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Optimal Thermal Management and Charging for Battery Electric Vehicles
Victor Hanson
Jiaming Zhao
Department of Electrical Engineering
Chalmers University of Technology

Abstract
This thesis proposes a solution for thermal management and charging in battery
electric vehicles, with a focus on cold environments. The thermal and charging sys-
tems under consideration are modelled, including a coolant heater and heat pump.
A problem formulation that includes thermal management, charging, and charge
point optimisation is presented as a non-linear, mixed integer optimal control prob-
lem. The objective of the optimisation problem is to minimise both energy delivered
by the charger(s), and the time spent charging, as well as time spent on detours to
and from the charging locations. This problem is then solved numerically and sim-
ulations are performed to evaluate the performance in terms of energy consumption
and time spent.

The results indicate that the use of a heat pump, that allows for heat transfer from
the electric drivetrain components into the cabin compartment, can reduce both
energy consumption and total trip time. Energy consumption is reduced by up to
19.4% in cases where both time and energy are prioritised. In cases where mainly
time is minimised, the combined time spent charging and travelling to and from
charging stations is reduced by up to 30.6%.

Furthermore, the charge point optimisation results show a dynamic behaviour in
terms of where to stop and charge along the trip. Main factors that affect the
behaviour includes time and energy costs, heat pump power limits, and ambient
temperature.

Keywords: Battery electric vehicles, Thermal management, Charging, Heat pump,
Optimal control
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Below is the list of acronyms that have been used in this thesis in alphabetical order:

AC Air Conditioning
BEV Battery Electric Vehicle
COP Coefficient of Performance
ED Electric Drivetrain
EM Electric Machine
EV Electric Vehicle
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HVAC Heating Ventilation Air Conditioning
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MPC Model Predictive Control
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Nomenclature

Below is the nomenclature of symbols that have been used in this thesis, in order of
appearance.

Paux Auxiliary electrical power
Q̇ed Electric drivetrain heat transfer
Ped Electric drivetrain electrical power
ηQ

ed ED heat to coolant efficiency
ηe

ed ED electric to mechanical power efficiency
Q̇c

hvch HVCH heat transfer to cabin compartment
P c

hvch HVCH electrical power for cabin heating
ηc

hvch HVCH electrical power to cabin compartment heat efficiency
Q̇b

hvch HVCH heat transfer to battery loop
P b

hvch HVCH electrical power for battery heating
ηb

hvch HVCH electrical power to battery heat efficiency
Q̇b

hp HP heat transfer from battery loop
COPhp HP coefficient of performance
Php HP electrical compressor power
Tb Battery temperature
Q̇c

hp HP heat transfer to cabin compartment
Q̇c Cabin compartment heat transfer demand
Tamb Ambient temperature
Q̇hvac AC heat transfer from battery loop
Phvac AC compressor electrical power
COPhvac AC coefficient of performance
mb Battery mass
cp Battery specific heat capacity
Q̇joule Heat transfer from Joule heating of battery internal resistance
Rb Battery internal resistance
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UOC Battery open-circuit voltage
Pb Battery electrical power before joule losses
v Vehicle speed
Pgrid Charger electrical power
Q̇pass Passive heat transfer of battery loop
Q̇act Active heat transfer of battery loop
Q̇drv

b Battery heat transfer while driving
xdrv States vector while driving
udrv Control signals vector while driving
s Distance
cb Battery charge capacity
fdrv Driving dynamics function
s0 Distance at the start of trip
sf Distance at the end of trip
Q̇chg

b Battery heat transfer while charging
τ i Normalised charging time at charge stop i
tchg,i Total charging time at charge stop i
i Charge stop index
Nchg The set of available charge stops
n Label of last charge stop
xi

chg State vector for charge stop i
ui

chg Control signal vector for charge stop i
f ichg Charging dynamics function
Jchg Charging objective term
Ct Penalty factor for charging time
Ce Penalty factor for energy
Jdetour Detour objective term
Cs Penalty factor for detour
ci Binary optimisation variable for charge stop i
schg,i Distance at charge stop i
SoCdetour SoC reduction related to detours
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1
Introduction

Electric vehicles (EVs) have gained a major recognition over the past decade, due
to their higher e�ciency, lower local pollution and lower running costs, compared
to internal combustion engine vehicles. With these bene�ts in mind, several gov-
erning bodies are considering zero- and low-emission technology adoption within
the transportation sector, such as EVs, as an important step for further reduction
of greenhouse emissions. As an example, the European commission is proposing
strengthened performance standards for CO2 emissions of new passenger cars and
light duty vehicles, where EVs are positioned as a technology that can meet these new
standards [7]. In lieu of these developments, vehicle manufacturers that previously
developed internal combustion engine vehicles are investing heavily in EV research
and development, with some of them planning to only sell EVs in the near future [3].

In terms of EV technologies, the most common type of EV today is the battery
electric vehicle (BEV). These vehicles, as the name implies, use an on-board bat-
tery for energy storage. Compared to other EV technologies such as hydrogen fuel
cells, BEVs can readily be charged at any location where electricity is available.
This enables BEVs to be charged using anything from common domestic outlets, to
purpose-built fast-charging stations. However, with the limited energy density of
today's lithium-ion batteries commonly used in BEVs, the range is generally shorter
than most internal combustion engine vehicles.

The limited range of BEVs increases the dependence on fast, reliable, and e�cient
charging, especially for longer trips that can be two, three, or more times longer
than the vehicles range. When planning such a trip, many questions need to be
answered: At what charging station(s) should you stop? For how long should you
charge at each stop? Is it better to stop once and charge for a long time, or stop
multiple times and charge for a shorter time at each stop?

Tools for planning trips with BEVs that exist today are able to answer these ques-
tions without much e�ort from the user. Examples include the built-in navigation
unit of some BEVs, or web-based tools such as [1]. These tools provide a route
plan that includes information about charging stops and for how long each of them
should last. However, the information that these tools use for determining how and
where to charge is often based on assumptions and simpli�cations about the vehi-
cle's charging performance and e�ciency, leading to sub-optimal solutions in terms
of energy and/or total trip time.

1



1. Introduction

Charging performance of a BEV, often measured in charging time required to reach
a given state of charge (SoC), depends on many factors. One factor that can have
a major impact on charging time is the temperature of the battery, where too cold
or too hot temperatures will lengthen the charging time signi�cantly. Therefore,
to guarantee fast and safe charging, vehicle manufacturers include thermal manage-
ment systems that, much like the systems used for cabin compartment climatisation,
aim to maintain the battery temperature within acceptable limits.

The complexity and feature-sets of the thermal management systems in BEVs vary,
but the more advanced systems often include resistive heating elements, heat pumps,
and electronically controlled valves. To allow these systems to meet demands on
cabin compartment climatisation and battery thermal requirements, while being as
energy e�cient as possible, a control strategy is needed. This control strategy needs
to strike a balance between temperature regulation performance and energy con-
sumption, both in extreme cold and hot ambient temperatures.

This thesis proposes a problem formulation that includes thermal management as
well as charging and provides the optimal solution that minimises energy consump-
tion and/or travel time.

1.1 Research Questions

The main research questions in this thesis are:
1. How can an algorithm be developed that captures optimal thermal manage-

ment and charging of a BEV during driving and charging, on trips that are
longer than the vehicle's range?

2. What are the bene�ts of including a heat pump in the thermal management
system?

3. Given charging charging possibilities along a route, how can the charging lo-
cations be chosen optimally in order to balance time and energy cost?

1.2 Scope

The scope of this thesis can be summarised as follows:
ˆ A drive-cycle based on real-world data is used for simulations, with speed and

traction power given.
ˆ The thermal management system is pre-de�ned in terms of available features

and layout.
ˆ Only heating of the cabin compartment is considered, not cooling.

1.3 Related Work

Driving and charging optimisation of BEVs is considered in [6], where dynamic
programming is used to �nd global time optimality of driving and charging. The

2



1. Introduction

optimisation variables include the speed of the vehicle, where to charge, as well as
how much energy should be charged at each stop.

In [14], a framework for simulations of BEV thermal management systems is de-
veloped and tested in di�erent case studies. Performance in terms of driving range
is compared across di�erent ambient temperatures, as well as di�erent cabin and
battery temperature set-points.

What e�ect di�erent thermal management system capabilities can have on a BEV's
energy e�ciency and range is illustrated in [5]. This work uses a Fiat 500e BEV
from 2015 as a baseline for their investigation. The original thermal management
system in that vehicle is not capable of capturing waste heat from the electric drive-
train for cabin heating; it is only possible to dissipate it to the ambient environment.
This is compared with a di�erent system where waste heat can be used for cabin
heating using a heat pump. Bench-test calibrated models suggest that a 15% to 18%
improvement in vehicle range is reasonable to expect when a heat pump is included.

A comparative study [15] that investigates di�erent thermal management systems
for BEVs over long driving cycles, found that a system that allows for waste heat
recovery performed 13.5-15% better in terms of driving range in temperatures of -10
to -20°C.

Using online optimal control for an eco-driving supervisor, with a long look-ahead
horizon, is investigated in [9]. E�orts are made to be able to run the optimisation
in an online, real-time fashion for improved disturbance rejection, with limited com-
putational resources.

Another work [11] investigates the use of model predictive control (MPC) methods
to optimise the thermal management of a plug-in hybrid electric vehicle (PHEV) for
providing 5% reduction in cooling energy use in real-world testing, compared to a
state-machine based control system.

1.4 Thesis Outline

Firstly, chapter 2 addresses thermal and electrical system modelling. Secondly, the
problem of achieving optimal thermal management and charging is formulated as a
constrained optimisation problem de�ned in chapter 3. Thirdly, the proposed prob-
lem is solved numerically and analysed in terms of energy, charging time, and am-
bient temperature in chapter 4, with a focus on cold ambient temperatures. Lastly,
chapter 5 discusses the results, forms a conclusion, and ends with suggestions for
future work.
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2
Modelling

In this chapter, a brief introduction to key BEV drivetrain components is given. For
the remainder of the chapter, the models used to describe the thermal management
system as well as the electrical system are presented.

2.1 Vehicle Modelling

Figure 2.1: Overview of the electric drivetrain components. The battery provides
electrical power for the power electronics and electric machine, which is converted
to angular velocity and torque. By the use of a transmission and di�erential gear,
the rotation and torque is transferred to the wheels which provide vehicle speed and
traction force.

The main components of the electric drivetrain (ED) are the battery, the electric
machine and power electronics, the transmission and di�erential gears, and �nally
the wheels. The relationship between these components are illustrated in Figure 2.1.

Multiple di�erent forces act on a vehicle in motion, including aerodynamic drag,
rolling resistance, and forces related to climbing or descending slopes. By combin-
ing these forces with the traction force delivered by the electric drivetrain, the net
force acting on the vehicle body can be calculated. Furthermore, by applying New-
ton's second law of motion, the acceleration of the vehicle can be determined for a
given vehicle mass and a given set of forces.

5



2. Modelling

Figure 2.2: Complete thermal system overview. The battery loop and cabin loop
are subsystems that contain di�erent heat sinks and sources. Heat exchange between
the two subsystems is facilitated by valve 3 (V3) and the heat pump.

Instead of modelling the vehicle dynamics as described above, to determine what
traction force or power is needed to e.g. maintain a �xed speed, the traction power
demand posed by the driver or by a separate system is supplied as a trajectory
input. This trajectory describes the expected average traction power demand for
the entire driving cycle, over a number of segments. Likewise, the vehicle speed is
given for each segment of the drive cycle.

For an example of how a longitudinal vehicle model can be formulated, see [8].

2.2 Thermal and Electrical Modelling

In order to describe how the temperature of the battery changes over time, a model
of the thermal management system is needed. Figure 2.2 illustrates the thermal
managements system under consideration in this thesis. It consists of two coolant
loops, the battery and the cabin loop, which can be considered as two separate sub-
systems, made up of di�erent components.

Each relevant component of the thermal management system and electrical system
is introduced and modelled for the remainder of this section. Furthermore, the key
simpli�cations and assumptions made are highlighted. This thermal and electrical
system model has been designed as a high-level, simpli�ed model, that can be used
to make high-level decisions for how the thermal management system is controlled.
Since the SoC depends on the amount of energy stored in the battery, it is also
necessary to model key parts of the electrical system.

6



2. Modelling

For an example of a more comprehensive thermal model of an EV, see [4].

2.2.1 Valves

The thermal management system in question has a radiator, as shown in Figure 2.2,
that can be used to cool down the battery loop using the ambient air. For simplicity,
this radiator is not considered in this model. Thus valve one, marked as "V1" in
Figure 2.2, is always in the bypass position, meaning that no coolant �ows through
the radiator.

Likewise, valve two (V2) is �xed in the "big loop" mode, meaning that the ED com-
ponents are always part of the same loop as the battery. For cold climate operation,
the heat from the ED components can be seen as a resource for heating of the bat-
tery and/or the cabin compartment. Thus �xing valve 2 in this mode ensures that
the heat from the ED components is always available for heating of the battery,
cabin compartment, or both. It is worth noting that in warm climate operation,
this simpli�cation is not desirable, since the heat from the ED components may
cause excessive heating of the battery, beyond operating limits. In those scenarios,
it is most likely desirable to separate the ED components from the battery, in order
to cool the ED components using the radiator and, if needed, cool the battery using
the heat pump (HP) and/or air conditioning (AC) system.

To allow for heat from the high voltage coolant heater (HVCH) to be used for heating
of the battery, valve three (V3) can be used. Depending on the desired amount of
cabin and battery heating, this valve can be adjusted to accommodate only cabin
heating, only battery heating, or a mix of both. In this thesis the control of this
valve is assumed to be done by a separate system that makes sure that the desired
amount of cabin and battery heating using the HVCH is always met.

2.2.2 Coolant and Pumps

Transportation of heat amongst the di�erent components within each loop is done
using coolant, which is circulated using multiple pumps. The coolant is considered
to be an ideal heat carrier in the sense that there is no delay between heat being
applied to e.g. the battery loop and the temperature rising in the battery. Losses
from the coolant hoses to the ambient environment is also not considered and the
power consumption of the coolant pumps is considered as included in the auxiliary
power consumptionPaux .

2.2.3 Electric Drivetrain

The main source of passive heat in this system is the electric drivetrain components,
where the two main heat generating components are the electric machine (EM) and
the power electronics (PE) that are used to drive the EM. Heat transfer from the
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2. Modelling

electric drivetrain is calculated as

_Qed(Ped(t)) = (1 � � e
ed)Ped(t)�

Q
ed (2.1)

where � Q
ed is the e�ciency with which the heat losses reach the coolant,� e

ed the
lumped e�ciency of the ED, and Ped the traction power. The e�ciency of the ED
in terms of electrical to mechanical power will in practice vary depending on the
operating point, but for simplicity a constant e�ciency is used as an approximation.

2.2.4 Coolant Heater

For introducing supplementary heat into the overall thermal system, the high voltage
coolant heater is used. Primarily, it can be used to provide heat for the cabin
compartment. However, the HVCH can also be used for heating of the battery,
since valve 3 (V3) in Figure 2.2 allows for heat exchange between the cabin loop
and the battery loop, as previously mentioned. The heat provided by the HVCH is
given as

_Qc
hvch (P c

hvch (t)) = � c
hvchP c

hvch (t) (2.2)
_Qb

hvch (Pb
hvch (t)) = � b

hvchPb
hvch (t) (2.3)

where _Qc
hvch is the heat provided for cabin heating,� c

hvch is the e�ciency of the
HVCH for cabin heating, andP c

hvch is the electrical power used for cabin heating.
Similarly, _Qb

hvch , � b
hvch , and Pb

hvch is the heat provided by the HVCH for battery heat-
ing, the e�ciency of the HVCH for battery heating, and the electrical power used
for battery heating, respectively.

The HVCH heating power is constrained by a maximum power. The sum of the
power provided by the HVCH for battery heating and for cabin heating should be
less than or equal to the maximum power. This can be described as

Pmax
hvch (t) � Pb

hvch (t) + P c
hvch (t) (2.4)

wherePmax
hvch (t) is the maximum HVCH power.

2.2.5 Heat Pump

The second law of thermodynamics tells us that heat will only spontaneously transfer
from a high temperature body to a low temperature body, not in the other direc-
tion. This is true for spontaneous processes, but by introducing work in the form
of compression, a vapour-compression heat pump is able to capture thermal energy
from an evaporator at a lower temperature and expel it into a condenser at a higher
temperature. The process uses a refrigerant, circulated between the condenser and
evaporator by a compressor, combined with an expansion valve. The work required
by the heat pump compressor is in many cases half or less of the heat that is being
transferred, depending on operating conditions. This makes a heat pump a more
e�cient alternative to resistive heating, since for resistive heating, the heat delivered

8



2. Modelling

is at best equal to the electrical work provided. For a more detailed explanation of
HP operation and modelling, see [13].

In this thesis, a heat pump is used to move thermal energy from the battery loop to
the cabin loop. In Figure 2.2, the "chiller" represents the evaporator. The condenser
is part of the heating ventilation and air conditioning (HVAC) system. This allows
for waste heat and stored thermal energy from the battery to be used for cabin
compartment heating. The heat removed from the battery loop by the heat pump
_Qb

hp is described as

_Qb
hp(COPhp(Tb(t)) ; Php(t)) = ( COPhp(Tb(t)) � 1)Php(t) (2.5)

where COPhp is the coe�cient of performance (COP) for the heat pump andPhp

is HP compressor electrical power. As a coe�cient indicating the ratio between the
heat power provided for heating and the electrical power supplied to the compressor,
COPhp is proportional to the battery temperature Tb. When the COP is greater
than one, it is bene�cial to use the HP instead of the HVCH, since more heat is
delivered to the cabin compartment than the amount of compression work done by
the compressor. If the COP is equal to one, the HP is only on-par with the HVCH.

The heat power provided for cabin heating by the HP is

_Qc
hp(COPhp(Tb(t)) ; Php(t)) = COPhp(Tb(t))Php(t) : (2.6)

The heat pump compressor power is constrained by a maximum power denoted
Pmax

hp (t)

2.2.6 Cabin Compartment Heating

Both the heat pump and the HVCH are able to provide cabin compartment heating,
as mentioned in the previous sections. The relationship between cabin compartment
heat demand _Qc and the heat provided is

_Qc(Tamb(t)) = _Qc
hp(�) + _Qc

hvch (�) (2.7)

where the cabin compartment heat demand is a piece-wise linear function, inversely
proportional to the ambient temperature Tamb. This formulation means that the
cabin heat demand is met at all times, either by the HP, the HVCH, or by a com-
bination of both.

2.2.7 HVAC AC Cooling

One part of HVAC is the air conditioning system, that can be used to cool and
de-humidify the cabin compartment. This system is in many ways similar to the
heat pump presented previously, with the key di�erence that heat is moved from
the cabin loop to the ambient air.

9



2. Modelling

Since cooling of the cabin compartment is not considered in this thesis, the only
use for the AC system is to cool the battery in cases where excess heat needs to
be removed from the system. For simplicity, the heat that is removed by the AC
system is therefore removed directly from the battery loop in the model, rather than
from the cabin loop. The heat removed from the battery loop by the AC system is

_Qhvac(Phvac(t)) = Phvac(t)COPhvac (2.8)

which is similar to the equation used for the HP. HereCOPhvac is the ratio be-
tween the heat removed from the battery loop and the AC compressor power, where
Pmax

hvac (t) is the maximum AC compressor power constraint. For simplicity,COPhvac

is considered to be constant.

2.2.8 Battery

(a) Charge power limits. (b) Discharge power limits.

Figure 2.3: Normalised battery power limits over battery temperature and SoC.

In order to minimise charging time, the charging power should be maximised. The
main limiting factors on charging power are the charger and the battery, where the
charger has a maximum rated power output that cannot be exceeded, and the bat-
tery has a maximum charge power that depends on battery temperature and SoC.
The functions used to describe the relationship between battery temperature, SoC,
and maximum charge or discharge power of the battery are depicted in Figure 2.3.
Maximum charging power is at its peak when SoC is low while battery temperature
is high, and drops as SoC increases and temperature decreases. On the contrary, the
highest maximum discharge power is observed when both SoC and battery temper-
ature are high, and drops as they decrease. For fast charging, the maximum charge
power is clearly what is important. However, while driving, the maximum discharge
power is also of interest since it can limit traction power.

The battery is modelled as a uniform thermal mass. This is a simpli�cation since,
in reality, the battery is a battery pack, consisting of many cells. These cells heat

10



2. Modelling

up and cool down slightly di�erently from one another, in part due to di�erences
in internal resistance and/or uneven external heat exchange from the coolant or
ambient. The battery temperature considered in this project can thus be seen as
the average temperature across all the individual cells that make up the battery.
How the temperature of the batteryTb changes over time can be formulated as

_Tb(t) =
1

mbcp
( _Qed(Ped(t)) + _Qjoule (Rb(Tb(t)) ; Pb(t); UOC (SoC(t))) + _Qb

hvch (Pb
hvch (t))

� _Qb
hp(COPhp(Tb(t)) ; Php(t)) � _Qhvac(Phvac(t)) � _Qamb(Tb(t); Tamb(t); v(t)))

(2.9)

where mb is the mass of the battery andcp is the speci�c heat capacity of the
battery. Furthermore, _Qed, _Qjoule , _Qb

hvch , _Qb
hp , and _Qhvac are heat losses from the

electric drivetrain, joule heating from resistive losses within the battery, heat from
the coolant heater for battery heating, heat removed by the heat pump, and heat
removed by the HVAC AC system, respectively. The heat transfer term_Qamb de-
notes the heat that is either absorbed from or released to the ambient environment
through the battery casing. This is described by a non-linear function dependent
on battery temperatureTb(t), ambient temperatureTamb(t), and vehicle speedv(t).

The battery electrical powerPb is described by

Pb(t) = Rb(Tb(t))
Pb(t)2

U2
OC (SoC(t))

+ Ped(t) + Pb
hvch (t) + P c

hvch (t) + Paux(t) + Php(t)

+ Phvac(t) � Pgrid (t) (2.10)

wherePed, Pb
hvch , P c

hvch , Paux , Php , Phvac, and Pgrid are traction power, coolant heater
power for battery heating, coolant heater power for cabin heating, auxiliary power,
heat pump compressor power, HVAC AC compressor power, and power from the
charger, respectively. The battery open-circuit voltageUOC is a non-linear function
of SoC, where the voltage increases with higher SoC.Rb is the internal resistance of
the battery, which is a non-linear function of battery temperature where increasing
battery temperature results in lower internal resistance.

Among the terms in�uencing the heat transfer within the battery, the Joule heat
generated by battery internal resistance, based on Joule's �rst law, is calculated as

_Qjoule (Rb(Tb(t)) ; Pb(t); UOC (SoC(t))) = Rb(Tb(t))
Pb(t)2

U2
OC (SoC(t))

: (2.11)

2.2.9 Summary

To understand how the battery temperature changes during driving and charging,
the heat transfer can be divided into passive heating and active heating. In this
section, di�erent heat transfer branches are summarised for the simplicity of further

11
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use in later chapters.

The passive heat transfer can be summarised as

_Qpass(Ped(t); Rb(Tb(t)) ; Pb(t); UOC (SoC(t)) ; Tb(t); Tamb(t); v(t))

= _Qed(Ped(t)) + _Qjoule (Rb(Tb(t)) ; Pb(t); UOC (SoC(t))) � _Qamb(Tb(t); Tamb(t); v(t))
(2.12)

where heat sources are the losses from the electric drivetrain_Qed and the Joule losses
within the battery _Qjoule . Heat is also dissipated from the battery to the ambient
environment _Qamb. It is worth mentioning that the ED heat loss only exists during
driving.

The actively generated and lost heat,_Qact , can be described as

_Qact(Pb
hvch (t); COPhp(Tb(t)) ; Php(t); Phvac(t))

= _Qb
hvch (Pb

hvch (t)) � _Qb
hp(COPhp(Tb(t)) ; Php(t)) � _Qhvac(Phvac(t)) (2.13)

where the only active heat source for the battery is HVCH_Qb
hvch , which applies to

both driving and charging. The active heat loss includes the heat extracted by the
heat pump _Qb

hp and the heat removed through HVAC system_Qhvac. Similarly, the
formulation of the heat loss between battery and ambient varies with driving or
charging since one component is directly related to the vehicle speedv(t).

12



3
Optimal Thermal Management

and Charging

At the start of this chapter, an introduction to the scenario considered in this thesis
is described. For the remainder of the chapter, the problem formulation of driv-
ing mode, charging mode, and combination are analysed respectively, where charge
point optimisation is also included.

3.1 Scenario

In the scenario of this thesis, a BEV starts a long trip with a given SoC and battery
temperature. The distance of the trip is longer than the range of the vehicle, neces-
sitating charging along the trip. Multiple charge points are available along the trip,
but there is no strict need to stop at each of them to complete the trip. A balance
between travelling time and energy e�ciency needs to be found. This scenario is
demonstrated in Figure 3.1.

Figure 3.1: Problem scenario involving a trip longer than the vehicle's range, with
multiple di�erent charging opportunities available. The trip starts at position A with
a given SoC and battery temperature. As the vehicle drives along the route, the
battery SoC and temperature changes. Positions B and C represent opportunities
to charge along the trip. The trip is �nished once the vehicle reaches position D.
Modi�ed and used with permission from [10].
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3. Optimal Thermal Management and Charging

3.2 Problem Formulation

The following section covers the sub-problems of driving, charging, and charge point
optimisation, before combining the problems into a condensed problem formulation.

3.2.1 Driving Mode

For the driving mode, according to the battery heat transfer analysis in chapter 2,
the heat balance during driving can be described as

_Qdrv
b (�) = _Qpass(�) + _Qact(�) : (3.1)

Driving distance s is chosen as the independent variable in the driving mode. The
dynamics include battery temperature and battery state of charge, and control sig-
nals consist of HVCH power for battery heating, battery power, heat pump and
HVAC cooling compressor powers. Two vectors are de�ned for states and controls
as

xdrv (s) =

"
Tdrv

b (s)

SoCdrv (s)

#

; udrv (s) =

2

6
6
6
6
6
4

Pb,drv
hvch (s)

Pdrv
b (s)

Pdrv
hp (s)

Pdrv
hvac(s)

3

7
7
7
7
7
5

: (3.2)

To reformulate the dynamics with respect to driving distances, the necessary rela-
tionship between driving time dependant and driving distance dependent dynamics
can be described as

dxdrv (t)
dt v(s)

=
dxdrv (s)

ds
: (3.3)

According to equation (3.3), the dynamics during driving can be described as

dTdrv
b (s)
ds

=
1

cpmbv(s)
( _Qdrv

b (�)) (3.4a)

dSoCdrv (s)
ds

= �
Pdrv

b (s)
UOC (SoCdrv (s)) � bv(s)

(3.4b)

where cp, mb, and � b stand for the speci�c heat capacity of the battery, battery
mass, and battery charge capacity, respectively. The negative sign is added to the
expression of dynamics for battery SoC since the battery power is de�ned as posi-
tive when power is being supplied by the battery, in which case the SoC is decreasing.
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The driving dynamics from equation (3.4) can be represented by a vector valued
function f drv as

dxdrv (s)
ds

= f drv (xdrv (s); udrv (s); s) : (3.5)

The power balance relationship during driving is described as

Pdrv
b (s) = (

Pdrv
b (s)

UOC (SoCdrv (s))
)2Rb(Tdrv

b (s)) + Pdrv
ed (s) + Pb,drv

hvch (s) + P c,drv
hvch (s)

+ Pdrv
hvac(s) + Pdrv

hp (s) + Pdrv
aux (s) : (3.6)

In this thesis, the vehicle speed is a given value, meaning that a time cost associated
with driving time is unnecessary, since the driving time is constant. Furthermore,
the vehicle is expected to have to stop and charge at least once during the trip,
meaning that there is no need to have a separate energy cost for driving, because
the energy used while driving is re�ected in the amount of energy that needs to be
charged.

The initial and general constraints on battery temperature and SoC while driving
are described as

Tdrv
b (s0) = T init

b ; (3.7a)

SoCdrv (s0) = SoCinit (3.7b)

Tdrv
b (sf) � Tend

b (3.7c)

SoCdrv (sf) � SoCend (3.7d)

wheres0 and sf are the initial and �nal travelling distance of the whole driving cycle.
T init

b and SoCinit are given initial starting state values. Tend
b and SoCend represent

constraints on the �nal values of battery temperature and SoC, respectively.

3.2.2 Charging Mode

In the charging mode, the heat transfer balance is described as

_Qchg
b (�) = _Qpass(�) + _Qact(�) : (3.8)

It is worth noting that, compared to the driving mode described in the previous
section, the battery heat transfer components when charging do not include the
heat loss from ED because no traction power is supplied when stationary. Similarly,
for the ambient heat loss _Qchg

amb, there is only a dependence on ambient and battery
temperature, since the vehicle speed is zero while charging.

In charging mode, charging time at each charge point is an optimisation variable.
This means that the charging timet is not a useful independent variable, since the
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discretisation step would vary with the charging time, complicating the implemen-
tation. Furthermore, due to the fact that the BEV is stationary while charging,
travel distances cannot be used as an independent variable. To solve these issues,
the normalised charging time at each charge point� i is chosen as the independent
variable, wherei is an integer belongs to the label list of alln available charging
points along the trip. A charge session starts with� equal to zero, and ends when
� reaches one. The relationship among the normalised charging time� i , the total
charging time tchg;i , and the charging time at the current momentt is described as

1
d� i

=
tchg;i

dt
; i 2 Nchg = f 1; 2; 3; :::; ng : (3.9)

Even though the normalised charging time� is used as the independent variable
during di�erent charging sessions, the dynamics still include the battery temper-
ature and SoC, and control signals consist of HVCH power for battery heating,
battery power, heat pump compressor power, and HVAC cooling compressor power.
Dynamics and controls at di�erent charging stops are de�ned as

x i
chg(� i ) =

"
Tchg;i

b (� i )

SoCchg;i (� i )

#

; u i
chg(� i ) =

2

6
6
6
6
6
4

Pb,chg;i
hvch (� i )

P chg;i
b (� i )

P chg;i
hp (� i )

P chg;i
hvac (� i )

3

7
7
7
7
7
5

: (3.10)

More speci�cally, the dynamics are described as

dTchg;i
b (� i )
d� i

=
tchg;i

cpmb

_Qchg
b (�) (3.11a)

dSoCchg;i (� i )
d� i

= �
tchg;i P chg;i

b (� i )
cbUOC (SoCchg;i (� i ))

(3.11b)

where cp, mb and cb stand for the same terms respectively as what they stand for
under the driving mode.

The charging dynamics from equation (3.4) can be represented by a vector valued
function f i

chg as

dxchg(� i )
d� i

= f i
chg(x i

chg(� i ); u i
chg(� i ); � i ) : (3.12)

In the charging mode, the cost function integrated over the normalised charging
time is de�ned as

Jchg(�) =
nX

i =1

(Ct tchg;i + Ce

Z 1

0
P i

grid (� i ) d� i ) : (3.13)

whereCt and Ce are the penalty factors for the charging time and charging energy
at each charging stop.
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During charging, the power balance equation is described as

P i
grid (� i ) = (

P chg;i
b (� i )

UOC (SoCchg;i (� i ))
)2Rb(Tchg;i

b (� i )) + Pb,chg;i
hvch (� i ) + P c,chg;i

hvch (� i )

+ P chg;i
hvac (� i ) + P chg;i

hp (� i ) + P chg;i
aux (� i ) � P chg;i

b (� i ) : (3.14)
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3.2.3 Charge Point Optimisation

To allow for skipping of charging stops along the trip, charge point optimisation is
introduced with detour cost described as

Jdetour (�) = Cs

nX

i =1

ci (3.15a)

ci 2 f 0; 1g : (3.15b)

From the above objective function, binary variableci is introduced as the optimisa-
tion variable for each possible charge stop, where a value of 0 means skipping the
correspondingi th charge stop, while a value of 1 stands for stopping and charging.

3.2.4 Combined Driving and Charging

In the case of the driving and charging combination, the journey starts and ends
with the driving, and several charge stops are available along the trip. The start
and end states between di�erent driving and charging sessions are described as

Tdrv
b (s0) = T init

b ; SoCdrv (s0) = SoCinit (3.16a)

Tchg;i
b (0) = Tdrv

b (schg;i ); SoCchg;i (0) = SoCdrv (schg;i ) � ci SoCdetour (3.16b)

Tdrv
b (schg ;i + ) = Tchg;i

b (1); SoCdrv (schg ;i + ) = SoCchg;i (1) � ci SoCdetour (3.16c)

where the SoC reduction caused by a detour between the main route and decided
charge stops,SoCdetour , is introduced to make the connection between driving and
charging sessions more realistic, since some energy is used in order to travel to and
from the charging location. schg ;i + represents the instance when the charging is
�nished and the BEV leaves the charging location.
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3.2.5 Complete Problem Formulation

The following problem formulation combines the sub-problems of driving, charging,
and charge point optimisation into one, complete formulation.

min
u drv (s);u i

chg (� i );t chg ;i ;ci

f Jchg(�) + Jdetour (�)g (3.17a)

subject to:

ci 2 f 0; 1g (3.17b)

� i 2 [0; 1] (3.17c)

dxdrv (s)
ds

= f drv (xdrv (s); udrv (s); s) (3.17d)

dxchg(� i )
d� i

= f i
chg(x i

chg(� i ); u i
chg(� i ); � i ) (3.17e)

Pb
hvch (�) 2 [0; Pmax

hvch (�) � P c
hvch (�)] (3.17f)

Phvac(�) 2 [0; Pmax
hvac (�)] (3.17g)

Php(�) 2 [0; Pmax
hp (�)] (3.17h)

Tb(�) 2 [Tmin
b (�); Tmax

b (�)] (3.17i)

SoC(�) 2 [SoCmin (�); SoCmax (�)] (3.17j)

Pb(�) 2 [Pmin
b (�); Pmax

b (�)] (3.17k)

P i
grid (� i ) 2 [0; ci P

i; max
grid (� i )] (3.17l)

tchg;i 2 [0; ci tchg;i max ] (3.17m)

Tdrv
b (s0) = T init

b ; SoCdrv (s0) = SoCinit (3.17n)

Tchg;i
b (0) = Tdrv

b (schg;i ); SoCchg;i (0) = SoCdrv (schg;i ) � ci SoCdetour

(3.17o)

Tdrv
b (schg ;i + ) = Tchg;i

b (1); SoCdrv (schg ;i + ) = SoCchg;i (1) � ci SoCdetour

(3.17p)

SoCdrv (sf) � SoCend; Tdrv
b (sf) � Tend

b (3.17q)

This complete formulation is a mixed integer, non-linear programming (MINLP)
problem, since the charge point optimisation introduces integer variables. The ob-
jective function only contains terms related to charging and charge point optimisa-
tion, not driving.

Inequality constraints in equations (3.17f-m) and (3.17q) are included for the states,
coolant heater power, HVAC cooling power, heat pump power, and battery power.
For the charging sessions, constraints on charger power and charging time are also
included. The �nal values of the states are constrained by independent inequality
constraints.

Equality constraints in equations (3.17n-p) are used to set the initial state values
and to manage the switch from driving to charging and vice versa, including detour
energy consumption that acts on the SoC.
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4
Results

This chapter begins by brie�y explaining the tools and setup used for simulations
and continues with results.

4.1 Setup

The underlying tool used to perform the simulations isMATLAB version R2019b.
CasADi [2] is used as an extension ofMATLAB , to e�ciently be able to trans-
late the mathematical problem formulation into a numerical implementation, using
symbolic expressions.

The solver used with CasADi is Bonmin [12], which is a general non-linear, mixed
integer solver.

4.1.1 Driving Cycle

Figure 4.1: The drive cycle including the vehicle speed and traction power trajec-
tories. Dashed vertical lines indicate available charging locations.
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4. Results

The drive cycle used for the simulations is about 400 km long and is based on real-
world measurements. Three charging locations are available along the trip, marked
by dashed vertical lines in Figure 4.1. In later �gures, a solid vertical line indicates
that a charging stop was performed, and a dashed line indicates that the stop was
skipped.

4.1.2 Parameters

The following parameters are used for the simulations, unless otherwise noted. For
these simulations, the cabin compartment heating demand is maintained at all times,
including during charging.

Symbol Value(s) Unit Description
Tamb {-10, 0, 10} °C Ambient temperature.
� Q

ed 80 % E�ciency of heat transfer from ED to battery coolant loop.
� ed 90 % E�ciency of ED electrical to mechanical power.
� b

HVCH 87 % E�ciency of heat transfer from HVCH to battery coolant loop.
� c

HVCH 95 % E�ciency of heat transfer from HVCH to cabin compartment.
Pmax

HP {0, 1, 3} kW Maximum HP compressor electrical power.
Pmin

HP 0 kW Minimum HP compressor electrical power.
Pmax

HVAC 3 kW Maximum HVAC compressor power.
Pmin

HVAC 0 kW Minimum HVAC compressor power.
Paux 500 W Auxiliary electrical load.
Tmax

b 40 °C Maximum battery temperature.
Tmin

b -20 °C Minimum battery temperature.
SoCmax 100 % Maximum battery state of charge.
SoCmin 10 % Minimum battery state of charge.
Ndrive 100 steps Number of discretisation steps for driving mode.
Ncharge 25 steps Number of discretisation steps for charging mode.
tdetour 300 s Detour time for each charging stop.
Edetour 450 Wh Detour energy for each charging stop.
Ct [0.1, 10000] SEK/h Cost per hour of charging and detour time.
Ce 8.7 SEK/kWh Cost per kWh of energy delivered by charger.
Tbinit Tamb °C Initial battery temperature.
SoCinit 90 % Initial battery state of charge.

Table 4.1: Parameters used for simulations.

4.2 Charged Energy vs. Charging and Detour
Time

This section compares the energy delivered by chargers to the combined detour and
charging time. The time cost is varied from 0.1 to 10000 SEK/h in order to yield
solutions that vary from energy optimal to time optimal.
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4. Results

Figure 4.2: Comparison of charged energy and time spent charging combined
with detour time. Heat pump is either disabled or limited to 1 or 3 kW. Ambient
temperature of -10°C. Circled points A-E are investigated in detail in later sections.

Figure 4.3: Ambient temperature of 0°C.
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