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Abstract

The automotive industry plays a crucial role in battling the climate crisis and reducing emissions. Medium-duty
and heavy-duty vehicles alone contribute to one-fourth of global emissions in the transport sector and there is
a positive trend in the demand for these vehicles. Battery Electric Trucks have the potential to transform the
growing logistics industry.

DAF Trucks N.V., one of the largest truck manufacturers in Europe, aims to transition to zero-emission
vehicles and advance in this future of electric mobility. This project aims to model the powertrain of their CF
Electric model and explore viable options for future designs. The thesis work can be defined in three parts.

The first part of the research focuses on modelling the electric powertrain in MATLAB/Simulink. Here, more
focus is given in the calculation of individual motor and inverter losses. These losses are reverse engineered
and extracted from the motor drive efficiency map using Particle Swarm Optimisation (PSO) algorithm.

The second part of the project focuses on performing sensitivity analysis to identify the key parameters that
have the most influence on the energy efficiency of the Battery Electric Vehicle (BEV). This helps to prioritise and
focus on optimisation of these parameters for future models. A comparison is drawn between the percentage
change in the range each parameter has with small changes.

Lastly, in the third part of the thesis, different powertrain architectures are studied and modelled to under-
stand their influence on the range of the BEV and the challenges involved in implementing such layouts.
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Introduction

This chapter serves as an introduction to this thesis work. Section 1.1 addresses the motivation behind this
project and the role of electrification in urban heavy-duty trucks. Section 1.2 exemplifies the objectives of the
work of this research. Section 1.3 presents the main goals aimed to achieve in this project. Section 1.4 outlines
the structure of this thesis.

1.1. Motivation

To battle climate change, researchers, policymakers and industries are working hand-in-hand to facilitate a
smooth energy transition and reduce emissions. The automotive industry is a critical player in this energy
transition. Medium-duty and heavy-duty vehicles play an important role in global and urban emissions in the
transportation sector. To reduce the carbon footprint left by these vehicles, DAF Trucks, one of the largest truck
manufacturers in Europe, aims to transition and make its fleet more electric and sustainable.

Electric vehicles have advantages like full torque at zero speed, giving them excellent acceleration compared
to the internal combustion engines and has proved to be an ideal alternative to ICE vehicle. Nowadays, more
tractor manufacturers are joining the transition and building their medium-duty and heavy-duty battery electric
vehicles (BEV). As per the statistics from US Environmental Protection Agency (EPA), 25 per cent of the global
emissions in the transportation sector comes from heavy-duty vehicles even though they constitute only 5 per
cent of all vehicles [1]. For the same reason, it is of utmost importance to address the pollution caused by
heavy-duty vehicles and reduce emissions. Reduction of greenhouse gasses is of considerable significance to
improve the air quality [2].

However, the transition is a gradual process. Implementation of an electric powertrain hardware prototype
directly can be detrimental to the investment in these projects. Hence, the electric propulsion system is designed
and modelled using simulation software to understand the scope of the project better.

Software modelling and testing of proposed electric drive module prototypes enable risk reduction and
demonstrate whether or not specific designs are viable in an early stage. This allows for rapid prototyping
loops, speeding up the decision-making process while being a low-cost alternative to full-scale prototypes.

1.2. Thesis Objectives

This thesis aims to implement an electric powertrain model of a heavy-duty BEV to understand energy con-
sumption and various electrical losses. Different powertrain designs are also investigated to recognise its effect
on energy consumption. Some of the specific objectives are defined below:

« Develop a heavy-duty BEV model based on mathematical equations and predict energy consumption
over a pre-defined driving cycle.

* Build a motor and inverter model and extract information such as individual power losses from only an
efficiency map.

+ Perform sensitivity analysis to identify the key parameters that influence the driving range of the BEV.

+ Compare energy consumption for different powertrain architectures: the single motor with fixed reduction
gear, the dual-motor with AWD and two-speed transmission.

1



1. Introduction 2

1.3. Research Questions

In order to realise the above-listed objectives, certain research questions arise, and they are formulated as
listed below

» How can the motor and inverters losses be extracted from an existing efficiency map to analyse the power
consumption of the powertrain?

* What are the key parameters that have a significant effect on the energy efficiency of the heavy-duty
BEV?

+ What impacts do different powertrain architectures have on energy consumption on the BEV?

1.4. Methodology

The environment used for modelling and simulation purpose in this project is MATLAB Simulink. The approach
taken to understand the power consumption of the heavy-duty BEV can be listed as follows.

» The heavy-duty truck and its parameters are identified, and mathematical equations are used to model
the truck dynamics.

+ Using the efficiency map of the motor drive used in the existing BEV, individual motor and inverter losses
are extracted using optimisation algorithms.

+ A regenerative braking logic is used to recuperate maximum energy during the braking operation. Based
on the final model, simulations are run to analyse the energy efficiency and operating points of the motor
drive.

A sensitivity analysis is conducted by varying different parameters of the truck to observe the optimal
value to achieve maximum range.

« Different powertrain architectures are also studied and modelled to investigate the difference in energy
efficiencies compared to a single motor with reduction gear powertrain. This study also helps to demon-
strate the viability of different powertrain options with minimal changes for future research.

1.5. Thesis Outline

The thesis is written in 7 chapters. This chapter is the introduction to the project with research questions and
goals listed. Chapter 2 gives the background information required to understand the model and the approach
taken to achieve the research objective.

Chapter 3 explains the motor modelling with a focus on the loss calculation and efficiency map. In this
chapter, an evolutionary optimisation algorithm is introduced to obtain an accurate model. Chapter 4 illustrates
the approach taken to estimate the losses contributed by the inverter and outline the overall electrical drive
layout. Chapter 5 presents the results from performing sensitivity analysis and identifies the key parameters
that have a significant impact on the BEV range.

Chapter 6 presents the performance results from the implementation of various powertrain architectures
and provide suggestions on future research direction. Chapter 7 ends the report with the conclusion and future
recommendation of the research work.



Overview of Electric Powertrain

This chapter focuses on presenting the background information and the modelling approach taken to build a
MATLAB Simulink model of a heavy-duty battery electric vehicle (HD-BEV). Firstly, the system and the vehi-
cle’s resistive forces are defined, followed by a discussion on the simulation approach. Next, the modelling of
the powertrain is explained with the specifics on the calculation of energy consumption. Finally, the different
powertrain architectures that are interesting for the future medium-duty and heavy-duty trucks are introduced,
and possibilities of implementation on the current model are examined.

2.1. System Overview - Heavy-Duty Battery Electric Vehicle
Heavy-Duty Battery Electric Vehicle (HD-BEVs) has recently gained traction in becoming a viable and zero-
emission alternative to diesel-fuelled trucks [3]. The truck modelled in this thesis is based on an existing BEV
powertrain designed for a wide variety of urban distribution applications requiring heavy payloads and volumes.
These HD-BEVs are also suitable for applications such as supermarket delivery, where single or double axle
semi-trailers are the standard [4]. The modelled electric tuck is a 4x2 RWD (Rear-Wheel-Drive) tractor unit with
a capacity for up to 37-ton GCW applications [5]. The Gross Combination Mass (GCM) is the combined weight
of the truck and the trailer with full load. The truck is powered by the 200 kW/268 hp electric motor with a peak
of 240 kW/326 hp. This motor is modelled in chapter 3. In later chapters, for analysis purposes, a battery pack
of 150kWh is considered though this is not as per the original design of the truck.

rr———--"F"-F""""""""""=""F-"-"-"-"-"-"F"\-F"¥"F"F="F"""-""="F""=""=""FF"="F""""F"-""F"F"F"F"F"F"""-"""F"F"="="”"="="¥"”"¥"”"¥”"¥ ”"¥° ”"¥"¥‘ =¥ ¥&¥ ”"¥‘"”¥‘=¥’;‘-"¥‘/=¥‘/”¥’;‘¥‘“"‘¥"“"¥&=-"¥"”>= " ‘“"“"¥"=""/-"¥”” = A
! Throttle  Brake Electric Propulsion Subsystem [: }
| |
i |
| ; ; !
| Controller Inverter Electr!cal Mecha.m(?al }
| Machine Transmission |
| |
| !
| !
i | B
! ¥ T
! ' Auxiliary
| BMS Battery || Power Circuitry
! : =P Electrical link
: I : Mechanical link

|
: ! Control link
! Charger |
! Circuitry |
I |
I |

Energy Storage Subsystem

Figure 2.1: General Layout of the Electric Powertrain [B]

A general layout of the electric powertrain of these BEVs can be seen in figure [6]. In this figure, two
subsystems are presented, namely - Electric Propulsion and Energy Storage Subsystems. Electric propulsion
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2. Overview of Electric Powertrain 4

subsystem comprises of the electrical motor, inverter and the controller while the energy storage subsystem
includes of the battery, Battery Management System (BMS) and charger circuitry. Some of the additional
modules that play a significant role are in the energy consumption of the BEV are auxiliary power circuitry and
mechanical transmission. As the focus of this thesis is on analysing the energy efficiency and impact of the
powertrain elements, the primary focus will be on the electric propulsion subsystem.

2.2. Truck Resistive Forces

Itis essential to understand the truck dynamics in order to analyse vehicle performance and energy consumption
effectively. In this powertrain design and simulation, a simplified vehicle dynamics model, only in the longitudinal
forward direction, is taken assuming the vehicle will be stable at all conditions.

In this project, a rear-wheel-drive truck is chosen. The energy flows from the motor to the wheel via a single-
speed transmission and a differential. The primary elements in an electric powertrain are (i) electric motor drive,
(i) transmission and (iii) axle shaft.

While driving, the vehicle experiences three major opposing forces which the traction has to overcome to
move the vehicle forward. The opposing forces are rolling resistance, aerodynamic drag and grading force.
These forces experience by the truck, as seen in @ are further explained below. In simple terms, the vehicle
will accelerate if the tractive force Fi.4ctive iS greater than the resistive force F.qgistive @nd will decelerate if
Foractive 1S lesser than E..qiseive- It Will remain in steady speed when both the forces cancel each other out [7].

Fnet = F;.“ractive - Fresistive

Aerodynamic

& Resistance

Rolling
Resistance

—

Gradient
Resistance

Figure 2.2: Graphical representation of the resistive forces experienced by the truck

2.2.1. Rolling Resistance E.

Repeated deflection of the tires causes a hysteresis within the tire material, which gives rise to an internal force
resisting the motion of the tire [8]. This force is the rolling resistance, and they are always opposing the vehicle
motion. The rolling resistance is calculated using,

E. = C,Mgcos6 (2.1)

where,
C, is the coefficient of resistance
M is the mass of the vehicle
g is the acceleration due to gravity
6 is the slope of the road surface.

2.2.2. Aerodynamic Resistance F,,,,

Aerodynamic resistance is the impact the airflow has on the vehicle as it accelerates to higher speeds. These
forces are a significant factor in vehicle dynamics as they cause drag, lift, lateral forces, moments in roll, pitch
and yaw and noises.The aerodynamic forces have a notable influence in the vehicle range, handling and NVH



5 2. Overview of Electric Powertrain

(Noise, vibration and harshness) performance [9]. This resistance is due to pressure drag and viscous friction.
Since it is highly linked with the dynamic pressure drag, it is proportional to the square of the vehicle speed as
seen in the equation below.

p
Faero = ECdAf(vtruck - vwind)z (2.2)

where,

p is the air density

C, is the drag coefficient

Ay is the frontal area

Viruck @Nd vy,inq are the velocities of the truck and wind respectively. Note that the wind velocity is neglected
in the simulation.

2.2.3. Gradient Resistance F;

The gradient resistance of the road can be positive (uphill) or negative (downhill) and this would define if it
accelerates or decelerates the vehicle. The grade is defined as the rise over the run (vertical over horizontal
distance) [9]. The gradient resistance experienced by the truck can be calculated using,

Fy=Mgsin6 (2.3)

2.3. Simulation Approach

Two approaches are taken to simulate a powertrain of a vehicle model [10]. These two approaches follow the
building of forward-facing and backward-facing models.

Backward-facing models use drivecycle information to obtain the vehicle speed, and they do not have a
driver model. The speed profile is used on the vehicle model to calculate the velocity and torque at the motor.
They are considered "quasi-static’ models as they utilise efficiency-maps obtained from steady-state testing of
real components. For the same reason, these models provide limited information about the driveability of the
vehicle [4]. Whereas, forward-facing models are known to give more insight into the dynamics and physical
limits of the powertrains [[11][12].

It is of general understanding that for control system development and hardware-in-the-loop (HIL) test sys-
tems, the quasi-static nature of backward-facing models is less suitable compared to the nature of the forward-
facing model [[10].

2.3.1. Forward-facing Model

The topology of the forward-facing model is shown in figure R.3. In this model, the drivecyle data is given as
an input which is used by the driver model to provide acceleration and brake demands to the motor model.
The input drivecycle is speed versus time trace data. The motor model provides the information of the torque
delivered by the motor, which includes the physical limits of the component as well. This torque flows through
the transmission and final drive ratio and provides the necessary force to make the vehicle trace the speed
from the drivecyle. Each of these modules is discussed further in the next section.

It can be noticed that the vehicle speed is propagated back through the drive train as this helps us calculate
the angular velocity at the motor. In backward-facing models, the speed trace is imposed onto the vehicle
model. As that is not the case in forward-facing models, there is an error between the reference speed and the
actual speed of the vehicle. The driver model’s role is to minimise this error. However, this behaviour is similar
to a real-world driver carrying out the test and hence the name.

As forward simulation utilises multiple state-equations, it gives insight into the physical limits and dynamics
of the vehicle model [10]. A drawback this type of simulation imposes is that the driver model may require to
be returned when powertrain components are resized to maximise the system performance.

Another feature that the forward simulation is made to perform here is the calculation of real bidirectional
power flow between the energy storage unit and the electric motor [[13] [14].

2.3.2. Backward-facing Model

Backward-facing model works under the assumption that the vehicle model can meet the speed requirements
of the drivecyle [11]. In this simulation approach, the vehicle block calculates the force required at the wheels
to follow the speed trace from the drive cycle. This force and speed is fed to the transmission block where it
converted to the torque and rotational speed provided by the motor [[14][{13].
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Figure 2.3: Forward-facing Vehicle Model [10]
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Figure 2.4: Backward-facing Vehicle Model [[10]

Thus this approach can be considered non-causal (acausal), as both the torque and speed are imposed to
the powertrain components. The acausal nature and inability to capture system dynamics make the backward-
facing models very difficult to be implemented in HIL systems and control system development [10]. Hence, the
forward-facing simulation approach will be considered for the modelling of the powertrain of heavy-duty BEV.

2.4. Powertrain Model Development

In this section, the step-by-step approach taken in the modelling of the powertrain is explained. The figure R.5
shows the overall structure of the final powertrain model. In this figure, the black lines represent the flow of
mechanical related signals such as pedal inputs, drive torques and vehicle speeds. The blue line represents
the bidirectional flow of electrical energy to and from the motor during driving and regenerative braking. It is
essential to understand this structure as the aim of this model is to estimate the energy efficiency of the HD-
BEV. The integral of the power drawn from and fed to the battery gives us the information about the net energy
utilised. Because of the same, it is significant to understand losses at each of the powertrain components to
estimate energy efficiency with utmost accuracy.

2.4.1. Driver Model

The idea of understanding the behaviour of the driver was introduced in the 1960s. In the past couple of
decades, more research is being conducted specifically due to the growth of self-driving technology. One of
the widely used and popular approaches is the preview-follower theory which was put forth by Guo and Fancher
in [15]. According to this theory, the driver’s behaviour in a path following system is aimed at reducing the error
between the desired speed and actual speed of the vehicle. This operation can be modelled using a Pl controller
[15] as seen in the figure R.6.

In a practical scenario, a driver’s pedal input signal is dependent on various factors surrounding the driver
and the vehicle. A PI controller is used to mimic the input by analysing the amount of acceleration or brake
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. . Vehicle
Driver - Motor .| Transmission s D .
. . » » » ynamics
Driving Profile > Block Subsytem Subsytem Subsytem
Inverter
Subsytem
! Mechanical
Signal
Battery Electrical
Subsytem Signal

Figure 2.5: Block diagram representing the outlook of the overall powertrain model

that is required to attain the reference speed. To implement this model, firstly, the error difference between the
reference speed and the actual speed of the vehicle is calculated. This error signal is used to estimate the
acceleration and the brake input to the vehicle. The error signal is fed to a Pl controller with the gain constants
K, and K; representing the proportional and integral gains. The Pl controller is tuned in such a manner that the
error signal is minimum with no oscillations.

The output signal from the PI controller is then fed to a saturation block to limit the pedal signals at a range -
100 to +100 in terms of percentage of the pedal input applied. The positive value corresponds to the acceleration
pedal signal, while the negative values correspond to the brake pedal signal [10]. The pedal signals are fed to
the motor block to determine the drive torque and brake torques.

Reference

Speed
* Pedal
_ Inputs
Actual
Speed

Integrator

Figure 2.6: Driver Subsystem

2.4.2. Motor Model

Permanent Magnet Synchronous Motors are the most common motors used in the automotive industry for both
battery-electric and hybrid vehicles. The primary reason for the popularity of this motor is its high torque density
and high-efficiency [16][17]. Having high torque density helps reduce the overall size and weight of the vehicle
and having high efficiencies help to maximise the achievable range in BEVs.

In this project, a permanent magnet synchronous motor from the Siemens ELFA series is modelled, and its
efficiency map is used to evaluate the input power at various operating points of the machine. This modelling
concept is depicted in the figure .7 and it is further explained in detail in chapter . The depicts the electrical
power flow in the model.

Additionally, the amount of torque delivered by the motor to the wheels is calculated from the pedal inputs
from the driver model. The amount of torque is determined based on the torque limit and speed of the motor.
This subdivision represents the flow of mechanical power from the motor.
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Figure 2.7: Motor modelling concept based on efficiency map [[18]
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Figure 2.8: Topology of a 2 level 3 phase inverter

2.4.3. Inverter Model

The inverter used in this motor drive of the powertrain system is a 2-level 3 phase inverter with six bidirectional
switching modules. Each module consists of an IGBT and a diode connected in antiparallel to each other [13].
Figure R.8 shows the structure of the 2-level 3 phase inverter. The term V; represents the DC voltage from
the battery, and the terminals A, B and C portrays the three terminals of the three-phase PMSM used in the
powertrain.

The inverter model is incorporated in this model to understand the switching and conduction losses and
estimate the inverter efficiency in the entire duration of the operation. The modelling of the inverter is explained
in detail in chapter . The output of this model built represents the power from the battery. Moreover, constant
power is assumed to be drawn by the auxiliary system in the HD-BEV. This feature is also included in the model.

2.4.4. Transmission

The heavy-duty vehicle modelled is an RWD (Rear-Wheel Drive) vehicle which means that the power from
the motor is delivered to the rear axle. Here, a single-speed transmission with a fixed ratio gear along with
differential is used for this purpose. The single compact assembly makes this type of transmission an attractive
choice for BEVs [[19]. However, due to the efficiencies of gear and differential, the powertrain experiences some
mechanical losses. Hence, the wheels do not receive the total tractive torque from the motor.

Equations .4 and R.5 express the tractive force generated by the motor on driven wheels and the vehicle
speed. It can be seen that the motor’s torque-speed characteristics is a defining element in the selection of
multi-gear or single-gear transmission. If the motor has a broad constant power region and the motor can be
operated over its speed range to reach desired vehicle speeds, then a single-gear transmission will suffice [20].

Ty X GR X
R, = "2 (2.4)

w
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2T wpTy
~ 60 GR

(2.5)

Here,
E,, is the force at the wheels
T, is the motor torque
GR is the gear ratio of the reduction gear between motor and wheels
ner is the efficiency of the driveline from the motor to the wheels
1y is the radius of the wheels
V is the velocity of the vehicle and
wy, is the rated speed of the motor

2.4.5. Truck Dynamic Model

Based on the resistance forces that the HD-BEV has to overcome, a Simulink model is built with the above
discussed mathematical equations. The force provided by the motor should overcome the resistance forces
and this force at the wheels determine the driving force of the vehicle. From Newton’s second law of motion,
it is known that the force is equal to the product of mass times acceleration. Hence, dividing the driving force
with the mass of the heavy-duty vehicle, the acceleration is obtained, and integration of acceleration gives the
velocity of the vehicle. All the values here are taken in Sl units for the simulations.

A power consumption model is built, which gives us the following information: power consumption, net
energy used, distance travelled, and the energy efficiency achieved. The power consumption is the power
at the battery during driving and braking conditions. The area under the power curve gives the total energy
consumed for the entire cycle. Thus the net energy is calculated by integrating power. Integration of velocity
gives the displacement, and this helps to estimate the range and energy efficiency of the BEV. Energy efficiency
is net energy divided by the distance travelled and hence is represented in kWh/km.

The vehicle parameters of the electric truck are listed in table R.1. Most of these parameters are taken
from the openly available information of the truck [21][22][23] and remainder from internal sources. Hence,
confidential information is written in per-unit value (p.u.). For example, the value of the coefficient of friction is a
range with a maximum and minimum. An average is taken, and per-unit of the range of values from maximum
to minimum is calculated. These different per-unit values of the different parameters will be used to discuss the
results from the sensitivity analysis in chapter B.

Parameter Value Unit | Source

Mass of the Truck (GCM) 37000 Kg | Truck Specification
Mass of the Tractor (GVM) 9700 Kg | Truck Specification
Tire Coefficient of Friction 1 p.u. | Truck Specification
Aerodynamic Drag Coefficient I
(with ayerodynamigaids) 1 p.u. | Truck Specification
Aerodynamic Drag Coefficient L
(withoﬁt aerodyna?‘nic aids) 1.41 p.u. | Truck Specification
Frontal Area of the truck 7.2 m? | Truck Specification
Wheel Radius 0.4748 m | Truck Specification
Gear Ratio 7.21 - Truck Specification
Gear box efficiency 1 p.u. | Truck Specification
Road Gradient 0 (variable) | rad

Table 2.1: Truck dynamics parameters of the heavy-duty BEV

2.5. Powertrain Architectures

An electric powertrain is described as the heart of a BEV [24]. It comprises of electrical motor and its power
converters. There are many battery electric vehicles (BEVs) in the market today, and each of them uses different
electrical machines in their powertrains. The single-motor powertrain utilised in a typical battery-electric truck
is represented in figure 2.9 for clear understanding. This figure helps to understand the assembly and visualise
the electrical power flow from the charger and the motor.

The electrical power flow starts from the battery, which stores energy chemically. The power from the
battery is transferred to the motor via the inverter driven by a control system. The control system regulates the
amplitude and frequency of the supply to manipulate the motor to respond as per the driver’s pedal input.

In recent years, electric vehicle technology has developed incredibly with numerous powertrain topologies.
These powertrains can be classified based on the number of motors and type of transmission. Some of the
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Figure 2.9: Heavy-Duty BEV Powertrain highlighting the Electrical Components [4]

topologies include single-motor driven powertrain, dual-motor powertrain, multi-motor distributed powertrain,
two-speed single motor powertrain, and in-wheel drive [25]. In this section, these powertrain architectures will
be addressed.

2.5.1. Single Motor Powertrain System

A single motor powertrain with a single-speed reduction gear is the most straightforward layout in the electric
vehicles sector. This architecture of the powertrain is widely adopted in the automotive industry because of the
cost-effectiveness, compactness, and reduced transmission losses [19].

Some of these advantages are significant as they have a direct impact on the range of the BEV. A compact
powertrain reduces the weight of the overall vehicle, which can be compensated with supplementary cells to
provide more energy. Furthermore, less number of transmission components increases the overall efficiency
of the powertrain. This simple layout also has shortcomings. When the electric motor operates at very low or
very high speeds, the efficiency is inferior compared to the rest of the operating region.

Battery
[

EM

Figure 2.10: Single Motor Powertrain Topology driven at the rear axle

Figure shows the topology of a single motor powertrain with a single-speed transmission. In this
topology, the motor power transfers only through a fixed gear and a mechanical differential to reach the wheels.

Single motor topology with just one gear was recognised as an ideal option because of the wide speed range,
high torque at low speeds and high efficiency over the entire operating zone when compared to a traditional ICE
vehicle [19]. These features allow the powertrain to eliminate multiple gear ratios and achieve desired energy
efficiency. This research paper will utilise this architecture for the majority of the simulation work.
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2.5.2. Dual Motor Powertrains

A dual-motor drive is a powerful yet simple solution to improve the torque provided by the BEV. It gives improved
efficiencies in the overall performance of the BEV as the torque and power requirement is distributed among
the motors [26]. It also reduces the overall losses and heat dissipation from each motor.

|
|
|
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(a) Dual Motor Powertrain driven at both front and rear axle (b) Dual Motor Powertrain with a motor attached to each wheel
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(c) Dual Motor Powertrain with PGS (d) In-Wheel Motor Drive Topology

Figure 2.11: Various Powertrain Architectures [19][25]

In this section, different advancing architectures for dual motors are covered. Figure displays two mo-
tors mounted to front and rear axle. This architecture is popular as it allows rear-wheel drive (RWD), front-wheel
drive (FWD) and all-wheel drive (AWD). These driving modes can be achieved by using appropriate control of
the motors [19][27]. This also provides the advantage of imposing minimal design changes in the existing pow-
ertrain components, making it easier for implementation in the near future from a production standpoint. For
this reason, this powertrain is chosen for modelling and simulation of dual motors in the heavy-duty BEV.

Figure presents two identical motors connected to the left and right wheels of the driving axle [28].
This architecture removes the need for transmission and differential, which improves the overall powertrain
efficiency. Removing the differential introduces the challenge of torque vectoring to control the yaw movement
of the BEV while steering. Torque-vectoring (TV) operated via individual motor control offers advantages over
active differentials such as dynamic response, maximum torque transfer and efficiency [29] [30][25]. However,
to capitalise on the benefits of TV control, controllers advanced than the controllers used in today’s vehicle
stability control system is required [31].

Figure showcases a torque-coupling architecture of a BEV with two motors connected to a planetary
gear set (PGS). This architecture helps to utilise two different gear ratios for the two motors to propel the vehicle.
This architecture is widely researched [32][33], but no production vehicle apart from GM Chevrolet Volt is found
with this powertrain architecture [19].

Another powertrain architecture which is gaining popularity is the in-wheel drive seen in figure R.11d. In
this powertrain, the electric motors are placed inside the wheel with the use of a thin planetary gear set to
enhance the motor torque [20]. A variant of the in-wheel drive is also being studied where the mechanical
gears are entirely excluded. This arrangement simplifies the drive train and eliminates all mechanical losses.
This arrangement is also called direct-drive [20]. Either variants of this powertrain has various advantages
such as compact driveline, more space for the battery pack, and operation flexibility: RWD, FWD and AWD
[M19] [34]. However, a significant drawback observed in this powertrain is the need for motors with high torque
to start and accelerate the vehicle [34]. Because of this reason, in-wheel motors have not been designed for
heavy-duty vehicles. This conclusion was arrived after comparing the various manufacturers researching on
in-wheel motors such as Protean Electric Ltd. [35], Elaphe propulsion technologies [36], and GEM motors [37]].

2.5.3. Single Motor Powertrain with Two-Speed Transmission

Multiple-speed transmission [38] [39] are advancing in BEV powertrain designs as they can enhance the vehicle
performance. With a two-speed transmission, higher torques at low speeds can be achieved to transport
heavy payloads and a second gear ration can be employed to extend the vehicle top speed. Using two-speed
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transmission and optimising the operating points of the motor over a given drive cycle, the energy efficiency
of the BEV can be significantly improved [40]. Consequently, two optimisation problems arise the selection
of the gear ratios and determination of a desirable gearshift map [41]. Though multi-speed transmission has
lower transmission efficiency compared to a single-speed transmission because of the actuation system and
increased mass, the variation is marginal compared to the overall powertrain efficiency [38].

The two-speed transmission is mentioned to increase the efficiency and performance of the BEV in [42] [43].
The powertrain with this transmission enables to design the driveline with an electric motor of lower peak torque.
Downsizing these components in the powertrain can help reduce the manufacturing cost, driveline mass and
energy consumption. Owing to these reasons, exploring this powertrain architecture is advantageous for future
work. Chapter B explains the modelling and simulation in detail to realise the above-discussed architectures
and compare the energy efficiency with the single-speed powertrain.
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Figure 2.12: Single Motor Powertrain with Two-Speed Transmission



Motor Modelling

Motor modelling forms a core element in a BEV powertrain model as it is necessary to analyse the energy
consumed with high accuracy. Motor efficiency maps have been an effective tool in selecting and designing
the motor drive for various BEVs based on its driving profiles.

The motor modelled in this chapter is a Siemens manufactured permanent magnet synchronous motor
(PMSM) from their ELFA series. The specifications of the selected motor are seen in table B.1. Based on these
values, the parameters such as maximum power, drive torque, regenerative torque, etc are used for the motor
model. Further details are discussed in the latter part of the chapter.

In this chapter, the approach taken for modelling the motor to understand each of the losses during the
operation of the BEV is explained. The motor losses are extracted from an efficiency map provided by the
company. In the last part of the chapter, the regenerative braking control strategy implemented in the model is
elaborated.

3.1. Motor Losses and Efficiency

Efficiency maps of motors are developed to obtain a clear understanding of the various losses experienced by
the motor in its entire speed and torque range. The dominant motor loss components are iron loss and copper
loss arising from the iron core and copper windings respectively [44].

Efficiency maps are 2D contour plots which give us information about the efficiency of operation at various
values of torque and speed. The major sources of loss seen in PMSM are the same for all types of electric
motors. They can be classified into four types, as follows:

3.1.1. Copper Loss

Copper losses arise due to the heating of the wires in the motor. This is due to the electrical resistance of the
winding R which causes some of the electrical energy flowing through it to dissipate as heat. This power lost
is proportional to the square of the current flowing through the three phases.

P = 3I2R, (3.1)

We know that the motor torque is proportional to the current. However, the torque also depends on various other
parameters such as the number of magnetic pole pairs, the number of turns in each coil, and other aspects of

Permanent Magnet Synchronous Motor
Rated Voltage | 650 V

Rated Current | 300 A

Rated Power | 200 kW @ 1500 rpm
Max. Power 240 kW

Rated Torque | 2000 Nm @ 320A

Max. Torque 3800 Nm @ 600A

Max. Speed 3500 rpm

Weight 480 kg

Cooling Water-Glycol

Table 3.1: Siemens 200kW PM Synchronous Motor Specifications

13
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motor design [45]. Hence the copper power loss can be expressed as,
Copper losses = k.T? (3.2)

where k. is a constant of proportionality which is dependent on the resistance of the winding and the magnetic
flux. The fundamental copper loss can be explained as a function of d-axis current and electromagnetic torque
[46]. These losses are very evident in smaller motors as they are the main contributors to losses in these
machines.

Equation B.2 is valid only in the non-flux weakening region. At high speeds, during flux weakening mode
of operation, the copper loss is calculated by using the equation B.1. The stator resistance R, is calculated by
dividing the copper loss value in the non-flux weakening region with the current value. The current calculation
is explained in chapter f. Using the calculated stator resistance and the changing current value, the copper
loss in the flux-weakening region is calculated.

3.1.2. Iron Loss

Iron losses are seen in the iron parts of the motor, particularly in the rotor, due to the presence of continuously
changing magnetic field. This ever-changing magnetic field can cause two types of iron losses namely, the
‘hysteresis loss’ and the ‘eddy current loss’.

Hysteresis loss comes from the energy utilised to continually magnetise and demagnetise the iron. This is
used to aligning and re-aligning the magnetic dipoles of the iron in the rotor [45]. This energy lost, even in a
good magnetically soft iron, will be very small but not zero.

The second loss called the eddy current loss is observed due to the generation of current in the iron as
a result of the changing magnetic field (Faraday’s law). These currents flowing through the iron core of the
electric motor causes heating of the iron. This loss is minimized by building a core with laminated thin sheets
of iron stacked together and bolted. A layer of paint is applied on the sheets to separate it from its neighbour
[45]. This increases the resistance of the iron thereby reducing the current flowing through it.

The iron losses are proportional to the frequency of the rotating magnetic field and the fundamental com-
ponent of magnetic flux. The hysteresis loss increases with the frequency as frequency determines the rate at
which iron is magnetised and demagnetised. Similarly, eddy currents also increase with the rate of the change
of magnetic flux. Hence at higher frequencies, the hysteresis loss and eddy current loss are high. The total iron
loss can be expressed using the Bertotti iron loss formula .3 which is the most common evaluation method
used for iron loss calculation [47].

Pfe = Ph t De + Pex = ChBrznf + CeB,%fz + Cexfl'SBr}iS (3.3)

where p,, corresponds to the hysteresis power loss, p, corresponds to the eddy current loss and p,.,, corresponds
to the excess loss. €, and C, are coefficients of hysteresis and eddy current losses. B, is the magnitude of
the magnetic flux and f is the frequency of rotational magnetic field.

In this case, the eddy current loss and hysteresis loss are simplified in terms of angular velocity of the motor.
The excess loss is not included in this study as a recent study [48] shows that individual contributions of eddy
current and excess loss cannot be separated. The excess loss factor is described in more detail in [49].

We know, the frequency of the rotational magnetic field is directly proportional to the rotational speed of the
rotor. Hence, the eddy current and hysteresis losses can be simplified as,

Eddy Current losses = kyqw? (3.4)

Hysteresis losses = kyw (3.5)

where k.4 and k;, are proportionality constants. In reality, k.4 and k; are not actually constants but they are
dependent on the strength of the magnetic field and other non-constant factors. The fundamental iron loss can
be explained as a function of rotational speed and both d-xis and g-axis currents [46]. It is also found that iron
losses can vary with non-sinusoidal field arising from various PWM techniques that may be implemented [44].
In PMSM, the iron loss values are not as varying as other motors such as separately excited DC motors [45].

3.1.3. Friction and Windage Loss
The friction loss is the loss due to the friction in the bearings of the motor. The friction torque that contributes
to this loss is generally a constant value and usually negligible. The windage loss is due to the wind resistance
experienced by the rotor. The wind resistance forced usually increases with the square of the speed.
The power loss from these two resistive torques is calculated by multiplying with the angular velocity and hence
the following is obtained,

Friction loss = Trw (3.6)
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Windage loss = k,, w3 (3.7)

Here, T is the friction torque and k,, is constant which is obtained from the size and shape of the motor and is
also dependant on the presence of a cooling fan.

3.1.4. Constant Loss

Constant losses are the losses in the motor even when the motor is stationary. These losses are independent
of torque or speed of the motor. They arise as an effect due to the operation of power electronics at all time [45].
These losses also known as additional losses are related to the high frequency harmonics from the inverters.
This loss can be represented with the letter C. Combining all the losses described above, the total loss equation
can be written as follows.

Total losses = k.T? + keqw® + kpw + Trw + ky,w® 4+ C (3.8)

Here, since both the hysteresis loss and the friction loss are proportional to the angular speed, they can be
combined into one term for modelling. Also, as the inverter losses are taken into account and separately
calculated, the constant loss C is neglected. Hence the above equation can be rewritten as

Total losses = k.T? + kpw + koqw? + k,, @> (3.9)

3.1.5. Efficiency

The efficiency of the motor is the ratio of the output power by the input power and the input power in case of a
motor is the sum of output power and its losses.

_ output power output power
™ input power  output power + total losses

_ Tw
" Tw+ k. T? + kpw + kegw? + kyyw3

Thm (3.10)

This equation will give us an estimate of the efficiency of the motor used in the BEV and help us draw efficiency
maps. These maps give us an insight into the motor performance when used in the powertrain of the medium-
duty or heavy-duty BEVs. Such information can be used further in future works for motor design to improve the
efficiency by precisely identifying the loss contributing factors in a motor. The loss constants in this efficiency
equation are determined from experiments or by regression using measured values of efficiency [49].

When the motor runs as a generator during regenerative braking, the input power is provided by the rotor
of the PMSM. The output power is the electrical energy which flows through the inverter and recharges the
battery. As both the input and output power is different during braking, the generator efficiency (n,) formula
becomes -

output power  output power — total losses

9 = Tinput power input power

Tw — (kcT? + kpw + kegw? + kyw?
o = w — (k¢ h@ ed®W ww>) (3.11)
9 Tw

3.2. Calculation of Loss Constants

The efficiency map is built using the above formula with only torque and speed values. The loss constants are
unknown and needs to be identified. Hence, arbitrary values are taken as used in [45] as a point of reference.
This helps in estimating a range of values for each loss constant.

A reference efficiency map of the electrical motor drive (motor + inverter) used in DAF CF Electric is obtained
from the department of DAF Product Development. This efficiency map, taken as the reference map, is matched
with the efficiency map that is built using the above efficiency formula. In order to obtain an efficiency map closer
to the actual map and to estimate the motor losses accurately, two algorithms were experimented.

In the first method, an iterative approach was taken in which a MATLAB script is used to iterate over a range
of all possible loss constant values and compare the plots. In the second method, an evolutionary algorithm
based optimization method was used called the particle swarm optimization (PSO) method to obtain the loss
constants with minimal computational requirement. The following sections explain the two algorithms in detail.
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3.2.1. Iterative Algorithm

In this algorithm, a straightforward approch is taken to calculate the efficiency map by plugging in different values
for the loss constant. Firstly, two arrays are defined for torque and speed based on the operating range of the
motor. Using these arrays, a matrix is built containing the product of the torque and speed which corresponds
to the output power.

Four variables are then initialised for copper loss constant (k.), eddy current loss constant (k.4), hysteresis
loss constant (k;,) and windage loss constant (k,,). Using equation B.10, the efficiency of the motor at different
values of torque and speed are calculated and stored into a resultant matrix. However, it is to be noted that the
reference efficiency map is the combined efficiency of the motor and the inverter. Hence, the inverter efficiency
is calculated as explained in chapter 4 and it is combined with the motor efficiency map by multiplying the two
matrices. The values of this product matrix at locations where the output power exceeds the motor’s maximum
output power, i.e. 240kW, is forced to zero.

The accuracy of match between this calculated product matrix and the reference matrix is then estimated
by performing an element-wise comparison and ensuring that the difference in efficiency is below 0.5%. The
accuracy of these maps to the reference map is estimated in each iteration with different values of k., ky,, k.4
and k,,.

Running the script for various ranges of the loss constant values, the maximum achievable accuracy is es-
timated. The k., kn, k.4 and k,, constants, for which maximum accuracy is achieved, are chosen for the final
efficiency map. The chosen loss constant values are as follows:

k. = 0.0018
ky = 14
keq = 0.0036
k,, = 1.8 x 1075

It is found that a resultant efficiency plot has a 71.5% perfect match with the reference efficiency plot. This
number is only a measure based on the difference between the two maps. This is further explained in section
B.3. This means that the motor losses obtained from the model are close to the actual losses experienced by
the motor during operation.

3.2.2. Particle Swarm Optimization (PSO)
Particle Swarm Optimization (also known as PSO) is a simple yet very powerful optimization algorithm which
utilises only primitive mathematical operators making it computationally faster without much memory require-
ment [50]. For the same reason, this algorithm is being successfully applied in various fields such as machine
learning, image processing, data mining, etc.

A PSO algorithm has a population (called swarm) of candidate solution (called particles). This computational
method tries to improve the candidate solution by continuously moving the particles in a search space according
to few mathematical formulae which helps determine its new position and velocity in the search space [51].

Working of PSO

The working of the particle swarm optimisation technique explained in this section, is also represented in a
flowchart in figure for clear understanding. In this optimisation technique, a swarm of candidate solutions is
positioned arbitrarily in a search space. The search space is a set of all possible solutions for the optimization
problem. In this case, the optimization problem is to maximize the match between the efficiency map plotted
using the loss constants and the reference efficiency map. The swarm is the four loss constants of the motor
and all possible solution for these loss constants make up the search space.

Let a vector x;(t) denote the position of particle i in time step t. Here, x,(t) will represent k., x,(t) will
represent ky, x3(t) will represent k.d and x,(t) will represent k,,. Each of the particle will have a velocity
associated to it along with its position denoted by v;(t). Velocity defines the movement of the particle in the
search space which includes direction, distance and step size. In this technique, the particles interact with each
other to find the best solution.

By defining the mathematical model of the motion of the particle in PSO, an optimisation tool is developed to
find the optimal candidate solution. In addition to the position and velocity of the particle, a memory element is
also introduced to save its own best position (personal best, pbest). Along with pbest, another memory element
is added to record the common best position of the whole swarm which is denoted as global best (gbest).

The mathematical model is defined by simply updating the position and velocity of each of the particle.
The direction in which the particle is made to move is a vector sum of three vectors: the vector parallel to the
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previous velocity of the particle, the vector parallel to the direction to the personal best and the vector parallel to
the direction of the global best. Thus the particle is made to move to a new position which is probably a better
location as it utilises the information of both pbest and gbest.

The mathematical model of motion of PSO can be described as follows. One of the equations that is simpler
is the equation for updating the position of the particle and it can be described as

x(t+1) =x, +vt+1) (3.12)

where,
v;(t + 1) is the new velocity vector.
The equation for updating the velocity vector is given by equation B.13.

v (t + 1) = wy(t) + ricq (pbest;(t) + x;(t)) + ryc, (ghest(t) — x; (b)) (3.13)

where,

w is the inertia coefficient

r; and ry are uniformly distributed numbers in the range of 0-1

c; and ¢, are acceleration coefficient

wv; is the inertia term,

ricq (pbest;(t) + x;(t)) is know as the cognitive component and

¢, (ghest(t) — x;(t)) is known as the social component.

Inertia term, cognitive component and the social component combined gives the new velocity vector. All the
particles in the swarm are garunteed to follows these two equations.

Initialise population (No. of particles =
50) with random position and velocity

Y

For each iteration (100)

y

For each particle x

Y

Evaluate fithess function

¥
If fitness(x) > fitness(ppes: ),
then ppese = x
¥
If fitness(ppest) > fitness(gpest ),
then gpest = Ppest
¥
Update velocity
¥
Update position

Is it last
particle?

Yes

Is it last
iteration?

Yes

Figure 3.1: Flowchart of PSO Algorithm [52]
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Cost Improvement Curve
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Figure 3.2: Cost Improvement Curve for 5 sample runs of PSO Algorithm
PSO Results

The program written to implement the particle swarm optimisation has a total of 100 iterations with a swarm size
of 50 particles. Upon execution, the particles are randomly positioned and the cost function is calculated for
each iteration. Depending on the number of iteration, the swarm converges to the most optimum cost function.

To observe the randomness of the initialisation and convergence of solution, the program is repeatedly run
for 5 times. Each of the run will be refered to as sample. For each sample, a graph of cost value vs iteration
is plotted. The figure B.2 show the cost improvement curve for the five sample runs of the code. It can be
observed that the initial value of cost is scattered and random in each sample run. Towards the end of the
iteration, the cost values converge to a common optimised value.

The closeness of the resultant efficiency plot to that of the reference efficiency plot is about 71.79% with
a maximum permissible error of only 0.5%. Thus, the accuracy of both the algorithm is approximately the
same. However, a major difference is seen in the computational time. This algorithm reduces the run time
drastically. The iterative algorithm computes the loss constants in the range of 8-10 mins. Whereas, PSO
algorithm requires less than a mins. Hence, PSO algorithm is advantageous for this application. The final
values of each of the loss constants are selected based on the sample with the highest best cost value. The
results obtained are as follows:

k. = 0.001882
ky = 14.7255
keq = 0.003641
k,, = 1.7761 x 1075

3.3. Motor Efficiency Map

With the results from the MATLAB script, the motor efficiency map is plotted against torque and speed of the
motor as seen in figure B.3. The values of torque and speed that produce higher efficiencies are highlighted in
yellow and lower efficiencies tend towards the blue spectrum.
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Figure 3.3: Calculated Efficiency Map of the ELFA motor used in the powertrain

For further insight into the accuracy of the plot obtained, an error map is plotted by calculating the difference
between the reference efficiency curve and the calculated efficiency curve. This contour plot, as shown in figure
B.4 gives insight into locations at which the estimated losses will not be equal to real world. From figure B.4, we
can see that the accuracy is poor only at very low speed and low torque region. This can be explained due to the
fact that the loss constants exhibit more variations and this non linearity cannot be addressed by the simplified
efficiency equation used. Finite element analysis will help obtain result address this issue. Unfortunately,
sufficient information about the motor was not available to execute this analysis.
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Figure 3.4: Curve showcasing the difference in the calculated efficiency map and the reference efficiency map

Figure .5 shows the motor efficiency map along with the points of motor operation at different torque and
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speed values in one drive cycle. This gives information on the most frequently operated efficiency regions in one
driving cycle. The driving cycle considered here is the real-world drive cycle data obtained from the company’s
field test results. Such plots can be useful during the selection of motors for different trucks based on their
operation. For example, a groceries distribution truck and a garbage collection truck will have different driving
cycles and that gives different operating points in their corresponding drive cycles of operation. Various medium-
duty and heavy-duty BEVs are used for various purposes and on the grounds of optimising their performance,
such approaches can be taken in the design phase provided motor efficiency curves are available.
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Figure 3.5: Efficiency map including the motor operating points in company provided drive cycle

3.4. Regenerative Braking

Regenerative braking is one of the key features of an electric vehicle that determines the range of the vehicle.
In medium and heavy-duty vehicles, due to the larger inertia, the kinetic energy of these vehicles is very large.
The kinetic energy that is dissipated during braking can be recovered in an electric vehicle due to the motor’s
inherent ability of regeneration. The cooperation of the frictional brakes and the regenerative brakes is called
torque/brake blending and it is an important aspect in EV design to eliminate driveline disturbances [63]. The
regenerative torque is calculated using the formula,

Pgen

Tregen =

” (3.14)

where, Py, is the maximum power the motor is able to generate in generator mode and w is the angular velocity
in rps. After calculation of T,.. 4., the serial braking strategy is followed to perform brake blending.

3.5. Brake Blending

There are two kinds of braking strategies used to implement brake blending and they are serial and parallel
braking strategy. The difference between the two types is studied in [54] and the following conclusion is made.
Parallel braking strategy, seen in the left side of figure [3.6, is a simple braking strategy where the brake force,
when brakes are applied, is distributed uniformly between the friction brakes and regenerative brakes.

Whereas, the serial regenerative braking strategy (right side of figure B.6) is implemented in such a way
that when the brakes are applied, the total brake force is first sent to the regenerative brakes and only when
excess brake force is demanded, friction brakes are applied. Even in frictional braking, brake at the non-drive
axle is applied first before the drive axle brake is applied. The yellow colour represents the regenerative area
while the red coloured area represents the brake force split between the friction brakes depending on the brake
pedal input.
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Using this strategy, the fuel efficiency can be increased by 15-30% [54]. This gives maximum utilisation of
the regenerative brakes. The small yellow portion at the bottom, in figure B.6, which reads compression regen
refers to regeneration when accelerator pedal is released and the truck coasts in the absence of brake pedal
input.
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Figure 3.6: Comparison of Parallel and Serial Braking Strategy [54]

The BEV is driven at the rear wheels which means the motor is attached to the rear wheels. This implies
that maximum kinetic energy should be retrieved from the rear wheels during braking. In this model, the braking
torque is divided between the front and rear wheels in a ratio of 30:70. This fraction is taken as an assumption
for brake force distribution [54].

3.5.1. Maximum Braking Force
A PI controller is used to determine the amount of drive torque and brake torque that is required to make the
truck follow the reference speed profile. These signals are taken as the input from acceleration pedal and
a brake pedal. The acceleration pedal is fed as an input to the motor and the brake pedal value is used to
calculate the amount of the brake force that is to be distributed between the motor and the friction brakes.
The maximum brake force is calculated based on the equation as seen in [65]. This value is multiplied
with the percentage of the brake pedal signal that is applied to get the required brake force. This brake force
is then distributed between the regenerative brake and frictional brakes using the serial regenerative brake
blending strategy.

Maximum braking force, F, max = C-Mepyck g (3.15)

where,
C, is the coefficient of friction, M., is the mass of the truck and g is the acceleration due to gravity.

3.5.2. Serial Regenerative Braking Strategy

The distribution of the braking forces in serial braking is executed as shown in the flowchart B.7. Firstly, the state-
of-charge (SoC) is checked if it is lesser than 90% and if not, then the battery is not recharged via regenerative
braking to prevent degradation of the battery. Recharging the battery at high voltages can affect the ageing of
the battery.

This SoC limit is usually selected after testing as there is a trade-off between vehicle range and battery life.
Using regenerative braking in the entire range of SoC can help improve the range of the vehicle but degrades
the battery faster. The normal operating range of SoC in an electric truck is usually taken as 10-90%.

If SoC is less than the maximum recharging limit of 90%, then it is checked if the entire braking forced
required can be given by regenerative braking. If that is the case, then the entire braking force is provided by
the regenerative braking in the front wheels. If not, it is checked if 70% of the required braking force can be
provided by regenerative braking. If yes, then 70% of the total braking is provided by the regenerative braking in
the rear wheels and remaining 30% is provided by the front friction brakes. If none of the conditions is satisfied
then the extra braking forces required in rear wheels apart from the regenerative braking is provided by rear
friction brakes and 30% of the total braking is provided by the front friction brakes.
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Figure 3.7: Serial regenerative braking flowchart [64]

Another important condition is also taken in the regenerative braking strategy. When the speed is less than 5
km/h, the regenerative braking is not utilised for two reasons. One is that at low motor speeds, the electromotive
force that is generated is very low leading to charging of cells at low voltages and high currents [20]. Secondly,
at low speeds, the charging and discharging cycles are very short. This leads to the phenomenon of ‘micro-
cycling’ which arises due to the continuous change of direction of the high currents and this affects the lifetime

of the battery pack [56].



Inverter Modelling

Power electronic inverters form a fundamental part in the propulsion system converting the DC power flowing
from the battery to AC power for motor operation. During this conversion, some amount of power is lost at the
semiconductor switches which enable this conversion. The inverter model comes in-between the motor model
and the battery. The output signal from this model is the power drawn by the battery and this will help in using
this model for testing the battery packs in future.

In this chapter, the following approach is taken to model the inverter losses. Firstly, an ideal inverter topol-
ogy suitable for the heavy-duty BEV application is chosen and the power electronic switch used is selected.
Secondly, the approach taken to calculate the inverter losses is discussed. Finally, the efficiency map and
various losses are plotted for the designed powertrain model.

4.1. Inverter Topology

The most widely used inverter topology for all the battery electric vehicle (BEV) application is 2-level 3-phase
inverters. As the powertrain of the medium-duty/heavy-duty BEV runs on high voltage, these inverters are
designed with IGBT switches. This is mainly because IGBTs are more capable of handling higher voltages
than MOSFETs [24]. All the commercially used inverters in large BEVs use IGBT switches for their application.

Aninverter model is added in the powertrain to analyse the losses experienced by the semiconductor switch-
ing devices on a system level. The two main losses experienced by these power devices are conduction losses
and switching losses.

As the Siemens ELFA system motor drive is chosen, the inverter used in this system is to be modelled.
Some information that is available of the inverter are the input DC voltage rating, rated and maximum cur-
rent and power values, and the switching frequency. The inverter specification is not showcased here due to
confidentiality reasons. Based on the rating, the IGBT switch and diode is to be selected. The pulse width
modulation (PWM) scheme used in this system is also unknown. Hence, for simplicity, sinusoidal PWM is
assumed.

4.2. Switch Selection

Considering the application and the available specification of the inverter, an IGBT and freewheeling diode is
selected that is most compatible with the ratings of the actual Siemens ELFA inverter. Semikron International
had collaborated with Siemens to provide the semiconductor switches to build their motor drive systems [57]].
Based on this collaboration, various Semikron International power devices were compared to select the most
compatible IGBT module comprising of both an IGBT switch and a reverse recovery diode.
The peak voltage and current rating of the IGBT module are selected based on the maximum dc voltage
Vi max @nd the maximum output current I, ,,,, at maximum loading [58]. The output current I, ,,,4, is considered
to be purely sinusoidal wave as the motor windings have large inductance. Therefore, each IGBT module would
be desired to have the following rating:
Vr = Vamax (4.1)

Ir = \/Elo,max (42)

where V; 1,45 is the DC bus voltage, and I, 4, is the rms value of the maximum inverter output current. The
IGBT voltage rating is chosen to be above 900V as the DC voltage level is 650V. A margin is maintained in the
case of increased battery voltages during braking or IGBT turn-off voltage peaks [568]. Also, when the battery

23



4. Inverter Modelling 24

is fully charged, the voltage of the battery is slightly >750V. From the above equation, the current rating of the
switch can be taken as 600A.

The SEMIKRON SKiM600GD126DLM IGBT module is selected for this application as it fits perfectly with
the required specifications of voltage and current [59]. As per the information from the datasheet, this IGBT
module is typically used for three-phase inverters for AC motor speed control. The frequency of the inverter
operation is taken to be 6 kHz from the frequency range mentioned in the inverter datasheet. For the calculation
of the total energy lost from each IGBT module during the operation, various parameters are required and the
values of these parameters can be extracted from the datasheet of the IGBT module.

A more promising technology is arising in which the IGBT switches are built using SiC semiconductor ma-
terial. It claims to decrease the losses by more than 2 times [60]. However, they are not actively used in
commercially available high voltage applications. SiC MOSFETs are currently gaining traction in various elec-
tric vehicle inverters [61].

4.3. Inverter Loss Calculation

The conduction and switching losses of both IGBT and diode are modelled as in [62] with the assumption of
ideal sinusoidal PMW three-phase voltage. This is then further scaled to estimate the total inverter losses and
efficiency.

Losses in the driver circuit and parasitic inductance or capacitance are assumed to be negligible. On-state,
turn-on and turn-off losses are considered for IGBTs and the on-state and turn-off (reverse recovery) losses
are considered for diodes. The reverse blocking losses of the IGBTs and the turn-on losses of the diodes are
assumed to be negligible. The diodes are assumed to have a fast diode turn-on process and hence the turn-on
losses are neglected in the following method.

Itis to be noted that parameters such as junction temperatures, load current and duty cycle vary with respect
to the fundamental frequency of the AC signal (e.g. 50/60 Hz) [62]. Owing to this, the switching losses and
on-state power dissipation of IGBT and diode are not constant. For precise results, in-depth analysis of system
losses will be required. In this analysis, the following assumptions are made

+ IGBT and diode switching times are neglected
+ Junction temperatures are assumed to constant throughout the operation
* Linear modulation

« Switching ripples of the AC current signal is neglected

4.3.1. Conduction losses
Conduction losses occur during static operation of the switches. The power electronic components can be
modelled by their forward characterization neglecting the dynamics. It is modelled as a function of constant
voltage drop and on-state resistance in a linear fashion [62]. This gives a good representation of the switch’s
forward characterization.

Pas = Vgslas + Roniés (4.3)

where Py, is the power drop between the drain and source of the switch, V;, is the voltage drop between drain
and source, iy, is the current flowing through the drain and source and R,,, is the on-state resistance.

In PWM inverters, the inverter conduction losses depend on the duty cycle which is further dependent on
the modulation index (m,), phase delay (¢) and electrical angle (6) also. The duty-cycle D of a pulse of a
sinusoidal PWM signal is calculated as follows (D=1 when D>1) [63]

D= % (1 4+ mgsin(6 — ¢)) (4.4)

Each phase of the inverter has sinusoidal current and voltage signals flowing through it. Hence, the con-
duction loss can be calculated by finding the product of these signals and duty cycle over a phase period (0-r)
for one cycle (2m).

1 (" ) ]
Feonduction, IGBT = %f (Icpsin® X Veg(sqrysin® x D) d (4.5)
0

1 (" ) . 1 .
Peonduction, IGBT = %f <1cp51n9 X VeE(satysing X 3 (1 + mgsin(6 — (15))) ao
0



25 4. Inverter Modelling

where I¢p is the peak collector current and Vi (sq) is the collector-emitter saturation voltage. The peak
collector current is the same as the peak value of the AC phase current and the collector-emitter saturation
voltage is equal to the on-state threshold voltage [63].

Simplifying the above the equation, the average on-state loss of an IGBT can be written as

1 mgcos(¢) 1  mgcos(9)
Peonduction, IGBT = (E + aT) Vinlm + (g + aT Ronlh, (4.6)

where 1}, is the on-state threshold voltage, I, is the peak value of the AC phase current and R,,,, is the on-state
resistance. Both 1}, and R,,, are dependent on temperature [64].
The freewheeling diode loss model can be represented as follows

Pf = V}oif + Roni% 4.7)

where V;, is the constant voltage drop of diode, if is the current flowing through the freewheeling diode and
R, is the on-state resistance of the diode. The forward conduction loss of freewheeling diode is calculated is
the same way. The duty cycle of a pulse of a PWM signal given by (D=0 when D < 0)

1
D= 3 (1 —mgsin(6 — ¢)) (4.8)
Similar to the conduction losses of the IGBT, the diode conduction loss equation can be calculated and simplified
as
1 mgcos(¢) 1  mgcos(p)
Peonduction, diode = <§ - aT> Venlm + (g - aT Ronl%, (4.9)

The combined conduction losses contributed by the IGBT and diode in the IGBT module can be written as,
Pcond = Pconduction, diode T Pconduction, IGBT (4-10)
4.3.2. Switching losses

The equation can be used to estimate the average turn-on and turn-off switching losses per switching
period [65] [62].

5 I Ki v Ky
\ m DC
Pow = fow X Eonvorr 7 X <—mf ) " <vref> (U TCou (T = Trey) (4.11)

where f;,, is the switching frequency, K; and K, are the current and voltage dependencies of switching loss
respectively, I,, is the amplitude of the inverter current, V. is the DC voltage and V.. and ;.. are the reference
DC voltage and DC current respectively to which the energy lost correlates. TCj,, is the temperature coefficient
for switching losses (~0.003 1/K for IGBT and ~0.006 1/K for diode), T; is the junction temperature and T..f is
the reference value of temperature from the datasheet.

In this test, T; and T,..; are assumed to be the same. Hence the temperature component is neglected. The
Vier and I, are taken from the datasheet of the IGBT module. The current and voltage dependency values
are chosen as follows for IGBT and diode. For IGBT, K; = 1 and K, = 1.35 and for diode, K; = K, = 0.6
[65][62].

The energy lost during turn-on and turn-off E,,, , s of IGBT and reverse recovery E,.,. energy of diode are
taken from the datasheet for the loss calculation. However, they are not constant throughout the operation of
the inverter but are dependent on four factors [62]:

+ the rate of rise of commutation current di/dt or gate resistance (R;) of IGBT
« the DC link voltage (Vp¢)

« the forward current (I,;,)

* the junction temperature (T;)

In the datasheet, the energy lost vs R; and energy lost vs I,,, is provided in graphs which can also be used
for switching loss calculation. The table provides the relation of the energy loss with respect to collector
current obtained using the curve fitting tools.
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Collector Current I,,, (A) 100 | 200 | 300 | 400 | 500 | 600
Turn-on energy E,, (mJ) 10 18 |25 |35 |42 |52
Turn-off energy E, s (mJ) 15 |26 |40 | 54 | 68 80
Reverse recovery energy E,,. (mJ) | 8 12 18 20 22 23

Table 4.1: Data extracted from the datasheet of the IGBT module indicating the relation between turn-on, turn-off and reverse recovery
energy with respect to the collector current

Switching losses will also be contributed by gate pulses, a gate driver circuit and the commutation inductance
[63]. However, these aspects are considered negligible due to lack of information. Therefore, the IGBT turn-on
and turn-off switching losses along with the diode’s switching losses are individually calculated using equation
B.11. All the losses are added to estimate the total switching loss contributed by the IGBT module as a whole.

Psw = Pow, 1GBT (on) t Psw, IGBT (off) T Pow, diode (4.12)

The losses experienced by the power devices is modelled on only one module. As the inverter operation is
symmetrical, this is scaled to the other modules by multiplying with the number of modules as [64]. The total
power lost at the inverter P,,,, is given by the equation

By = 6% (Pcond + Psw) (4.13)

Furthermore, after substituting the on-state threshold voltage and resistance in the conduction equation, the
value of the AC phase current is to be calculated. The conduction losses are mainly contributed by the current
flowing through the switch and the switching loss is influenced by the frequency of the switching operation.

4.4. Current Calculation

The calculation of phase current is split into two parts as the current is not constant over the entire speed
range. The permanent magnet synchronous motor is controlled by using field-oriented control (FOC) technique
to achieve a wide speed range for traction application. There are two modes of control that is implemented in
FOC technique. They are

» I; = 0 control at low speeds

+ Field weakening control at high speeds

441.1; = 0 Control

This control technique is performed to maintain the maximum current in the quadrature axis (g-axis) of the
motor to achieve Maximum Torque per Ampere (MTPA). The current along the direct axis (d-axis) is maintained
at zero to push all the current in the g-axis and hence the name.

The FOC technique is implemented by transferring the three-phase varying currents in the stator frame to
dq synchronously rotating frame. This is achieved using the Clarke and Park transform. The main advantage of
this control is the ability to decouple the flux and torque and control them independently. Controlling the d-axis
current, the flux linkage with the stator can be adjusted and similarly controlling the g-axis current, torque can
be controlled. To achieve MTPA, I, is at maximum and /, is maintained at zero.

In this case, the maximum current from the inverter is assumed to be seen at the g-axis. Hence I, is taken

to be equal to the amplitude of the AC output current ‘/Elo,max which is also equal to the DC current drawn from
the battery.

4.4.2. Field weakening control

At speeds above the rated speed, the back emf of the motor becomes large due to which the MTPA control
strategy cannot be used to control the PMSM. The back emf of a PMSM is proportional to the magnetic flux ¢
and the rotational speed of the motor w [66]. When the back emf is larger than the stator voltage, the motor does
not draw current and hence the power becomes zero. Thereby, the PMSM fails to provide torque to increase
the speed of the motor.

The rising back emf needs to be reduced to reach higher motor speeds. To reduce the back-emf, the
magnetic flux of rotor magnets is to be reduced. However, this flux is not controllable. Hence, the air-gap flux
is weakened using the direct-axis current [67] and this control method is called ‘Flux Weakening’ control. Using
this control strategy, higher motor speeds can be utilised.
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Figure 4.1: Current (in A) plotted against motor torque vs speed

In this research, sufficient information is not available to calculate the d-axis and g-axis current during flux-
weakening control. Therefore, in this project, to calculate the amplitude of the current flowing through the
inverter circuit during this control, the motor torque constant and back-emf constant is used.

Torque constant, kr = (4.14)

amp
where, T is the motor torque and I,,, is the amplitude of the three phase current. For calculating current below
the rated speed, the value of k; is taken to be 6.33 as the peak motor torque 3800 Nm and corresponding
motor current is 600 A.

Below the rated speed, the torque constant remains the same. But at higher motor speeds, the current is
not linearly proportional to the torque due to flux weakening control. So, in this region, the back-emf constant is
used. In permanent magnet machines, the torque constant is numerically equal to the back-emf constant [68].
This constant is given by the formula,

|74
Back-emf constant, k, = %ted (4.15)

where, V.04 is the rated voltage of the motor and w is the speed of the motor.

Using the above equation, the back-emf constant can be calculated from the voltage applied and the motor
speed. Since this value is equal to the torque constant, it is used in the torque constant equation to
calculate the current amplitude as shown below.

T
lamp = © (4.16)
e
Using the above relations, the peak current drawn by the motor over the entire speed range is calculated
which is in turn used to estimate the inverter losses. Figure shows the calculated current values using the
above logic. The values also match with the expected current from the motor specification sheet.

4.5. Inverter Efficiency Map

With the help of the calculated losses, the total inverter efficiency is estimated across the range of motor torque
and speed to form an efficiency map. Efficiency is defined as the output power divided by the input power and
in this case, the output power is the power fed to the motor and the input power is the power from the battery
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Figure 4.2: Inverter Efficiency Map plotted against the motor torque vs speed

pack. The motor input power is taken as calculated in chapter § and the total inverter power loss is given by
the equation #.13. These data are used to calculate the inverter efficiency using the following formula.

_ output power motor input power
Minv = Snout power | motor input power + inverter losses

3 Tw + k.T? + kpw + keqw? + k,, 03
Ty = T + kT2 + kpw + Kog@? + kyy@®) + Py
Furthermore, the inverter efficiency changes when the vehicle is braking. This is because of regenerative

braking. During regeneration, the input power to the inverter is the power generated by the motor due to
generator action. The output power is the power fed to recharge the battery. Hence, the efficiency equation

can be rewritten as

4.17)

output power  regenerated power — inverter losses

Tinvg = Snout power regenerated power
_ Tw = (keT? + kpw + keq? + ky®®) = Py (4.18)
Tinv.g = " (kT2 + kpw + koq? + k) -

Using the above relationship, the efficiency map is plotted for driving region is seen in the figure #.2. Here, it
can be noticed that at higher speeds the inverter has higher efficiency due to the lower currents flowing through
the switches contributing to lower losses. However, at high starting currents, there is room for improvement of
efficiency.

The inverter efficiency map (in figure §#.17) is combined with the motor efficiency map to obtain the overall
ELFA motor drive’s efficiency map which is further used in the model to estimate the power loss which will be
closer to reality.

The following plots of the inverter losses are obtained by calculating individual switch losses and scaling it
up to an inverter level. It can be noticed that both the losses are directly influenced by the current through the
switches and this can be observed especially in the flux weakening region of the motor. The switching losses
and the conduction losses of the inverter built using the selected IGBT module are shown below.

The output signal from the model is sum of the power signal obtained from the motor model and the inverter
losses calculated in this chapter. Another power that is to be taken into account is the auxiliary power. Hence,
this value is added to the output signal of the inverter model to obtain the power drawn from battery during
driving or the power fed into the battery during regenerative braking.
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Figure 4.4: Inverter Switching Losses (in W) plotted against motor torque vs speed






Simulation Results and Sensitivity Analysis

In this chapter, the model is simulated repeated by varying different truck parameters based on the available
data and its influence of the energy efficiency on the BEV is tabulated. This analysis is summarised at the end
of the chapter to draw conclusions.

5.1. Sensitivity Analysis

Sensitivity analysis is the study of how uncertainties in the input of the model affect the output response [69].
This study helps in defining the relative importance of each input parameter to the model. To perform the
sensitivity analysis, a range of parameters are identified that have a significant influence on the energy efficiency
of a heavy-duty BEV [7Q].

Table lists the parameters taken for the sensitivity study and the default values taken for the simulation.
Some of these values of these parameters are mentioned in per unit due to confidentiality reasons. For example,
for this analysis, multiple values of aerodynamic drag are used. So, one value is taken as standard and other
values are converter to its per unit value as seen in table 5.2.

5.1.1. Aerodynamic Drag and Frontal Area

Aerodynamic resistance is one of the major contributors of resistive force at high velocities. It is directly pro-
portional to the square of the truck velocity. We know that the aerodynamic resistance can be calculated using
equation .9 as explained in chapter 3.

p
Faero = E X Cgq X Af X (vtruck)z

From this equation, it can be noticed that the product of coefficient of aerodynamic drag and frontal area di-
rectly contributes to this resistive force. This means that having an aerodynamic body for the truck can notably
improve the energy consumed at higher speeds. The aerodynamic resistance and rolling resistance losses are
pure energy losses, and they cannot be retrieved by regenerative braking unlike potential and kinetic (acceler-
ation) energy [[71].

For this purpose, three kinds of aerodynamic aids are used in these trucks to reduce the aerodynamic drag
coefficient and improve energy efficiency. Spoilers, fenders, and sideskirts as shown in are the different

Parameters Value
Aerodynamic drag x Frontal Area 1p.u.
Mass of the truck 25000 kg
Co-efficient of rolling resistance 1p.u.
Gear efficiency 1p.u.
Radius of the wheel 0.4748 m
Auxiliary System 12.5 kW
Minimum regenerative speed 0 km/h
Battery Pack 150 kW
Energy Density 268.4 Wh/kg

Table 5.1: List of parameters and the value taken as standard for the sensitivity analysis
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| qmm siceskirt

Figure 5.1: Different aids used to improve aerodynamics of the truck

Spoiler | Fender | Sideskirt | CdxA [m2] E"eiﬂzvﬁfﬂz:f'"cy . ;1';3,‘: ‘Ezrrn]
v v v 1 1.4514 103.35
Aerodynamic Drag v v X 1.04 1.4651 102.38
x Frontal Area v X X 1.14 1.5032 99.79
X X v 1.37 1.5909 94.29
X X X 1.41 1.6044 93.49

Table 5.2: Sensitivity Analysis of Drag Coefficient and Frontal Area

aerodynamic aids used. Based on the wind tunnel test data, different values of the product of drag and frontal
area are taken for simulation, and this is shown in the table below in per unit (p.u.) for confidentiality reasons.
The powertrain model is simulated, and the energy efficiency in terms of kWh/km for the different values are
tabulated.

From table 5.2, it can be seen that the most aerodynamic truck can achieve a range which is 10.55% more
than the least aerodynamic truck. A 10.55% range improvement is significant for medium-duty and heavy-duty
BEVs for both urban and long-distance distribution applications. This makes the product of the drag coefficient
and the frontal area key features in extending the driving range of the BEV.

5.1.2. Mass of the truck

Truck mass is a very sensitive parameter than has an immense influence on the range of the BEV. The mass
of a distribution truck in a city is continuously varying due to loading and unloading at various points. However,
based on the field data, an average weight that is observed in a distribution BEV is taken as a reference for the
sensitivity test.

The energy efficiency of the heavy-duty BEV at full load and no-load is then taken and simulated to under-
stand the impact the truck mass has on its range. The Gross Combination Mass (GCM) is the maximum weight
that the truck can carry, which is the combined weight of the truck and the trailer with a full load. The Gross
Vehicle Mass (GVM) is the total weight of the truck, including the driver, battery, and payload. Here, GCM is 37
tons, and the GVM is 9.7 tons. An intermediate weight of 25 tons is taken as the reference weight in simulations
throughout the sensitivity analysis.

Truck Mass | Energy Efficiency | Range for 150kWh
[ka] [kWh/km] battery [km]
Mass of the truck (Max GCM) 37000 1.8169 82.56
Mass of the truck (Partial Load) 25000 1.4514 103.35
Mass of the truck (GVM) 9700 0.8784 170.77

Table 5.3: Sensitivity Analysis of Mass of the Vehicle
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Co-efficient of Energy Efficiency | Range for 150kWh
Rolling Resistance [p.u.] [kWh/km] Battery [km]
C, (max) 1.36 1.6522 90.79
C, (std) 1 1.4514 103.35
C, (min) 0.73 1.1796 127.16

Table 5.4: Sensitivity Analysis of Coefficient of Rolling Resistance

Gear Efficiency | Energy Efficiency | Range for 150kWh
[% p.u.] [kWh/km] battery [km]
Actual 1 1.4514 103.35
+2% 1.02 1.4304 104.87
+5% 1.05 1.4006 107.10

Table 5.5: Sensitivity Analysis of Transmission Efficiency

From table b.3, it is observed that a decrease of 12 tons from full-load can improve the range by 25.18%.
For comparison, a weight of 1000 kgs was deducted from the vehicle mass of 25 tons, and the model was
simulated. An improvement of 5.47% in range was observed in a change of just 1000 kgs. From this, we can
see that the range is very responsive to the truck mass. Hence, the real-time energy efficiency can be expected
to be better than the simulated efficiency due to constant loading and unloading of the payload.

5.1.3. Coefficient of Rolling Resistance

Coefficient of rolling resistance is a critical parameter that has a direct influence of the rolling resistance ex-
perienced by the vehicle. Various factors can affect this coefficient. Some of them are the properties of the
tyres, vehicle driving speeds, weather conditions and the road surface. The road surface includes stiffness and
macro-texture of the asphalt [[72][20][7Q]. The rolling resistive force is caused by the hysteresis effects during
deformation of the tyre on a hard surface [20]. Some factors that affect the deformation are the type of tyres,
surface temperatures and inflating pressure.

A standard method for the measurement of the coefficient of rolling friction has not been established [[70]
and hence, researchers assume different values for C,.. According to the data collected by the company, a
range is selected for the rolling friction coefficient for the heavy-duty BEV. This range is applied in our study in
per unit (p.u.) in the table below, and simulation is run to observe the change in range achieved.

From the table B.4, it is seen that when the coefficient of rolling resistance is at its maximum value, the range
of the BEV decreases by 12.15%. However, when the coefficient of rolling resistance is at its minimum value,
the range of the BEV increases by 23.04%. This considerable variation in the range for small variations in the
coefficient of rolling resistance makes it a highly sensitive parameter.

5.1.4. Transmission Efficiency

The mechanical power losses experienced by the powertrain also influences the range of BEVs. It is for the
same reason that most electric vehicle manufacturers prefer to use a fixed reduction gear and differential. This
design has reduced transmission losses since only one gear and differential is involved, and it also requires
almost negligible maintenance.

The efficiency of transmission systems is generally considered to be a fixed value; however, it varies as
the torque and speed vary [73]. To predict the loss and to calculate the efficiency of the drivetrain at different
running conditions, it is necessary to build a dynamic model.

The drivetrain losses can be classified into two types: torque dependent losses and torque independent
losses. The torque dependent losses arise from the rolling and sliding movements of the mechanical parts
such as gears and bearing. Torque independent losses are also known as speed or spin losses, and they
arise from the lubrication method. Some examples of such losses are windage and oil churning losses. These
losses are seen due to the air and oil surrounding the gears [73]. Modelling all these losses would require
a fluid-mechanics based model which is a considerably more difficult task. Hence, a significant amount of
research is based on dimensional analysis or experimental data.

In this model, the data provided by the company is directly used; hence losses are not individually calculated
forimprovement recommendation. In this sensitivity study, the primary focus is on investigating how much range
improvement can be achieved by improving the efficiency of the transmission system.

In table B.5, two cases along with the actual value of transmission efficiency is chosen in p.u. It can be seen
that a 2% improvement in the driveline efficiency can increase the range up to 1.5%. For improvement of 5%
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Auxiliary System | Energy Efficiency | Range for 150kWh
[kW] [kWh/km] Battery [km]
5 1.1527 130.13
12.5 1.4514 103.35
20 1.7501 85.71

Table 5.6: Sensitivity Analysis of Auxiliary System

Minimum Regenerative | Energy Efficiency | Range for 150kWh
Speed [km/hr] [kWh/km] battery [km]
0 1.4514 103.35
5 1.454 103.16
10 1.4622 102.59
15 1.4761 101.62

Table 5.7: Analysis of Minimum Regenerative Speed

in the transmission efficiency and improved range of up to 3.6% can be obtained. Hence, it is recommended
to explore options to improve transmission efficiency in future work.

5.1.5. Auxiliary System

The auxiliary system is a core part of all vehicles, and the power drawn by this system has a dramatic impact
on the range of the BEV. Energy consumed by the auxiliaries varies depending on the external conditions such
as illumination, temperature, etc. and driver behaviour [70]. Some of the units in the auxiliary system are
AC compressors, coolant pump, power steering, power brakes, and other miscellaneous factors like lights,
infotainment system, power-assisted seats, windows, locks, etc.

In [[74], the auxiliary system used by Scania is studied to model and control the auxiliary loads. From this
study, based on the minimum and maximum of the power consumed by auxiliaries, a range of 5kW to 30 kW (of
power consumption) is seen. Further research seen in [73], verifies methods for reducing the energy utilisation
by optimised control of the auxiliary system and selection of energy-efficient components with a Scania hybrid
fuel cell concept bus. In this study, the power consumed by auxiliary is limited to 20 kW over the driving range.
Hence, for this sensitivity analysis, the energy efficiency of the powertrain is examined over a range of 5kW to
20kW of power consumed by auxiliary subsystem.

From table .6, it is seen that using minimum power of 5KW for auxiliary can give a range improvement of
25.92%. However, when up to 20kW power is continuously utilised by the auxiliary system, the range is seen
to decrease by 17.06%.

5.2. Regenerative Braking

As we know, regenerative braking plays an essential role in improving the range of BEVs by recuperating the
kinetic and potential energy that is lost during braking. Heavy-duty BEVs have very high potential energy that
can be recovered during braking which makes optimisation of regeneration more critical. In this section, the
regenerative model and the parameters associated are analysed to reflect their effects on the electric vehicle’s
range.

5.2.1. Minimum regenerative speed

The minimum speed for regeneration is chosen as a factor that is considered for observing the range of the
BEV because of the effect it has on cell ageing. From figure B.5 in chapter 3, it is observed that the operating
points of the motor are clustered at low speeds. This causes very short charging and discharging cycles of
the battery pack at high currents which leads to 'micro-cycling’ that affects the lifetime of the battery pack [56].
Also, at low motor rotational speeds, electrical machines generate low electromotive force thereby charging the
battery pack at low voltages [20].

For the above reasons, a minimum speed limit is to be defined by analysing its effect on the ageing of Li-ion
cells. For understanding the influence of the value of minimum regenerative speed on energy efficiency, the
model is simulated for different speed limits. The range of this parameter is taken between 0 and 15 km/h
following the study in [[70].

From the table B.7, it can be observed that the minimum regenerative speed limit have minimal effect on
the energy efficiency of the BEV. Setting a 5 km/h limit only decreases the range by 0.15%, which is negligibly
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. Energy Efficiency | Distance for 150kWh
Braking Strategy [kWh/km] battery [km]
Parallel Regenerative Braking 1.66 90
Serial Regenerative Braking 1.45 103

Table 5.8: Sensitivity analysis of different regenerative braking strategies

small. However, a higher speed limit of 15 km/h decreases the range by 1.64%, which is a considerable amount
of potential energy lost. Hence, optimisation of this value to improve the lifetime of the battery can be done
without the concern of having an impact on the range.

5.2.2. Maximum SoC for regenerative braking

The maximum limit of SOC for regenerative braking is an important parameter that is to be considered in the
regenerative braking strategy. The reason why the recuperation of energy is limited during braking at high SOC
of the battery pack is to prevent overcharging due to high voltages.

Charging of the cell above the cut-off voltage prescribed by the manufacturer is defined as overcharging.
Overcharging increases the capacity by a small amount but the cycle life is affected at later stages [76]. Var-
ious other effects due to overcharging of the cell mentioned in [76] are temperature rise, increase in internal
resistance, decomposition of binder, etc. Excessive heating of the battery also increases the heat rejection
requirement of the cooling system.

As the battery model is not included in the model, the effect of limiting regenerative braking is not studied.
However, it is highly recommended to study this parameter during the testing of the battery pack.

5.2.3. Difference between Serial and Parallel Regenerative Braking
In the simulation results in this chapter, the serial regenerative braking strategy is implemented. To understand
the difference between the two regenerative braking strategies discussed in chapter 8, both the strategies are
implemented, and the energy efficiencies that were achieved are tabulated.

From the table 5.8, it can be observed that up to 14.53% improvement in the range is achieved just by using
the appropriate braking strategy.

5.3. Radius of the wheel

The radius of the wheel is an important aspect of a powertrain design. The wheel size influences selection of
motor, transmission gears, rolling resistance, etc. In this section, the focus will be on the impact of change in
wheel size on the range as per the current design on the powertrain. There are a few differences that can be
observed in the performance of the vehicle based on the size of the wheel.

In terms of handling, smaller wheels have an advantage over the bigger wheel as each rotation covers
a shorter distance. In most vehicles, bigger wheels mean better grip and stability due to the wider contact
path leading to improved performance, especially during cornering [77]. Additionally, a bigger wheel in the
powertrain also increases the speed range of the vehicle. An increase in speed range is seen because the
maximum speed that the motor operates when the wheel size is increased reduces, which opens up more
speed range of the motor that can be utilised. The simulation results, seen below in figure 5.2, showcase the
operating points of the powertrain with changes only in the wheel radius. These results are discussed further
below.

An obvious disadvantage in installing bigger wheels is that it will increase the overall weight of the vehicle.
As the increase is weight to the overall weight of the truck is negligibly small, this change is not incorporated
in the simulation results. However, it is to be noted that a larger wheel will have more inertia than a smaller
wheel and hence, more torque is required to achieve the same level of acceleration. During deceleration, this
will account for a reduction in the braking distance, which is advantageous for heavy-duty vehicles. Another
factor acting to the disadvantage of bigger wheels is that these wheels tend to have higher rolling resistance
[78][I77]. As seen earlier, the coefficient of rolling resistance has a significant effect on the range and energy
efficiency.

To observe the effect of the wheel size on the energy efficiency, few wheels currently used in the truck model
taken are used. Table B.9 shows the energy efficiencies achieved for different wheel sizes. It is seen that the
more range can be achieved with bigger wheel radii. As we know, the bigger wheel has more inertia, and the
torque required for acceleration is higher compared to a smaller wheel. So, the losses are expected to be higher
as higher current is needed by the truck with a bigger wheel for high torques. To understand the operation, the
motor operating points are obtained by simulating the model for two-wheel radii and plotted against the motor
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Radius of the | Energy Efficiency | Distance for 100kWh
wheel [m] [kWh/km] battery [km]
295/60R22.5 0.4627 1.4567 102.97
295/80R22.5 0.5217 1.3315 112.65
315/60R22.5 0.4748 1.4514 103.35
315/70R22.5 0.5062 1.3643 109.95
315/80R22.5 0.5377 1.3259 113.13

Table 5.9: Sensitivity analysis of different wheel radii
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Figure 5.2: Operating points of the motor in one drive cycle with two different wheel radius

torque and motor speed, as seen in figure 5.2. The bigger wheel represents the wheel 295/80R22.5 of radius
0.5217 m, and a smaller wheel represent the wheel 315/60R22.5 of radius 0.4748 m.

From the figure 5.2, it can be seen that the operating points of the motor in the powertrain with bigger wheel
are at lower speed and higher torques compared to that of the powertrain with smaller wheel size. This signifies
that there is a considerable difference in the losses in motor drive. All the motor and inverter losses are obtained
for both wheel sizes, and a bar chart is plotted in the figure .4 for easy understanding. It can be seen that the
major difference is in the losses contributed by the motor.

From figure 5.3, the following conclusions can be derived. The loss components that are directly dependant
on the speed of the motor such as hysteresis, eddy-current, and windage loss are reduced when a bigger wheel
is used. As expected, the copper losses increase for the bigger wheel as higher torque/current is drawn from
the motor. It is to be noted that the copper losses caused by high currents contribute to high temperatures in
the electrical machine thereby putting stress on the cooling system.
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\ \ I
10+ 9.555 I Wheel of radius 0.4748 m
é 8.696 Il Wheel of radius 0.5217 m
EE i
@ 6l 5.769 |
o
—
> 4 —
(=2
2,
W 0.645 0.534
0
Copper Loss Eddy Current Loss Hysteresis Loss Winding Loss
os Inverter Losses for two wheel radii
. T
— I Wheel of radius 0.4748 m
s 2r Il Wheel of radius 0.5217 m H
<
T‘g/ 1.5 -
it
> 1 N
<
£05 .
0
Switching Loss Conduction Loss
Figure 5.3: Comparison of the energy lost due to the individual motor and inverter losses with two different radii for the wheel
18 Motor and Inverter Losses for two wheel radii
I
Bl Wheel of radius 0.4748 m
16 15.909 Il Wheel of radius 0.5217 m| |
14 7
—~12 —
e
=
4
£10 —
17
[e]
-
> 8 -
<
[5)
0
6 —
4 —
2.630 2.685
2 —
0
Motor Loss Inverter Loss

Figure 5.4: Comparison of the net energy lost at the motor and inverter for model with two different radii for the wheel



5. Simulation Results and Sensitivity Analysis 38

Aspect Ratio p Construction
\\ /
: _RIM Diameter

Passenger —___ By \> i : \\¥ & 4_/:‘(‘,/"/// SRS Load Index
208/ 10R 1

Car ""‘-‘\__
"

——_ Speed
Rating

L

[Seclxor ‘A‘mﬂ'] Aspecl Ratio
Sidewall Height

Outside
Tire
Diameter

Wheel
Diameter

Figure 5.5: Reading Tyre Sizes [79]

5.4. Summary

In this chapter, various parameters are analysed individually and its effect on the range is studied. However, it
is hard to obtain an overall perspective to identify the most sensitive elements and to prioritise the elements for
design improvements. Hence, a Pareto chart is used to represent the percentage improvement in descending
order with a bar chart and its cumulative value with a line graph.

Table shows the list of most sensitive parameters with the reference value that was used throughout
the study and the percentage increase in the BEV range for a 5% change of this value. For the radius of the
wheel and transmission efficiency, 5% is increased from the reference value while for other parameters 5%
is decreased. For each change, the simulation is run and the new range is calculated. Comparing with the
previously obtained range value, the percentage improvement is calculated and tabulated.

Sensitive Parameters K lncrea:)se in range
for a 5% change

Truck mass 25000 kg 7.98
Rolling Resistance Coefficient 1 p.u. 7.32
Radius of the wheel 0.4748 m 6.13
Transmission Efficiency 1 p.u. 3.64
Auxiliary System 12.5 kW 1.73
Aerodynamic drag 1 p.u. 1.30

Table 5.10: Summary of percentage increase in the range based on 5 percentage change in the parameter value

Using values from table 5.10, the Pareto chart is visualised in figure B.6. The blue coloured bar chart is
arranged in descending order based on the percentage value of the improvement in range while the red line
signifies the cumulative percentage of the range improvements. From this figure, we understand that the truck
mass and coefficient of rolling resistance are the most influencing parameters.

Based on design choices, a wheel with a larger radius and the energy-efficient auxiliary system will improve
the range. However, while using larger wheels, the impact it has on the thermal management system will be
interesting to study in the future. As improving the transmission efficiency is more expensive than the other
options, this is given lower priority. Finally, opting for the most aerodynamic body for the truck and energy-
efficient design of auxiliaries are promising ways to improve the energy efficiency of a BEV.
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Comparison of Powertrain Architectures

Powertrain architecture is an important factor in an electric vehicle. It is necessary to understand the topology
of the powertrain and the power flow among the components. The design of the powertrain architecture and
component selection plays a significant role in determining energy efficiency, future design, control strategy,
and optimisations [19].

In this chapter, two kinds of powertrain architectures are studied in detail and modelled to analyse the
improvement in the energy efficiency of the BEV. Firstly, two-speed transmission with a single motor powertrain
is modelled with the same 200kW motor as used in the single motor fixed reduction powertrain. In the second
part of the chapter, a dual-motor powertrain is explored with two 160kW motors instead of 200kW motor. The
approach taken to realise this powertrain architecture is also further detailed.

6.1. Single motor powertrain with two-speed transmission

In this powertrain architecture, a single motor with a two-speed transmission is used to drive the truck. The
motor used is the same 200kW permanent magnet synchronous motor from the single motor powertrain used
in the sensitivity analysis. All of the components in the powertrain is retained except the transmission. In this
case, two gears of different gear ratios are used and as the model is not following an existing transmission, the
gear ratios are arbitrarily chosen by trial and error with the focus to improve the energy efficiency. The gear
ratios can be optimised to obtain maximum improvement in energy efficiency.

6.1.1. Transmission

As transmission is the only component that is being substituted from the existing powertrain architecture, the
changes and the assumptions are listed in this subsection. The first gear taken is the same reduction gear of
7.21 gear ratio and the second gear is assumed to be a reduction gear of lower gear ratio of 5.5. It is to be
noted that this value is not based on an existing transmission. Hence, future research in optimising the gear
ratios for the first and second gear is recommended.

Another important factor which is assumed in this simulation is the gear shift map. This is nothing but the
speed at which the gear is shifted from first gear to the second. However, this shift is not a straightforward
speed value. It is based on the amount of acceleration required from the driver pedal input and the current
speed of the vehicle. This is further explained in detail in [41]. In the following simulation, the gear shift map
is simplified and a speed of 35 km/h is assumed to be the speed at which the gear shifts from first gear to the
second and vice versa. This transition between the two gears is to be studied in detail and optimised to obtain
maximum efficiency and improved handling of the BEV.

The last assumption taken in implementing this powertrain is the transmission efficiency. As discussed in
P.5.3, the efficiency of 2-speed transmission can be comparatively lower [38]. However, for this model, the
transmission efficiency is assumed to be the same as the efficiency of a fixed-gear transmission. This factor
is also critical in the overall driveline efficiency and the selection of this architecture because a decrease of as
much as 5% of this value can reduce the range by 3.64% as seen in chapter B.

6.1.2. Comparison with single-speed drivetrain

To understand if using a two-speed transmission is beneficial in improving the energy efficiency to a single-
speed transmission, the two powertrain architectures are compared. All the standard parameters that were
used in chapter B are retained and energy efficiency of 1.45 kWh/km is observed in the single-speed powertrain.

41
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Parameter Value
Gear Ratio 1 7.21
Gear Ratio 2 55
Gearshift speed | 35 km/h

Table 6.1: Values assumed in the single motor 2-speed powertrain simulation

Energy Efficiency [kWh/km] | Range for 150kWh [km]
Single speed transmission 1.4514 103.35
2-speed transmission 1.4265 105.15

Table 6.2: Energy efficiency comparison between powertrain with a single-speed transmission and two-speed transmission

From the simulation results of the two-speed powertrain, energy efficiency and range is tabulated and compared
as seen in table B.2.

It can be seen that by using a two-speed transmission with a second gear of lower gear ratio, the energy
efficiency can be improved by 1.75%. This improvement in energy efficiency can be understood clearly by
observing the operating points of the motor on the efficiency map. In figure B.1, it can be seen that more points
of operation are clustered at the higher efficiency region and lower speed thereby reducing the overall losses.

This shows that optimising the gear shift map and gear ratio values for the first and second gear could
further improve the overall efficiency of the powertrain significantly. As this improvement can be achieved with
minimal changes in the existing powertrain architecture, it is recommended for future works.

6.2. Dual Motor Drive System

The powertrain architecture used here is a dual-motor powertrain with all-wheel drive capabilities such that a
motor is attached in the front and rear axle. This type of powertrain has two electric motors with a fixed reduction
gear to each axle. The motor used in the study is high power and high torque motor and installing two such
motors is not necessary. Truck manufacturers and drivers do not look for high acceleration, unlike cars. Hence,
other motors that could be used as a substitute for simulation were explored.

In order to improve the energy efficiency, two strategies that can be explored for further work are using
different gear ratios for the front and rear axles and turning off one of the motors to reduce losses when adequate
torque can be provided by a single motor [19][27]. These strategies are not implemented or explored in this
thesis work. Implementing an optimised control can improve the energy efficiency and handling performance of
the vehicle. This architecture can be specifically beneficial in off-road applications such as construction sites,
etc.

6.2.1. Motor and Efficiency Map

To explore the dual motor powertrain, a PMSM motor part of the same Siemens ELFA series was identified with
a lower power and torque rating. Table B.3 gives the specification of the 160 kW PMSM that is more suitable
for this powertrain topology.

One of the key factors to be noted is the increase in weight of the overall powertrain due to the presence of
an extra motor and inverter. Observing the specifications from table 6.3 and table B.1], it can be assumed that
using two of the motor and inverter could increase the weight of the overall electrical system by approximately
1.5 times. It is to be noted that this assumption is based on the available specification and is not tested with

Permanent Magnet Synchronous Motor
Rated Voltage | 650 V

Rated Current | 210 A

Rated Power | 160 kW @ 1500 rpm
Rated Torque | 1500 Nm @ 210A

Max. Torque 2500 Nm @ 350A

Max. Speed 3500 rpm

Weight <350 kg

Cooling Water-Glycol

Table 6.3: Siemens 160kW PM Synchronous Motor Specifications
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Figure 6.1: Operating points of 200kW motor in a two-speed transmission powertrain

the actual motor drive. To incorporate the increase in weight, an approximated value of 250 kg was included in
the total truck mass during simulations.

Another challenge in incorporating the 160kW motor was the unavailability of an efficiency map from the
manufacturer. Hence, in this study, the efficiency map of 200kW motor is fitted into the torque-speed graph of
the 160kW motor by changing the y-axis scale from 0-3800 Nm of 200kW motor to 0-2500 Nm to match the
torque limits of 160kW motor. This efficiency map was used as a reference efficiency map in the PSO algorithm
to extract the motor loss constants. The 160kW motor is assumed to have a similar efficiency map as it is part of
the same ELFA series from Siemens specifically designed for electric buses and truck applications. However,
it is to be noted that this efficiency map is based on assumption and could be incorrect in the actual motor. The
value of the loss constants obtained from the PSO algorithm are as listed below:

k. = 0.003038
ky, = 8.1307
k.q = 0.005902
k,, = 1.2079 x 1075

As a motor with different specifications seen in table 6.3 is used, the inverter used also changes. Hence,
for inverter module selection, the same approach, as discussed in chapter 4 is followed here as well. The
inverter module that was selected for this motor was SEMIKRON SKiM304GD12T4D. Using the values from
its datasheet, the inverter losses were calculated. Finally, the overall efficiency map was plotted with the motor
and inverter losses. Figure 6.2 shows the efficiency map that was obtained.

6.2.2. Regenerative Braking

One of the important criteria to take into consideration is the regenerative braking strategy. From the sensitivity
study conducted on the regenerative braking strategy in chapter B, it is known that this parameter has a signif-
icant influence on the range. Hence, the serial regenerative braking strategy is applied to this architecture as
well to achieve the maximum range from the BEV.

In this powertrain layout, both the front and rear axle is connected to a 160kW PMSM. In this control strategy
implemented, the braking force required after the brake pedals are applied is provided equally by both the
motors in the front and rear axle. When the required braking force is greater than the regenerative braking from
the motors, then the remainder brake force is equally provided by the front and rear friction brakes. This control
is depicted in a flowchart in figure B.3.
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Energy Efficiency [kWh/km] | Range for 150kWh [km]
200kW Single motor powertrain 1.4514 103.35
160kW Dual motor powertrain 1.3301 112.77

Table 6.4: Energy efficiency comparison between single motor and dual motor powertrains
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Figure 6.4: Operating points of a single 160 kW motor on its efficiency map

6.2.3. Efficiency Comparison

The dual motor powertrain model with two 160kW motor is simulated with the updated motor and inverter spec-
ifications. The energy efficiency obtained is tabulated and compared with the 200kW single motor powertrain.
It can be seen that 9.11% improvement is seen in a dual-motor powertrain when compared to the 200kW single
motor powertrain.

Figure B.4 shows the operating points of one of the 160kW motors over the entire driving cycle. It can
be observed that both the 160kW motors operate at low torque regions at low currents and correspondingly,
the losses are also very low. This helps in achieving higher energy efficiency compared to the single-motor
powertrain. Further research in this dual motor powertrain could be specifically useful for construction and
off-road trucks as AWD improves handling and the overall efficiency.

The optimisation challenges mentioned in both the above-mentioned powertrains can be addressed using
quasi-static or backward-facing models and the particle swarm optimisation algorithm. Such models are widely
used in powertrain component size optimisation problems [10] [80] [81]. One of the challenges in using forward-
facing models in such problems is the need to tune the PI controller for changes in the system.






Conclusions and Recommendations

The main objective of the thesis was accomplished by addressing the three research questions that were broken
down from the research goal as seen in chapter fil. The electric powertrain of the heavy-duty BEV was modelled
using MATLAB and Simulink. The powertrain components such as the electric motor and inverter were included
in detail to understand the individual losses in the motor drive in chapters § and }.

One of the limitations experienced during modelling was inadequate information on motor and inverter spec-
ifications. Hence, based on the motor ratings, an appropriate IGBT module was chosen to model the actual
inverter. Owing to the limited information of the motor, the motor behaviour in the flux weakening region was
approximated to realise the best possible match to the real-world operation using motor torque constant and
back-emf constant. After understanding the motor and inverter operation, the corresponding components’ in-
dividual losses were extracted from the existing efficiency map of the motor drive.

After calculating and understanding the losses of each powertrain component, the energy provided by the
battery during a driving cycle to drive the vehicle was analysed and the energy efficiency in terms of kWh/km
was obtained. Using the energy efficiency and size of the battery pack, the range of the heavy-duty BEV was
estimated.

The complete powertrain model of the truck was used to perform sensitivity analysis to analyse and un-
derstand the parameters that have the most influence on the range of a BEV. From the results obtained, the
most sensitive elements were identified and suggestions were made accordingly as listed below to improve the
energy efficiency of the truck.

In chapter B, different powertrain architectures were studied and modelled to understand their energy effi-
ciencies and challenges involved.

7.1. Conclusion

Based on the detailed study and the results obtained, the following conclusions are made to answer the research
questions.

+ The motor loss constant namely copper loss, eddy current loss, hysteresis loss, and windage loss can
be extracted from the reference efficiency map by creating an efficiency map and matching it with the
reference map using particle swarm optimisation algorithm. The inverter losses namely conduction and
switching losses are also calculated using simplified equations, as seen in [62] and incorporated in the
overall efficiency map calculation to obtain the efficiencies over the entire torque and speed range of the
machine.

« Based on the results from sensitivity analysis the following parameters are found to influence the vehicle’s
range the most even with small variations
— Mass of the truck
— Coefficient of rolling resistance
— Radius of the wheel
— Auxiliary System

— Aerodynamic drag and frontal area
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Hence, opting for an aerodynamic body for the truck with wheels having a larger radius and reduced
rolling resistance coefficient can maximise the range of the vehicle. Improving the auxiliary system design
such that the components chosen are energy efficient also increases the vehicle’s range significantly.
The transmission efficiency is given lower priority in future improvements due to the investment involved
compared to other parameters.

To understand the reliability of this conclusion, it is important to highlight the uncertainties in this model
due to inadequate information and assumptions. Some of the uncertainties are listed below

— The mass of the truck is one of the most varying values and is highly dependent on the application
and payload of the truck. The truck mass was a constant value in the simulations.

— The coefficient of rolling resistance, which is one of the most sensitive elements, is also a varying
element depending on the road conditions and driving behaviour. In the simulations, a constant
average value was taken.

— The power drawn from the auxiliary system is not constant throughout the operation of the truck and
depends on factors such as climate conditions and surrounding illumination. In this case, a constant
value was chosen throughout the simulations.

— The motor losses calculated in this thesis is not accurate in the entire range of operation as the motor
information that was available was inadequate. This approach makes the most out of the available
motor data and the efficiency map.

— The inverter losses are simplified in this work as there is insufficient information of the inverter. The
switches selected in this project were chosen based on compatibility and may not be the actual
switches used in the system.

» From the different powertrain options available, two powertrain architectures are shortlisted namely single
motor powertrain with a 2-speed transmission and dual-motor powertrain with the all-wheel-drive capa-
bility. These two options showed advantages over the other options in terms of simplicity in design and
implementation for a production vehicle in 2020. Based on the analysis of these powertrains and simula-
tion results, the following conclusions are drawn.

— For a simple design with a single motor, powertrain with the 2-speed transmission can improve
the energy efficiency significantly when the gear ratios and gear switching speeds are optimised
accordingly. This architecture has the least changes in terms of overall design compared to the
current single motor architecture. The only change, in this case, is the transmission gearbox.

— A dual motor architecture with all-wheel drive capabilities provides improved vehicle performance
which is particularly useful for the trucks used in off-road applications such as construction sites,
etc. This architecture is also seen to improve the energy efficiency of the powertrain as two motors
of lower power ratings correspond to lesser current and lesser heat losses. This reduces the load
on the thermal management system. This powertrain also has optimisation challenges that can
improve energy efficiency further. Tuning the motor control such a way that both the motors do not
operate at times when it is not required and optimising the gear ratios of the front and rear axles can
improve range. In this result, it is to be noted that the efficiency map of the 160kW motor used in this
architecture is not obtained from the original equipment manufacturer and hence actual range may
vary from the obtained range.

7.2. Future work and recommendations
Some of the future works that can be researched with this thesis as a base are listed as follows:

+ The Simulink model developed for this research work can be used to perform Hardware-in-the-loop (HIL)
testing of the battery pack to analyse and understand the performance and battery life over the entire
BEV operation. The main output of the model is the power drawn from or fed into the battery which is in
turn used to calculate the energy. This signal can be used by a bi-directional power supply to emulate an
actual heavy-duty BEV.

+ Designing and developing motors in-house specifically for the heavy-duty application can help improve
the energy efficiency of the BEV. When exploring the option of motor design, this model will provide insight
into the frequent operating points of the motor and the contribution of each individual loss based on the
driving profile information. Range improvement can be achieved with new motor design such that the
motor operates in a high-efficiency region most of the time over the entire drive cycle.
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+ With respect to the powertrain architectures, this model addresses the improvements in energy efficiency
that different powertrains can provide in comparison to the single-motor fixed gear powertrain. However,
the optimisation challenges involved in the development of these powertrains are merely stated and not
addressed here. Hence, the suggested powertrain architectures can be optimised to improve energy
efficiency in future work.

+ |t would be interesting to include a thermal model and cooling system to observe heat dissipation during
motor operation especially due to permanent magnets and its effects on energy efficiency.

« Another parameter of importance that can strongly influence the decision of powertrain besides energy
efficiency is the cost of implementation. Hence, this parameter could be further investigated.

7.3. Hardware-in-the-loop (HIL) testing

Hardware-in-the-loop (HIL) testing is a technique used to facilitate rapid prototyping and test advanced systems
with real-time simulations [82]. The reason why HIL testing is necessary is that this approach helps to obtain
results that are close to what can be expected in the final product thereby minimising cost and enhancing
reliability. This testing can be used to perform tests with extreme use cases that could potentially be detrimental
in real situations.

In this testing, a powertrain model with mathematical representation, such as the models developed in this
thesis, can replace the physical system and test the battery packs of future BEVs. The forward-facing model
helps in addressing the important dynamics of the physical model [[10]. In this section, the possible HIL test
bench for future battery testing is discussed.

7.3.1. HIL Test Bench Setup Proposal

The HIL test bench is proposed with the focus on testing the battery pack using the powertrain model. To realise
this testing, three components are required namely a simulator, a power amplifier, and the device-under-test.
Figure shows the layout of the test bench. Here, the device-under-test is the battery pack that will be
developed for the BEV.

The simulator is a low-latency real-time computing platform that simulates the physical system responses
[82]. A dSPACE SCALEXIO simulator can be used for this HIL application as it provides advantages such
as scalability, high-performance processor, fast I/O capabilities, etc [83]. More studies can be conducted to
choose the most suitable depending on the preferred testing location such as in-vehicle or laboratory, the
required number of ports based on future testing, etc. The simulator will run the developed model and provide
the information regarding the power draw from the battery during driving conditions and power recuperated
during braking. This information is utilised by the power amplifier to draw or feed power from or to the battery
respectively.

The power amplifier that is recommended for this application is a bi-directional power supply which will
emulate the entire drivetrain. During braking conditions, the bi-directional power supply draws AC power from
the grid and rectifies to DC power to charge the battery and during driving conditions, the DC power from the
battery is converted to AC power and fed back to the grid. Thus based on the budget and the size of the battery
pack to be tested, the component and its size can be selected for the test bench.

HIL Simulator

Power Amplifier Device Under Test

GRID

Figure 7.1: HIL test bench layout
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