipated in the radiator for highway at 35°C

10

mB attery mRadiator

Figure A.5: Mass flow error in radiator and battery for WLTC at 15°C
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