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Governments worldwide are encouraging the phasing out of vehicles that use internal
combustion engines in favour of electric vehicles (EV) to reduce emissions. Electric
vehicles that are currently on the market use a battery only energy storage system (ESS).
The main disadvantage of this ESS is that when the EV requires more that rated power from
the battery on a frequent basis, the battery’s lifespan is greatly reduced. Although the battery
output power may be electronically limited, reducing the battery output power reduces the
performance of the EV. To compensate for the battery’s inadequacies, a supercapacitor (SC)
is introduced to the ESS to form a battery-SC hybrid energy storage system (HESS).

An energy management system (EMS) play an important role as it manages the power slit
between the battery and the SC. There are three types of EMSs namely, rule-based,
optimization based and intelligent based systems each with their own advantages and
disadvantages. A rule-based EMS was proposed that utilizes the vehicle’s parameters, that
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is, mass, drag coefficient, the vehicle’s frontal area, and the vehicle’s rolling resistance. The
EMS also considers external factors such as terrain elevation, and traffic information.

The proposed EMS was modelled in MATLAB Simulink using the EV reference model. The
implementation and design of the proposed EMS was guided by knowledge gained
throughout the study. Unlike in previous studies where the SC was used only as a peak power
shaving solution, in the proposed EMS the SC is used throughout the operation of the EV.
The simulation results of the proposed EMS showed that for city driving conditions, the
battery current was reduced by 19% when compared to a battery only ESS of the same size.
For traffic conditions, the battery current for was reduced to 0 A while with highway driving
the battery current was reduced by 50% when compared to a battery only ESS of the same
size. Furthermore, the proposed EMS ensured that the battery current is only in one direction,

discharge only. These factors ensure the longevity of the battery.
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LIST OF ABBREVIATIONS

AC Alternating Current

CBD Central Business District

DC Direct Current

EMS Energy management system
EV Electric vehicle

HESS Hybrid energy storage system
SA South Africa

SC Supercapacitor

SOC State Of Charge
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LIST OF SYMBOLS

Af EV frontal cross section

a road slope

Cq air drag coefficient

fa aerodynamic drag force

fr rolling resistance force

ft traction force

g gravitational acceleration

m mass of the EV

Nbat discharging efficiency of the battery dc-dc converter

Na combined mechanical transmission efficiency and the efficiency of
the electric motor

Nse supercapacitor discharging and dc—dc converter efficiencies

Pa air density

Dev power required by the EV

Pbat battery charge/discharge power

Ppat 1imit battery power limit

Dsc supercapacitor charge/discharge power

P 1imit Supercapacitor power limit

U rolling resistance coefficient

v velocity of the EV
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CHAPTER1 INTRODUCTION

1.1 PROBLEM STATEMENT

1.1.1 Context of the problem

According to available data from 2010, fossil fuel combustion contributed to 65% of the
world's CO2 emissions [1]. In South Africa, the transportation sector contributed 15% to
COzemissions [2]. Inthe USA , the transportation sector contributed 29% to CO2 emissions
[3]. It can be observed that the transport sector is one of the significant contributors to CO>
emissions [1]. Governments around the world have provided tax incentives for EVs and
some have resorted to ban internal combustion (IC). The UK government announced that
the sale of all petrol and diesel vehicles will be banned in the UK in 2040 [4]. Therefore,

EVs and their ESSs have been investigated by researchers.

Currently, EVs use battery only ESS as it is the most common ESS, easily available, and it
does not have high-cost implications. The main drawback with batteries is that when they
are exposed to frequent charge and discharge cycles, or if they are exposed to high frequency
currents, their life cycle is greatly reduced. For this reason, a SC is added to the ESS to form
a battery-SC HESS. The SC is in place to protect the battery from high frequency
currents and to assistant the battery when the EV demands more than rated power from

the battery.
A battery-SC HESS has two energy sources and therefore an EMS is required to manage

the power slit between the battery and the SC [5]. The objective of the EMS is to increase
the HESS efficiency, power quality and system stability [6]. The EMS is also responsible

© University of Pretoria
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for increasing the life span of the battery and the SC as well as protecting each storage
element. The EMS control techniques can be summarized into three categories namely
rule-based EMS, optimization-based EMS, and intelligent EMS. The rule-based control
method uses experiences and mathematical models to derive rules that determine the power
exchange of the HESS [7]. The rule-based control approach is effective in real-time energy
management applications. Optimization control techniques use optimization algorithms
such as dynamic programming (DP), particle swarm optimization (PSO), linear
programming etc. to find the global minimum/maximum of a cost function. The cost
function being the energy slit between the battery and the SC to support the EV power
demand. Intelligent/data driven control methods use intelligent algorithms such as neural

networks (NN), supervised learning etc. to obtain the best power slit solution [8].

The are two main challenges that arise with respect to EMSs. The first challenge is
regarding designing an algorithm that is real-time implementable and provides the most
optimal [9]. The rule-based algorithm may be the most real-time implementable strategy,
it does not provide the most optimal power slit solution. While optimization techniques
provide the optimal power slit solution, they are computational expensive, and they
require the drive cycle to be known beforehand. Intelligent/data driven methods observe
the behaviour of the ESS over time to provide the most optimal power slit [10]. The
problem with this approach is that extensive training data is required and computational
expensive. The second challenge is ensuring that the EMS effectively utilizes the energy
stored in the SC. In the EMSs presented in literature so far, the SC is only used to assist
the battery during peak power demand situations and to absorb high frequency currents.
While this is the function of the SC, this approach does not effectively utilize the energy
stored in the SC.

1.1.2 Research gap

It became apparent from study literature that there are no EMSs that utilize the SC to support
the EV load demand during normal driving. In [11], an ANN based strategy embedded in a

rule-based control scheme to control the SOC of the SC to ensure that the energy stored in

Department of Electrical, Electronic and Computer Engineering 2
University of Pretoria
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the SC is available for more than one drive cycle is presented. But this system required a
large amount of training data. In studies [6] — [10], the authors attempted to use the energy
stored in the SC such that the SC is available for more than one drive cycle.

The research gap lies in the fact that researchers thus far have not used the SC in their EMSs
to support the load during normal driving operations. In this study, a rule-based EMS was
developed with the following control objectives:

1. Utilize the energy stored in the SC during normal driving scenarios. This is done to
alleviate stress on the battery.

2. Increase the battery lifespan by ensuring that the battery does not deliver more than
rated current to the EV. This is because if the battery deliveries more than its rated
current to the EV on a frequent basis,

3. Increase the accuracy of the power slit between the battery and the SC of the rule-
based algorithm by using multiple parameters such as the EV mass, aerodynamic
coefficient, and the vehicle frontal area. Road parameters such as traffic information

and terrain information.

1.2 RESEARCH OBJECTIVE AND QUESTIONS

e What is the state of the art for the proposed study on rule-based EMSs for EVs?

e What is the appropriate rule-based EMSs and how to increase EVs’ performance?

e Will the modelling of the EVs system and the implementation of the rule-based
EMSs for EVs equipped with both the battery result in the performance validation?

1.3 APPROACH

A simulation (MATLAB/Simulink) software had been chosen which had the capability
to simulate an EV as well as power electronic components. The EV reference
application model was best suited for this design. The electric vehicle (EV) reference

application represents a full electric vehicle model with a motor-generator, battery,

Department of Electrical, Electronic and Computer Engineering 3
University of Pretoria
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direct-drive transmission, and associated powertrain control algorithms. The simscape

electrical toolbox was used to simulate DC-DC converters.

The model used a Li-ion battery model found under the simscape electrical toolbox.
Instead of using the default parameters, the model was made to resemble the
specifications of a first-generation BMW ix3. The drive cycles that were chosen were
UDDS cycle which represents city driving, the CBD drive cycle which represents
stop/start traffic and the Artemis motorway 130 driving cycle which represents highway
driving with a maximum speed of 130 km/h. The reference model with the battery only
configuration will be compared to the battery-SC HESS equipped with the proposed
EMS. The battery only ESS was also used to size the battery-SC HESS.

It was decided that the HESS topology to be used would be a fully active HESS
topology, that is, the battery and the SC was buffered by a DC/DC converter. This was
done so that the flow of energy from and to each storage element may be controlled
efficiently. The advantages, disadvantages, and the cost implications of having a fully

active HESS were documented.

1.4 RESEARCH CONTRIBUTION

e The proposed EMS uses a multitude of information, that is, traffic information, road
slope information, temperature, wind speed as well as vehicle dynamics. Previous
studies only used one of these parameters while this study uses all the above-
mentioned parameters to attempt to increase the accuracy of the rule-based EMS.
The advantage of using a multitude of information is that the EMS can slit the EV
power demand between the battery and SC more optimally without using
optimization techniques.

e [t was determined that having the SC fully contributing to the EV’s load reduced the
stress on the battery and the battery size could be reduce as well to save costs.

Department of Electrical, Electronic and Computer Engineering 4
University of Pretoria
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e The study proved that the fully active HESS topology must be the topology of choice
when implementing a HESS to gain full control of the energy flow from the energy
storage elements.

e The study slits the driving scenarios between, city driving, stop/start traffic and
highway driving. The EV power demand is split between the battery and the SC
according to the driving scenario encountered by the EV.

1.5 RESEARCH OUTPUTS

Two conference papers were submitted to the PEMD (power electronics, machines, and

drives) 2023 conference.

Authors: Ntokozo Khanyile and Dr. Mwana Wa Kalaga Mbukani

Title: Supercapacitor Control for Electric Vehicle Powered by Hybrid Energy Storage
System: A Review Paper

Abstract: The energy storage system (ESS) of an electric vehicle determines the electric
vehicle’s power, range, and efficiency. The electric vehicles that are available in the
market currently use battery-based ESS. ESS of electric vehicles experiences a high
number of charge and discharge currents which degrade the battery life span. The
introduction of supercapacitors has led to the development of battery-supercapacitor
hybrid energy storage systems (HESS) which takes advantage of the high energy density
of batteries for drive range and the high-power density of supercapacitors to protect the
battery of high charge and discharge currents. To manage the energy slit between the
battery and the supercapacitor an energy management system is required. This paper
reviews the different energy management strategies that have been proposed in literature.

The paper was accepted and published.

Authors: Ntokozo Khanyile and Dr. Mwana Wa Kalaga Mbukani

Title: Supercapacitor Control for Electric Vehicle Powered by Hybrid Energy Storage
System

Department of Electrical, Electronic and Computer Engineering 5
University of Pretoria
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Abstract: Pure electric vehicles and hybrid electric vehicles have gained attention in
recent years due to concerns about the carbon footprint of internal combustion engines.
In recent years, the focus in the electric vehicle research space has been to establish
systems that will ensure the maximum life span of the battery. Therefore, research has
coupled the battery with a supercapacitor to become a battery-supercapacitor hybrid
energy storage system (HESS). The supercapacitor can absorb the high frequency power
surges of the EV while the battery supplies the average power of the EV. In this paper,
a novel rule-based energy management system (EMS) is proposed. The proposed EMS
uses the physical parameters of the EV to limit the battery power rate and amplitude.
The simulation results show that the control objectives of the controller were reached

with the use of the urban dynamometer driving schedule (UDDS).

The paper was accepted and published.

A Journal article was compiled using the knowledge gained from this study and was
submitted to the IEEE Transactions on Transportation Electrification.

Authors: Ntokozo Khanyile and Dr. Mwana Wa Kalaga Mbukani

Title: A New Rule-Based Energy Management System for Battery-Supercapacitor
Hybrid Energy Storage System for Supercapacitor Energy Effective Usage

Abstract: The battery life span in electric vehicles (EVs) that utilize a battery only
energy storage system (ESS), is affected by its frequent utilization, high current surges,
accumulated heat, and overall energy output. The inclusion of a supercapacitor (SC) to
form a battery-SC hybrid energy storage system (HESS) has ensured that the battery is
protected from high current surges, and it has allowed researchers to utilize the battery
more effectively. As the battery-SC HESS uses two ESSs, an energy management
system (EMS) plays a significant role in determining the overall efficiency of the
system. It was noted that the EMSs proposed in literature mainly used the SC to absorb
high frequency currents and to absorb high current surges. This strategy does not allow
the energy stored in the SC to be used effectively because in instances where the EV

does not experience high frequency current, the SC is not utilized. In this paper, a new

Department of Electrical, Electronic and Computer Engineering 6
University of Pretoria
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rule-based EMS is proposed that considers the traffic information, terrain information,
wind speed and ambient temperature. The proposed battery-SC HESS utilizes a fully
active HESS topology. The proposed EMS is compared with a battery ESS system with
the same specifications as that of a first-generation BMW ix3. The systems were tested
under three drive cycles i.e. UDDS, Artemis motorway 130 and the CBD drive cycle. It
is shown that the proposed EMS effectively uses the energy stored in the SC and the
battery lifespan is improved. MATLAB Simulink was used as the simulation software
and the EV reference model was used as a template.

1.6 OVERVIEW OF STUDY

e Chapter 2 provides background and context to the study documented in this
dissertation.

e Chapter 3 introduces the theoretical calculations for the proposed EMS. The reader
will also be introduced to the EV reference model in MATLAB SIMULINK and how
it was used to simulate the EMS. This chapter also includes the sizing of the battery-
SC HESS.

e Chapter 4 presents the simulation results. Waveforms are provided to compare the
battery-SC HESS results with the reference and the proposed. The system was
simulated on three different drive cycles namely UDDS, Artemis motorway 130 and
the CBD drive cycle.

e Chapter 5 discuss the results. The benefits as well as the disadvantages of the
proposed EMS in terms of battery life and total system cost.

e Chapter 6 concludes the study and provides the reader with a complete summary of
all the work done and a subjective outcome of the study followed by work that can
possibly be done in the future.

e Addendum A is the final part of the document in which some more information is

provided about the simulation models used in this study.

Department of Electrical, Electronic and Computer Engineering 7
University of Pretoria
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CHAPTER 2 LITERATURE STUDY

2.1 CHAPTER OVERVIEW

This chapter presents the literature study for this dissertation. Section 2.2 introduces the
development of the battery-SC HESS and the different topologies that are available. Sections
2.3 discusses the different EMS strategies.

2.2 HYBRID ENERGY STORAGE SYSTEM

Battery only EV’s suffer from a decreased battery lifespan over time as discussed in section
1.1.1. Therefore, to extend the battery lifespan, a supercapacitor is added to the ESS to ensure
that battery is protected from high frequency currents. There are four battery-SC HESS

topologies namely, passive, semi-active, and fully active.
2.2.1 Passive HESS topology

The passive battery-SC consists of the battery and the SC are connected in parallel as shown
in Figure 2.1. In the passive topology, the SC is purely used as a low pass filter. This
connection directly links the HESS to the DC bus without the need for any DC-DC
converters. Consequently, there is no control over the active power flow through the storage
devices. The amount of current drawn from the battery and SC depends on their internal
resistances [13],[12]. As a result, the SC's transient power handling capability is not fully
utilized. The battery primarily provides the ramp up (and down) power in response to a
frequency nadir (zenith). Furthermore, due to the small voltage variation at the battery
terminal, the SC does not operate within its full SoC range, leading to poor volumetric

© University of Pretoria
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CHAPTER 2 LITERATURE STUDY

efficiency [14],[13]. The passive HESS offers advantages such as simplicity and low

implementation cost since it does not require power electronics and control circuits [15],[14].

DC Bus

Battery Pack

Supercapacitor
Pack

Passive HESS topology

Figure 2.1. Passive battery-SC HESS.

The advantages of the passive battery-SC HESS topology are summarised below [16],[17]:

1) As there are not DC/DC converters used, the cost of the system is decreased.
2) The system is easy to implement.

3) Easily serviceable.

The disadvantage of the passive battery-SC HESS topology are as follows [18]-[20]:

1) The battery may be still exposed to high frequency currents.

2) The energy stored in the SC is not effectively used. According to [21], the passive
HESS topology utilizes 25% of the energy stored in the SC.

3) As there are no DC/DC converters, the flow of energy from the battery and the SC
cannot be controlled.

2.2.2 Semi-Active HESS topology

There are two types of semi-active HESS topologies as shown in Figure 2.2 and Figure 2.3.
The SC semi-active HESS consists of the SC that’s connected to the DC through a DC/DC

converter while the battery is connected directly onto the DC bus.
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DC Bus
+ +
Supercapacitor DC/DC
Pack Converter
+
Battery Pack

Supercapacitor Semi-active HESS topology

Figure 2.2. SC Semi-active battery-SC HESS.

The advantages of the SC semi-active battery-SC HESS, shown in Figure 2.2, are as follows
[22]-[24]:

1) The DC/DC converter allows for the energy stored in the SC to be controlled.

2) As there is one DC/DC converter used, the cost of the system is moderate.

3) The inclusion of the DC/DC converter allows for a supervisory controller/EMS to be

added onto the system.

The disadvantage of the SC semi-active battery-SC HESS are as follows [3],[25],[26]:

1) The battery may still be exposed to high frequency currents. This is dependent on the
response time of the DC/DC converter.

2) The inclusion of a DC/DC converter increases the cost of the system. This is
dependent on the type of DC/DC converter that is selected as its power rating.

3) The battery must be sized according to the DC bus voltage.

The battery semi-active HESS consists of the battery that’s connected to the DC bus through
a DC/DC converter while the SC is connected directly onto the DC bus. This arrangement
separates the battery from the SC through a DC-DC converter. While this setup ensures a

smooth operation for the battery with the converter's assistance, the SC's full potential cannot
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be realized due to its linear discharge characteristic. The optimal ramping capability of the
SC ought to be exponential, but this is not feasible economically as it would necessitate an
exceptionally high SC rating.

DC Bus

DC/DC

Battery Pack
. Converter

Supercapacitor
Pack

Battery Semi-active HESS topology

Figure 2.3. Battery Semi-active battery-SC HESS.

The advantages of the battery semi-active battery-SC HESS, shown in Figure 2.3, are as
follows [27]-[29]:
1) The DC/DC converter allows for the energy stored in the battery to be controlled.
2) The battery is full protected from high frequency currents as it is buffered by a
DC/DC converter.

3) The size of the battery may be reduced to reduce the cost of the system.

The disadvantage of the battery semi-active battery-SC HESS are as follows [30]-[32]:

1) As the SC is connect directly to the DC bus, the energy stored in the SC is not
efficiently used.

2) The battery DC/DC converter can only be operated in voltage control mode to keep
the DC bus voltage stable.

3) The SC must be sized according to the DC bus voltage which will drastically increase

the cost of the system.
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2.2.3 Fully Active Battery-SC HESS

The fully active battery-SC HESS consists of the battery and the SC both connected to the
DC bus through a DC/DC converter as illustrated by Figure 2.4.

DC Bus

+ + +
DC/DC
Battery Pack
FEEIRES Converter
+ +
Supercapacitor DC/DC
Pack Converter

Fully-active HESS topology
Figure 2.4: Fully active battery-SC HESS.

The advantages of the battery semi-active battery-SC HESS, shown in Figure 2.4, are as
follows [33]-[35]:
1) The DC/DC converter connected to the battery grants the battery full protection from
the high frequency currents.
2) The energy flow from both the battery and the SC are controlled.
3) The energy stored in the SC and the battery may be efficiently used.

The disadvantage of the battery semi-active battery-SC HESS are as follows [36]-[38]:

1) Due to the use of two DC/DC converters, the cost of the system may increase.
2) The complexity of the system is increased due to the control of two DC/DC
converters.

3) The weight of the system is increased.
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2.3 ENERGY MANAGEMENT SYSTEM

An energy management system (EMS) is essential for the optimal functioning of the
battery-supercapacitor HESS [39]. The primary goal of the EMS is to enhance the
efficiency, power quality, and stability of the HESS system. By carefully regulating the
power distribution between the battery and supercapacitor, the EMS maximizes the
utilization of their complementary characteristics, thereby improving the overall
efficiency of the HESS [40],[41]. Additionally, the EMS monitors the State of Charge
(SOC) and State of Health (SOH) of the system, adjusting the charging and discharging
rates to ensure safe operation within the prescribed limits [42],[43]. Through the
implementation of advanced control algorithms, the EMS also mitigates voltage and
current fluctuations, promoting system stability. Furthermore, the EMS plays a crucial
role in extending the lifespan of both the battery and supercapacitor, safeguarding them
against excessive power, temperature, and energy usage [44]. The battery is protected
from high-frequency discharge cycles to prolong its lifespan, while the supercapacitor is
shielded from overcharging and over-discharging. Moreover, the EMS is responsible for
optimizing the utilization of both the battery and supercapacitor, ensuring their effective
and efficient operation [45],[46]. The control objectives of the EMS are summarized in
Figure 2.5.
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DEVICE
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_»| EMSCONTROL
GOALS

Figure 2.5. EMS control goals adapted from [22], © 2011 IEEE.

EMS control techniques can be categorized into two main types: rule-based EMS and
optimization-based EMS. Rule-based EMS utilizes a flow diagram with instructions to
determine the system's behaviour in different scenarios [47]. These methods are derived
from heuristics and intuition, where the control law is based on rules extracted from
human experience, without prior knowledge of a predefined driving cycle [48]. On the
other hand, optimization-based EMS employs techniques like Dynamic Programming
(DP), Particle Swarm Optimization (PSO), and others to optimize the power distribution
between the battery and the supercapacitor [49].

Rule-based EMS control techniques have the advantage of being easier to implement
compared to optimization-based methods and they impose less computational burden
[16]. This makes them an ideal choice for real-time implementation. However, the
drawback of rule-based EMS control is that it does not offer an optimal power slit
solution when compared to optimization-based control techniques [12]. On the other
hand, optimization control techniques provide an optimal power slit solution but come
with a high computational cost [17]. When dealing with the battery-supercapacitor HESS
EMS problem, it is challenging to design a real-time supervisory controller that can
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achieve an optimal solution [50]. To address this challenge, researchers have developed
supervisory controllers that combine both rule-based and optimization-based control
techniques [18]-[20]. In [21], an EMS was developed that utilized a combination of an
intelligent online Neural Network (NN) controller and an offline Dynamic Programming
(DP) to provide an optimal online EMS. Another approach proposed in [22] is an online
EMS that utilizes a NN (Neural Network) based methodology and a Particle Swarm
Optimization (PSO) to generate a real-time predictive power management control

strategy.
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2.3.1 Rule-based control strategy

2.3.1.1 Deterministic

The power exchange of the HESS is determined by rules derived from experiences and
mathematical models in the rule-based control method [8],[21]. In real-time energy
management applications, the rule-based control approach proves to be highly effective
[51]. The rule-based approach can be divided into two main categories: deterministic and
fuzzy logic [52]. The deterministic rule-based strategy employs a predetermined set of
rules to determine the power distribution between the battery and the SC [53]. On the
other hand, fuzzy logic control utilizes prior knowledge of the system's functionality to

establish the rules that govern its operation [54].

Deterministic rule-based algorithms are further sub-divided four categories namely
thermostat on/off, power follower, state machine control and frequency-decoupling [55].
In the thermostat control strategy, the battery's optimal power efficiency point is
identified and maintained by operating the battery at a constant power level [56]. The
battery's operation is regulated by turning it on and off based on the current upper and
lower limits of the battery's state of charge (SOC) [57].

On the other hand, in the power follower control strategy, the energy management
system (EMS) assigns the power demand of the electric vehicle to the battery, while the
supercapacitor supplies the difference between the power demand of the electric vehicle
and the battery's response [58]. This difference is calculated by subtracting the maximum
allowable battery supply power from the power demand of the electric vehicle [59]. The
power follower approach involves the independent control of the battery and
supercapacitor to meet the electric vehicle's demand while optimizing the efficiency of
the HESS [24]. The battery supplies consistent power for steady-state operation, while
the supercapacitor delivers high-power bursts during acceleration and regenerative
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braking. There are two versions to implement the power follower control strategy, such
as [25],[7]:

e Version 1: In the direct control approach, the battery and supercapacitor are
managed directly to meet the necessary power output. When there is a surge in
power demand, the supercapacitor discharges to supply extra power, and when
the power demand decreases, the supercapacitor is recharged.

e Version 2: In the indirect control approach, the estimation of power demand is
carried out through a model, and subsequently, the battery and supercapacitor are
regulated according to this estimated power demand. The estimation of power
demand relies on various factors such as vehicle speed, acceleration, and road
grade.

The benefits and disadvantages of the power follower methods are listed in Table 2.1 below.

Table 2.1. Advantages and disadvantages of the power follower method [15],[60]-[62].

Advantages

Disadvantages

The supercapacitor enhances the vehicle's
acceleration and braking performance by
delivering high power bursts, resulting in

improved overall performance.

The
follower control strategy can pose greater

implementation of the power
complexity compared to other control
strategies, especially when dealing with

larger-scale systems.

The battery's cycle life can be extended
by reducing the load on the battery
during periods of high-power demand,

resulting in an extended battery life.

The

follower

implementation of the
HESS control

result in increased expenses due to the

power

strategy may

need for additional control hardware and
software, thereby impacting the overall

cost of the system.

By utilizing the supercapacitor to deliver

high-power surges, the battery can

The power follower, may have limited

flexibility compared to other control
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operate at an ideal power level, thereby
enhancing its efficiency and prolonging

its lifespan.

strategies, especially when it comes to
accommodating systems with fluctuating
demands or

power evolving energy

storage needs.

In the state machine control approach, multiple rules are employed to govern the flow of

power flow of HESS. These rules are determined based on factors such as the maximum

charge/discharge rates of the battery and supercapacitor, the upper and lower limits of

their SOC, and the maximum power that can be drawn from each storage element. The

algorithm used in this approach determines the appropriate power distribution between

the battery and the supercapacitor based on the power demanded from the HESS

[63][64]. The state machine has the capability to be programmed for transitioning

between various modes of operation, including [28],[65]:

e State 1: In the charge mode, the battery and supercapacitor receive energy from

an external power source to replenish their charge.

e State 2: In the discharge mode, the HESS provides power to the electric motor to

propel the vehicle.

e State 3: During regenerative braking, the HESS is utilized to store the energy

produced while braking. This stored energy can later be employed to propel the

vehicle forward during acceleration.

The advantages and disadvantages of state machine control are listed in Table 2.2 below:

Table 2.2. Advantages and Disadvantages of state machine control [15],[66].

Advantages

Disadvantages

The state machine control ensures a rapid

The state machine alternates between the

response time by promptly adapting the | charge and discharge states, without
energy flow between the battery and | computing the most efficient power
supercapacitor in real-time to meet any | distribution solution for the electric
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changes in power demand. vehicle.

Enhanced system dependability: Through | The control algorithm's limited flexibility
the implementation of state machine | restricts its ability to adapt to various
control, the HESS can be engineered to | operating conditions or system
function  within  secure parameters, | configurations.

thereby minimizing the possibility of

system malfunction.

2.3.1.2 Fuzzy Logic

The implementation of the deterministic rule-based control concept is straightforward
and dependable [6],[67]. Nevertheless, the rules are established according to the initial
states of the battery and the supercapacitor. Consequently, the accuracy of the EMS
diminishes over time. To address this issue, the fuzzy logic control strategy is
introduced, which utilizes membership functions and fuzzy rules to determine the
transition between different rules. Fuzzy logic is a methodology for handling variables
that enables the processing of multiple potential truth values using a single variable [68].
By incorporating an open and imprecise range of data and heuristics, fuzzy logic aims
to address problems and derive a diverse set of precise conclusions [69]. As a result, the
operation becomes smoother, more logical, and more adaptable. Fuzzy rule-based control
algorithms can be integrated with other control strategies to create a hybrid control

algorithm that enhances the performance of HESS.

Different researchers have developed multiple versions of fuzzy control systems. [6]
developed a supervisory controller based on fuzzy logic to effectively regulate the
voltage of the supercapacitor within an appropriate range. To enhance the performance
of the controller, particle swarm optimization is employed to optimize the membership
function curves. In [34], a fuzzy rule-based energy management system was devised to

optimize the state of charge (SOC) of both the supercapacitor and the battery.
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Additionally, the real-time vehicle speed is utilized as an input to the controller, enabling
further optimization of the power allocation in the energy management system. Authors
in references [34], [27], and [28] have devised fuzzy logic rule-based EMSs for fuel cell-
supercapacitor systems. The focus of these EMSs was to enable the supercapacitor to
handle the transient power demands of the electric vehicle. The fuzzy-logic control
system developed by reference [34] is passively based and builds upon the controller
created by reference [28], with the distinction that the EMS utilized the supercapacitor
to supply power to the electric vehicle in both steady-state and transient conditions,
depending on the supercapacitor's state of charge. EMSs based on fuzzy logic have also
been employed in stationary battery-supercapacitor hybrid energy storage systems
(HESS) for transit rail applications [29]. The HESS comprises a fully active battery-
supercapacitor system. Pl controllers are employed for voltage and current regulation,
while the energy management system (EMS) utilizes a fuzzy-logic rule set for power
distribution control. The primary aim of this research was to guarantee voltage stability

and enhance energy efficiency by reducing reliance on grid power.

2.3.2 Optimization technique

The energy management Optimization approach entails determining the optimal energy
distribution between the battery and the supercapacitor through the utilization of
mathematical [20]. Optimization techniques can be classified into two categories: offline
optimization and online optimization techniques. This section will provide a concise

overview of various optimization techniques.

2.3.2.1 Offline optimization approach

Offline optimization methods entail resolving the energy management issue beforehand
by utilizing a predetermined driving cycle or usage pattern [59]. The optimization
dilemma can be expressed as a mathematical program, aiming to minimize a cost
function that considers elements like energy loss and battery deterioration [66]. The

resolution to the optimization issue offers a series of control inputs, like the power
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requirement on the battery and supercapacitor, which can be integrated into the vehicle's

control system.

Offline optimization techniques offer several benefits. Firstly, they are computationally
efficient as they solve the optimization problem in advance and pre-determine the
control inputs [23]. This results in a reduced computational burden on the vehicle's
control system and enhances real-time responsiveness. Additionally, offline optimization
techniques enable the exploration of optimal trade-offs between various performance

objectives, such as maximizing fuel economy or minimizing emissions [25].

Nevertheless, offline optimization methods do have certain constraints. They are usually
tailored to cater to driving cycles or usage patterns and may not be suitable for more erratic
or changeable driving situations. Furthermore, offline optimization techniques necessitate
precise understanding of a vehicle's operational surroundings, encompassing elements like

road incline, traffic congestion, and weather conditions [21],[25].

2.3.2.2 Online optimization approach

Online optimization is a distinctive methodology that has gained popularity in the field of
computer science. Its objective is to evaluate the effectiveness of a strategy that operates
without any prior knowledge of future events (online) in comparison to an optimal strategy
that possesses complete knowledge of the future (offline) [27]. Implementing optimization-
based control techniques can be challenging due to their complexity and high computational
resource requirements [41]. Additionally, offline global optimization methods rely on a
predetermined driving cycle, making them unsuitable for real-time applications. Despite
these drawbacks, global optimization techniques offer precise results. Hence, a blend of

global optimization techniques and rule-based control techniques is preferred.

The most control online optimization control method is Model predictive control (MPC).
MPC has gain attention amongst researchers in developing an EMS for battery-SC
HESS based EVs. MPC is a control strategy that involves determining the optimal

control actions to minimize a cost function for a constrained dynamical system within a
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finite, receding horizon [9]. At every time step, the MPC controller obtains the current
state of the plant either through direct measurement or estimation. Subsequently, it
computes a sequence of control actions that minimize the cost over the horizon by
solving a constrained optimization problem [25]. This optimization process is based on
an internal plant model and is influenced by the current system state. The controller then
implements only the first calculated control action on the plant, disregarding the
remaining actions. This cycle repeats in the subsequent time steps. Figure illustrates a

basic MPC control loop.

Measured
Disturbances

Measured
Outputs

References .
— Optimizer —1

|
L Prediction |

Model

Control
Moves

MPC

Figure 2.6. Basic MPC control loop, taken from [70] with permission.

P. Garcia introduced an energy management system utilizing model predictive control
(MPC). The primary goal of the controller was to maintain the state of charge (SOC) of the
battery and supercapacitor close to their set reference values to achieve optimal charging
efficiency. The main purpose of the MPC controller is to forecast the upcoming control
actions by analysing the current system output. According to P. Garcia et al., the
implementation of the predictive controller was challenging due to its complexity and
extensive computational requirements. Nevertheless, the controller delivered precise

outcomes [24].

Department of Electrical, Electronic and Computer Engineering 22
University of Pretoria

© University of Pretoria



UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

&
g

CHAPTER 2 LITERATURE STUDY

2.3.3 Data Driven Approach

2.3.3.1 Machine Learning

Data driven control methods involve the use of intelligent algorithms that learn the
behaviour of the system and then optimize its operation. Machine learning is a rapidly
developing method that has been employed to tackle energy management in battery-
supercapacitor HESSs for electric vehicles. By utilizing machine learning algorithms, it
becomes possible to acquire knowledge from data and utilize it to make predictions or
carry out actions. This makes machine learning particularly suitable for energy
management applications, where timely decisions need to be made based on intricate and

ever-changing data [12].

Machine learning has found a valuable application in energy management through
predictive control. In this context, the control algorithm utilizes past patterns to forecast
future energy demand and adjusts the energy flow accordingly. An illustrative example
is the use of machine learning algorithms to analyse previous driving patterns and
anticipate power demand based on factors like road grade, traffic conditions, and
weather conditions [29]. By doing so, the algorithm optimizes performance and
efficiency by effectively regulating the energy flow between the battery and

supercapacitor.

Reinforcement learning is also utilized in energy management for optimizing the energy
flow between the battery and supercapacitor by adapting to the vehicle's real-time
performance. In this approach, the control algorithm learns through trial and error by
interacting with the environment, leading to more efficient energy utilization [20].

Machine learning has the capability to enhance the design of battery-supercapacitor
HESSs. For instance, machine learning algorithms can forecast the deterioration and
lifespan of the battery and supercapacitor by considering variables like temperature,
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voltage, and current. This data can then be utilized to refine the energy storage system's

design, ultimately enhancing its efficiency and durability.

Nevertheless, there exist certain constraints when employing machine learning in the
realm of energy management for electric vehicles. The efficacy of machine learning
algorithms heavily relies on the availability of substantial data for learning purposes,
thus rendering them less effective in scenarios where data is scarce [17]. Furthermore,
the computational demands of machine learning algorithms can be quite burdensome,
necessitating considerable processing capabilities and memory, which can pose a

challenge within the constrained computing resources of vehicles [22].
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2.3.3.2 Deep Learning

Deep learning has demonstrated significant promise in tackling energy management in
battery-supercapacitor hybrid energy storage systems (HESSs) for electric vehicles
(EVs). By leveraging deep learning techniques, it is possible to create predictive models
that can effectively forecast the energy requirements of EVs and optimize the utilization
of HESSs. These models can learn from historical data, real-time sensor data, and other
pertinent factors, enabling them to make precise predictions and enhance the overall
performance of the system.

An essential use of deep learning in energy management involves creating predictive
models for battery SOC and SOH estimation. Precise estimation of these parameters is
crucial for maintaining the safe and effective functioning of the battery in the HESS. By
training deep learning algorithms on extensive datasets of battery performance data,
accurate and reliable models for SOC and SOH estimation can be developed.

Deep learning in energy management has found another application in the form of
control algorithms that aim to optimize the utilization of the battery-supercapacitor
HESS. These algorithms can learn from both historical and real-time data, enabling them
to make informed decisions regarding the charging and discharging of the system, as
well as determining the appropriate amount of energy to be utilized from each storage
component [21]. By implementing such algorithms, the lifespan of the battery can be

prolonged, while simultaneously enhancing the overall efficiency of the HESS.

24 SUMMERY

It has been observed in the literature that the control objectives of the EMS should

encompass at least one of the following:

1) Maximizing the driving range.
2) Minimizing component stress.

3) Maximizing battery lifespan.
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4) Satisfying instantaneous load demand.

5) Managing power flow optimally for future demand.

In most scenarios, a controller would have multiple control objectives, and the selection
of a control approach would be based on the primary control objective. It has been
acknowledged that rule-based EMSs are easier to implement, have a quicker reaction
time, and are less computationally intensive, making them ideal for real-time
implementation. However, rule-based EMSs do not provide the most accurate power
distribution information, resulting in suboptimal utilization of energy stored in the

battery and supercapacitor.

On the other hand, optimization-based EMSs are much more precise in determining the
optimal power distribution between the battery and supercapacitor. However,
optimization-based EMSs are computationally more demanding, and some require prior
knowledge of the drive cycle. Therefore, a hybrid controller is necessary to mitigate the
drawbacks of these control approaches and leverage their advantages.
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CHAPTER3 IMPLEMENTATION AND
SIMULATION

3.1 CHAPTER OVERVIEW

In this study, Chapter 3 delves into the comprehensive coverage of the modelling and
simulations. The chosen topology for the battery-SC HESS is the fully active one, and the
rationale behind this selection is elucidated. Furthermore, the selection and design
calculations of the DC/DC converters for both the battery and the SC are expounded upon.
The setup and design of the EMS are also outlined, along with the demonstration of how the
MATLAB EV reference model was utilized to simulate the proposed EMS. Section 3.2
discusses the control design of the EMS. Section 3.3 illustrates the HESS topology selection.
Section 3.4 shows the EV simulation model while section 3.5 discusses the sizing of the

complete battery-SC HESS. The chapter concludes with a chapter summary in section 3.6.

3.2 CONTROL DESIGN

The aim of this study is to develop a real-time EMS that considers various factors

influencing the power demand of EV. These factors include:

1) The real-time power needs of the vehicle
2) Gravitational resistance

3) Wind resistance.

4) Road incline.

5) Traffic conditions.

© University of Pretoria



UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

&
g

CHAPTER 3 Implementation and Simulation

The proposed EMS categories driving into three types, that is, stop/start traffic, highway
driving and city driving. During start/start traffic only the SC contributes to the load,
during highway and city driving both the battery and the SC actively contribute to the
EV load. The advantages of the proposed EMS are as follows:
1) The proposed rule-based EMS operates in real-time.
2) The proposed EMS does not require the user to upload the drive cycle
beforehand.
3) The vehicle’s physical parameters are used to in determining the power limit on
the battery and the SC.
4) The SC is sized according to the amount of regenerative energy produce by the
UDDS drive cycle, the Artemis motorway 130 drive cycle and the CBD drive

cycle.

3.2.1 EV Modelling

Newton's second law of motion states that:

mv = fi—fa—fr 3.1)

where the mass of the electric vehicle is denoted by m in kilograms and the speed of
the electric vehicle is represented by v in meters per second. The traction force is
labelled as f;, the aerodynamic drag force as f,, and the rolling resistance force as f,.

The equations that govern the aerodynamic drag force and rolling resistance force are as

follows:

fa = %paCdAfvz 3.2)
and
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fr = mgucos (a) + mgsin(a). (3.3)

The parameters in the formula consist of p, for air density, C, for air drag coefficient,
Ay for EV frontal cross section, p for rolling resistance coefficient, g for gravitational
acceleration, and « for road slope.

The power needed for an EV moving at a speed v can be represented as:

Pev = fiv= (fa+ fr + mv)v, (3.4)

Pev 1S the power needed by the EV.

The vehicle needs power from the HESS to operate. In the development of the proposed
EMS, it is considered that the HESS DC/DC converters, battery, and supercapacitor have
a consistent energy transmission efficiency. As a result, according to (3.5), the power
required by the electric vehicle can be calculated as:

Pev = Na (pbatnbat + pscnsc)r (3-5)

nq Symbolizes the overall mechanical transmission efficiency and the efficiency of the
electric motor. p,,¢ Stands for the power used for charging and discharging the battery.
psc refers to the power for charging and discharging the supercapacitor. n,. denotes the
efficiencies of supercapacitor dc-dc converter, and 1, indicates the discharging
efficiency of the battery dc-dc converter.

3.2.2 Control Objectives

The primary goal of the controller is outlined below:
1) Efficient energy management: The EMS is designed to prevent the battery from
experiencing high frequency charge/discharge currents, thus prolonging the
battery's lifespan.
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2) Utilization of supercapacitor energy: The controller prioritizes the involvement of

the SC in meeting the power needs of the electric vehicle.

The control laws outlined in reference [16] utilize a Lyapunov-based nonlinear controller

and are presented as follows:

mv  (PaCqls (3.6)
bat,limit Nalbat 2m Ur + gucos (a)
and
mv  (PaCqls (3.7)
Py rimmis = ( v.2 4+ gucos (a >
bat,limit — om r gu (a)

Ppatiimie  Signifies the battery power and Pygeimie Indicates the power of the
supercapacitor. A key enhancement in control design from [16] is that the control laws
outlined in Eg. 6 and 7 serve as power constraints rather than determining factors for

power distribution.

Figure 3.1 depicts the initial verifications conducted by the EMS. Initially, the system
requests the driver to input the desired destination. The system is already aware of the
current location of the electric vehicle (EV). Subsequently, the system utilizes Google
maps to assess the level of traffic congestion along the most efficient route. The road
gradient along the chosen route is determined by employing Google Earth. Following
this, the system calculates the amount of energy necessary for the journey. The EMS
operates in three distinct modes: city driving, traffic conditions, and highway driving.
Whenever necessary, the system seamlessly transitions between city driving, traffic
driving, and highway driving. The loop marked red is the “driving loop” which the

system stays in until the destination is reached.
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I Select destination J

l Determine traffic congestion ]

Determine road slope using
google Earth
y
Determine total Energy

consumption
T Drivingloop

City
Driving?

r-—at_y__" I.. -t - I— -t -
1 "y 1 Traffic | Highway |
|_ Driving 1 I 5 1 3

Figure 3.1: EMS initial setup.

Figure 3.2 illustrates the rules for driving in the city. In the case where the electric
vehicle (EV) requires power for forward motion, the system checks the State of Charge
(SOC) of the Supercapacitor (SC) to determine if it is above or below 50%. This check

is done to ensure that the supercapacitor can last for more than one drive cycle.

If the SOC of the supercapacitor is greater than 50%, the system will calculate the
power limit for the supercapacitor using (3.7). This calculated power limit will be used
as the upper limit for the SC, and the SC will solely supply the power required by the
EV.

On the other hand, if the SOC of the SC is below 50%, the system will calculate the
upper power limit for both the battery and the SC using (3.6) and (3.7). In this case, the
SC will still supply the power requirement of the EV, while the battery is used to charge
the SC, ensuring that the SOC of the battery remains above 50% and its current is

stable. During regenerative braking, all the power is absorbed by the SC.
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City Driving
NO
YES NO YES NO
3 Calculate Pyqt max Using EQ. 6 - -
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PReq = .Bee Req 56

Pgar = Psc(Charging)
Where Ps¢c < Psconax

Where PSC = PSC,max

“ END ,‘

Figure 3.2: City driving flow diagram.

Figure 3.3 depicts the rule set governing traffic conditions. The rule set for traffic
driving conditions closely resembles that of city driving. However, the key distinction
lies in the scenario where the state of charge (SOC) of the SC falls below 50%. In such
cases, both the SC and the battery contribute to supporting the load, with their upper
power limits determined by (3.6) and (3.7). This adjustment is made specifically during
traffic driving conditions, where regenerative braking is minimal, resulting in limited
opportunities to recharge the SC. If the battery is utilized for recharging purposes, it will

inevitably reduce the driving range of the electric vehicle (EV).

Department of Electrical, Electronic and Computer Engineering 32
University of Pretoria

© University of Pretoria



CHAPTER 3

4+

UNIVERSITEIT VAN PRETOR
UNIVERSITY OF PRETOR
ETOR

Que® YUNIBESITHI YA PR

Implementation and Simulation

Traffic Driving

NO

Pse :PReq

NO
YES NO YES
: Calculate Pygr max Using Eq. 6
Calculate Ps¢ gy Using Eq. 7 Gl e i SR B,
’ PSC =
Preq = Psc Preq = Poatimax + Pscmax
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Where Psc < Pscmax

{ END )

———

Figure 3.3: Traffic conditions flow diagram.

Figure 3.4 depicts the rule set for highway driving. When driving on the highway, the

power demand of the electric vehicle (EV) is divided between the battery and the

supercharger (SC), with the SC only providing power during peak periods. This

approach is adopted due to the high energy consumption during highway driving,

necessitating the battery to bear a significant portion of the EV's load.
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Highway Driving

NO
Calculate Pyqt max Using Eq. 6 YES NO
Calculate Ps¢ 45 Using Eq. 7
YES NO
PReq > Ppatmax Psc =0 Psc = PReq

Preq = Ppat,max + Pscmax Preq = Ppat,max
Where Ps¢c = Pscmax Where Pyqr = Ppatmax
rl“ END ,‘

Figure 3.4: Highway driving flow diagram.

3.3 HESS TOPOLOGY

The SC semi-active topology, as depicted in Figure 2.2, is the most utilized battery-SC
configuration. This topology involves a single DC/DC converter linking the SC to the
DC bus, potentially leading to cost savings for the system. The SC DC/DC converter

plays a crucial role in managing the energy of the SC.

On the other hand, the SC semi-active topology faces limitations as the battery is
directly connected to the DC bus, resulting in inefficient control and protection of
battery energy. To address this issue, the fully active HESS is employed, featuring two
DC/DC converters to regulate energy flow for both the SC and the battery. The fully
active battery-SC HESS topology can be observed in Figure 2.4. The proposed system
utilizes a fully active battery-SC HESS topology.

The proposed system intends to discharge the battery in one direction (forward direction)

while the SC is to be discharged and charged through regenerative braking. Therefore, a
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single directional boost converter will be used for the battery while a bi-directional

buck/boost converter will be used for the SC. The full system diagram is illustrated by

Figure 3.5 and Figure 3.6 shows the system diagram legend.

______________________ Voltage control
& current limit
DC BUS
Battery DC/DC
Converter
paag AC Motor
Converter
Supercapacitor BC/DC
P P Converter
- Traffic info.
- Terrain info.
: - Vehicle
Supervisory | |~ .1 e R
dorieler P »| Current control dyngmlcs iffoi
- wind speed
8 -ambient temp.

Figure 3.5: Proposed Full system diagram.
e m—==  CONtrol commands from supervisory controller
————————— Voltage sensor reading

Current sensor reading
————————— Power demand sensor reading

— ¢ e = . = . == [External info feed to supervisory controller

» Power transfer

»  Control commands from Current loop/ Voltage loop

Figure 3.6: System diagram legend.

34 EV SIMULATION MODEL

The MATLAB EV reference application is a comprehensive model that includes a

motor-generator, battery, direct-drive transmission, and powertrain control algorithms. It

serves as a valuable tool for conducting powertrain matching analysis, selecting
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components, designing control and diagnostic algorithms, and performing hardware-in-
the-loop (HIL) testing. Figure 3.7 illustrates the MATLAB EV reference model.

NipEe s

D

FTP75 (2474 seconds) S
L Driver » L

Variant Selected: Powertrain Elockset
Analyze Power and Energy ToggleTo Help
Simscape Electrio Plant

Figure 3.7: MATLAB EV reference model, taken from [16] with permission.

Table 3.1 specifies the different subsystems that are present in the EV reference model.

Each subsystem is customizable according to the user specifications.

Table 3.1: EV reference model subsystem descriptions

Reference Application Element Description

Analyse Power and Energy This is a live script of the power and
energy consumption of the EV on the
component level as well as on the system

level.

Drive Cycle Source block This block provides a list of standard

drive cycles to choose from.

Environment subsystem This subsystem enables the user to input
environmental variables such as road
slope, wind speed, atmospheric

temperature, and pressure.

Longitudinal Driver subsystem This subsystem simulates a driver and
outputs  acceleration and  braking
commands such that the specified drive
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cycle velocity is followed.

Controllers’ subsystem This subsystem implements a powertrain
control module (PCM) that incorporates
regenerative  braking, motor torque

arbitration, and power management.

Passenger Car subsystem This subsystem mimics a passenger
vehicle with an electric system and

drivetrain subsystems.

Visualization subsystem Provides vehicle-level performance data,
battery state of charge (SOC), and
equivalent fuel economy outcomes that
are valuable for powertrain matching and

component selection analysis.

In this work, the MATLAB EV reference model was customized to match the

specifications of the proposed system.

3.5 HESS SIZING

The proposed system is directly compared with the first-generation BMW ix3 to gain a
real-world comparison of how the proposed system performs in simulation. The BMW
ix3 has an 80kWh battery only ESS. Therefore, the total energy of the proposed system
will be designed such that it is equivalent to 80kWh.

Table 3.2: BMW GO08 ix3 parameters.

Parameter Value
Vehicle weight 2270 kg (full loaded = 2740 kg)
Electric motor power 210 kW
Battery Capacity 80 kWh
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Battery nominal voltage 400 V

Vehicle frontal area 2,65

Transmission efficiency 0.98

Gravitational acceleration 9,8 m/s?

Air drag coefficient 0,29

Rolling resistance coefficient 0.05

3.5.1 Total Regenerative braking energy

Another factor that was considered when sizing the battery-SC HESS was the
regenerative braking energy that the SC would need to absorb. As the proposed EMS
takes into consideration three types of drive conditions i.e. city driving, traffic driving
and highway driving. To represent city driving the UDDS is used, the traffic driving is
represented by the CBD cycle, the highway driving is represented by Artemis motorway
130 drive cycle. To obtain the total regenerative braking energy, the EV reference model
was tuned with the parameters shown in Table 3.2. Then each of the drive cycles (i.e.
UDDS, CBD, and Artemis motorway 130) are ran and the battery power is measured.
Figure 3.8 to Figure 3.12 illustrates the battery power for each drive cycle. This was
done to get an indication of the of how much power the SC would need to absorb during
regenerative braking.

Figure 3.8 illustrates the power demand on the battery during the UDDS drive cycle.
Figure 3.9 illustrates the negative power demand during the UDDS driving cycle. The
average regenerative braking power is 3.605kW.
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Figure 3.8: UDDS city driving battery power.
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Figure 3.9: UDDS city driving negative battery power.

Figure 3.10 depicts the battery power waveform for the CBD. The CBD cycle showcases
a driving pattern resembling a "sawtooth” shape, consisting of 14 iterations of a
fundamental cycle comprising idle, acceleration, cruise, and deceleration modes. This
driving cycle accurately represents a vehicle navigating through stop-start traffic. On the
other hand, Figure 3.11 showcases the regeneration power waveform for the CBD drive

cycle. The average power obtained from regenerative braking amounts to 4.036kW.
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Figure 3.10: CBD traffic driving battery power.
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Figure 3.11: CBD traffic driving negative battery power.

Figure 3.12 depicts the power requirements of the battery throughout the Artemis
motorway 130 driving cycle, which simulates motorway driving conditions. Meanwhile,
Figure 3.13 showcases the negative power demand that occurs during motorway driving.

The average regenerative braking power is measured at 14.297kW.
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Figure 3.13: Artemis motorway 130 highway driving negative battery power.

Hence, the SC should have the capability to absorb a minimum regenerative power of
21.938 kWw.
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3.5.2 Battery Degradation Model

Numerous battery degradation models have been studied, with the most pertinent model
for lithium-ion batteries being introduced by [10]. This model is widely utilized to assess
the decrease in battery capacity over time in electric vehicles (EVs). The battery

capacity loss is specifically defined as:

Eq
Qioss = Be_ﬁAZ. (3.8)

The battery's percentage capacity loss, denoted as Q,,ss, can be calculated using the
following variables: B (preexponential factor), E, (activation energy from Arrhenius law
in J mol-1), 4;’ (ampere-hour throughput of the battery in Ah), T (absolute temperature
in K), R (gas constant of 8.314 J mol-1K-1), and p (power law factor of 0.5).

The model was expanded by [16][21] to assess the capacity degradation of a battery
under non-uniform current profiles. This involved generating a histogram of the battery
current rates, followed by determining the depth-of-discharge (DoD) of the battery based
on k (DoD(k)). Here, k represents the specific current rate being analysed. The battery
capacity loss is determined by (3.9) and (3.10).

Qioss = z Q(k). (3.9)
k
_Ea(crate(k)) (310)
Q(k) = B(Crare(k))e ™ BT Ap(DoD(k))".
3.5.3 Optimal Sizing
An ideal sizing model was developed to achieve the following objectives:
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1) The supercapacitor (SC) should have the capacity to absorb 21.938 kW from

regenerative braking.

2) The combined power of the battery and the SC should be 80kW, ensuring that

the hybrid energy storage system (HESS) is equivalent to an 80kW battery-only

energy storage system (ESS).

3) The battery's capacity should not decrease by more than 20% over a span of 10

years.

The objective function for the optimal sizing problem is formulated as follows:

f (s, P Npae®s Mpar?) = Mo NgcP Mg SN + Mgy "Ny Mipge (3.11)
subject to the following constraints:
s Vs 2 Vigmin (3.12)
N Vs < Vit max (3.13)
Mpat Vhat " 2 Vigmin (3.14)
Mpat Vhat " < Vigmax (3.19)
Nec N PPsc et > 21.938 kW (3.16)
M5 Mc Poc ! + Mt Mar? Phar !t = 80 kW (3.17)
Quoss,10 = 0.2 (3.18)
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In the (3.12) to (3.18), n denotes the total number of cells, while the superscript "s"
indicates the number of cells in series, and the superscript "p" signifies the number of
cells in parallel. V1 pin @and Viq 1uq, refer to the minimum and maximum input voltage
for the SC dc/dc converter, respectively. On the other hand, Vi, i, and Vi ma, represent
the minimum and maximum input voltage for the battery dc/dc converter. The subscript

"bat" is used for the battery, and P denotes power in Watts.

A PSO algorithm was used to determine the optimal size of the battery and the SC given
the about cost function and constraints. The PSO algorithm was chosen because of its
ease of implementation, it is not computational expensive, and its code resource is
widely available. The MATLAB PSO solver was used to determine the battery size as
well as the SC size. It was calculated that the battery size must be 41.34 kW and the SC
38.66 kW. It was decided that the sizes of the battery and the SC would be made equal
to 40 kW.

3.6 CHAPTER SUMMERY

In this section, the design of the controller was done. The EV modelling equations were
formulated, the control objectives as well as the rules that govern the rule-based EMS
were defined. The fully active HESS topology was selected as it allows the battery
energy and the SC energy to be fully controlled. The EV model that was used was the
MATLAB EV reference. The driving condition were split into three categories namely
city driving, stop/start traffic and highway driving. The drive cycles that represent these
conditions are the UDDS, CBD, and the Artemis motorway 130 drive cycles
respectively. To size the battery-SC HESS, the following was considered: the total
average regenerative breaking energy required by each drive cycle, the battery
degradation, and the total ESS size of the BMW ix3. An optimization cost function with

constraints was formulated and solved using PSO.
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41 CHAPTER OVERVIEW

This section provides the simulation results for the EV with a battery only ESS and they
are compared with a battery-SC HESS (with the proposed EMS) of the same size. The
aspects that were considered are the battery current, SC current, battery and SC SOC
after each drive cycle. All these factors were considered for the UDDS, CBD, and
Artemis motorway 130 drive cycles. Section 4.2 defines the UDDS drive cycle and
illustrates the simulation results for the battery-only system and for the battery-SC HESS
under the UDDS drive cycle. Section 4.3 defines the CBD drive cycle and illustrates the
simulation results for the battery-only system and for the battery-SC HESS under the CBD
drive cycle. Section 4.4 defines the Artemis Motorway 130 drive cycle and illustrates the
simulation results for the battery-only system and for the battery-SC HESS under the

Artemis Motorway 130 drive cycle. The chapter concludes with a summary in section 4.5.

4.2 UDDS DRIVE CYCLE

UDDS, an acronym for Urban Dynamometer Driving Schedule, is a dynamometer test
required by the United States Environmental Protection Agency. This test accurately
simulates city driving conditions and is specifically designed for evaluating the fuel
economy of light duty vehicles. Figure 4.1 shows the velocity (km/h) versus time
(seconds). The cycle replicates an urban course spanning 12.07 km with numerous stops.
It reaches a top speed of 91.25 km/h and maintains an average speed of 31.5 km/h. In
the context of South Africa, specifically Gauteng, the UDDS cycle can be likened to
travelling from Turffontein (Johannesburg South) to Dunkeld West (Rosebank,
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Johannesburg North) through Johannesburg CBD. Figure 4.2 shows the path on the map
while Figure 4.3 shows the elevation profile of the path.
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Figure 4.1: UDDS Velocity versus time graph.
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Figure 4.2: Turffontein to Dunkeld West path.
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Figure 4.3: UDDS elevation profile.

4.2.1 Battery Only Simulation Results

Figure 4.4 and Figure 4.5 below show the battery current and the battery SOC for the
battery only system when put through the UDDS cycle under the above stated
conditions. It can be observed that the battery current is frequently charging and

discharging. The battery SOC remains steady at 80% with a slight drop to 79%.
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Figure 4.4: Battery-only ESS current (UDDS).
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Figure 4.5: Battery-only ESS battery SOC (UDDS).

4.2.2 Battery-SC HESS Results

Figure 4.6 shows the traffic information between Turffontein and Dunkeld west. It can

be observed that the traffic conditions are moderate.
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Figure 4.6: UDDS traffic conditions.
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The average discharge power required to complete the trip is 6.987 kW. Considering
that the UDDS drive cycle runs for 1369 seconds, the energy required to complete the
trip is 2.657 kwh.

Figure 4.7 illustrates the battery HESS current, Figure 4.8 illustrates the battery HESS
SOC. The proposed EMS ensures that the battery average battery current is equal to the
average current required for the total trip. Another observation is that the battery current
is only in the forward direction to ensure that the battery is not exposed to frequent
charge and discharge cycles. As the energy used for the trip is much lower than the
capacity of the battery, the battery SOC remain constant at 80% for the duration of the
UDDS cycle.
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Figure 4.7: Battery HESS current (UDDS).
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Figure 4.8: Battery HESS SOC (UDDS).

Figure 4.9 illustrates that SC current, and Figure 4.10 illustrate the SC SOC. It can be
observed that the SC absorbs a large portion of the current required by the EV is
supplied by the SC. the SC also absorbs the regenerative braking energy during the drive
cycle. the SC SOC drop from 100% to approximately 60%.
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Figure 4.9: SC Current (UDDS).
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Figure 4.10: SC SOC (UDDS).

43 CBD DRIVE CYCLE

The CBD cycle is characterized by a "sawtooth™ driving pattern, consisting of 14
iterations of a fundamental cycle that comprises idle, acceleration, cruise, and
deceleration modes. Figure 4.11 illustrates the vehicle speed throughout the duration of

the CBD cycle. This cycle represents stop/start traffic.

The CBD drive cycle exhibits the following characteristic parameters:

1) Duration: 560 seconds

2) Average speed: 20.23 km/h

3) Maximum speed: 32.18 km/h

4) Driving distance: 3.22 km

5) Average acceleration: 0.89 m/s?
6) Maximum acceleration: 1.79 m/s?
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35 Central Business District (CBD) Cycle
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Figure 4.11: CBD drive cycle velocity versus time.

In the context of South African, stop/start traffic is normally found on the M1 highway

in Johannesburg during morning peak times as shown by Figure 4.12.
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Figure 4.12: Stop/start traffic on M1 highway Johannesburg.
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4.3.1 Battery Only Simulation

Figure 4.13 shows the battery current, and Figure 4.14 shows the battery SOC for the
CBD drive cycle.
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Figure 4.13: Battery only ESS current (CBD).
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Figure 4.14: Battery only ESS SOC (CBD).

4.3.2 Battery-SC HESS Simulation

Figure 4.15 illustrates the battery current, and Figure 4.16 shows the battery SOC. The
proposed EMS ensures that only the SC is used during stop/start traffic so as to ensure

that the battery is not exposed to transient currents.
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Figure 4.15: Battery-SC HESS current (CBD).
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Figure 4.16: Battery-SC HESS SOC (CBD).

Figure 4.17 illustrates the SC current, and Figure 4.18 illustrates the SC SOC. It can be
observed that the SC absorbs the full load of the EV.
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Figure 4.17: Battery-SC HESS SC SOC (CBD).
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Figure 4.18: Battery-SC HESS SC SOC (CBD).

44 ARTEMIS MOTORWAY 130

The Common Artemis Driving Cycles (CADC) were formulated as chassis dynamometer
procedures under the European Artemis project. These procedures were developed by
analysing a vast database of real-world driving patterns in Europe. The CADC consists

of three distinct driving schedules: Urban, Rural Road, and Motorway. The Motorway

Department of Electrical, Electronic and Computer Engineering 53
University of Pretoria

© University of Pretoria



UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

o
e
-

CHAPTER 4 RESULTS

cycle offers two variations, with maximum speeds of 130 and 150 km/h respectively.
For this study, the motorway 130 cycle was used. Figure 4.19 shows the velocity versus
time graph for the Artemis driving cycles 130 cycles.

The Artemis motorway 130 drive cycle exhibits the following characteristic parameters:

1) Duration: 1068 seconds
2) Distance: 28 km

3) Average speed: 96.9 km/h
4) Max speed: 131.4 km/h

Artemis Motorway 130 kmph

140 T

120 - [ v \ ) RS B

100

40— I A 1
\ V |
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[ 1 | | |
0
0 200 400 600 800 1000 120
Time [s]

Figure 4.19: Artemis motorway 130 drive cycle.

In the context of South Africa, the Artemis motorway 130 drive cycle can be likened to
travelling from gold reef city theme park to Kelvin, Santon using the M1/N1 motorway
as shown by Figure 4.20. Figure 4.21 shows the elevation profile of the M1/N1

motorway from gold reef city and to Kelvin, Santon.
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Figure 4.20: Artemis motorway 130 in SA context.
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Figure 4.21: Artemis motorway 130 in SA context elevation profile.

4.4.1 Battery Only ESS Simulation

Figure 4.22 illustrates the battery current when the battery only ESS system is put
through the Artemis motorway 130 drive cycle. It can be observed that the battery
current is fluctuating and the maximum current of 191 A is very close to the battery
current limit of 200 A. As the duration of the drive cycle is short, 1068 seconds, the

battery SOC decreased by only 10%.
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Figure 4.22: Battery only ESS current (Artemis motorway 130).
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Figure 4.23: Battery only ESS SOC (Artemis motorway 130).
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4.4.2 Battery-SC HESS Simulation

Figure 4.24 illustrates the battery-SC battery current and Figure 4.25 illustrates its SOC.
It can be observed that the proposed EMS ensures that the battery current is only in the
forward direction. The battery SOC dropped by 20%.

100 !
—1Bat—Curr

h
(=]
I
1

iBat—Curr [A
(]

)
%]
=~

6 8 10

Figure 4.24: Battery-SC HESS battery current (Artemis motorway 130).
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Figure 4.25: Battery-SC HESS battery SOC (Artemis motorway 130).

Figure 4.26 illustrates the SC current and Figure 4.27 illustrates the SC SOC. It was
observed that the proposed EMS ensured that the SC played an active role in supporting
the EV load. The SC SOC dropped significant from 100% to 20%, which indicates that
the SC was over utilized.
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Figure 4.26: Battery-SC HESS SC current (Artemis motorway 130).
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Figure 4.27: Battery-SC HESS SC SOC (Artemis motorway 130).

45 SUMMERY

This chapter shows the results obtained from simulations. For each drive cycle, a path
was defined in the South African context, specifically Gauteng Johannesburg. The road
elevation profile as well as the traffic conditions were obtained. For each drive cycle, the
battery only ESS was simulated, and the proposed battery-SC HESS was simulated to

compare the results of both systems.
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51 CHAPTER OVERVIEW

The cost, and the benefits of implementing the proposed EMS are discussed in this chapter.
Section 5.2 compares the performance of the battery-only ESS and the battery-SC HESS in
terms of battery life span. Section 5.3 compares the hardware cost between a battery-only

ESS and a battery-SC HESS. The chapter concludes with a summary in section 5.4.

52 BATTERY ONLY ESS VS. BATTERY-SC HESS

There have been studies in which a rule-based EMS is designed for a battery-SC HESS. In
most cases, the SC is used to supply the peak current of the EV. At the time of writing this
dissertation, there have been no studies that attempt to actively use the SC in supplying the
EV power demand during steady state conditions. Furthermore, there has been no study that

slits the traffic conditions into three categories and address them individually.

In this study, the proposed rule-based ESS was directly compared to a battery-only ESS, i.e.
both systems were simulated under the same drive cycles. The battery only system when
going through the UDDS, CBD, and Artemis motorway 130 drive cycles would last 461km
(sum of the city driving, stop/start traffic and highway driving). This is based on the
knowledge that the lithium-ion battery has 1500 life cycles, a power consumption of
20kW/100km. the vehicle with the battery-SC HESS has a battery lifespan of approximately
800km. this is because during motion, the battery is discharge only and the SC absorbs all
the regenerative braking energy and when the EV is in stop/go traffic only the SC is used to

power the EV. This is done to take advantage of the 1 million duty cycles of the SC.
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5.3 COST COMPARISON

Table 5.1 draws a hardware cost comparison between the battery only system and the
battery-SC HESS. These are estimations if the items were purchased individually.
Manufacturers may manufacture these products in house to reduce cost. It is evident from
Table 5.1 that the hardware cost associated with the battery-SC HESS are high compared to
the battery-only ESS. Therefore, because of the high cost associated with the battery-SC
HESS, this system may be better suited to high performance luxury EV or heavy duty EVs
such as trucks and construction machines to justify the cost of the total system.

Table 5.1: Cost Comparison

Parameter Battery only ESS Battery-SC HESS
2 x DC/DC converters N/A R 199 839.16
Battery R324 938.00 R 120 834.00

SC N/A R 2043 816.00
Total R324 938.00 R 2 364 489.16

54 SUMMARY

This chapter shows that the results obtained are positive. The cost of the proposed system
was compared to a battery only system and it was found that the cost of the proposed system
is higher than that of the battery only system and therefore the proposed system maybe better
suited for luxury high performance EVs. The proposed system actively utilizes the SC to
supply the EV load and therefore this results in the extension of the EV battery lifespan. And
compared to other studies that have been conducted, the proposed system in this dissertation
is the first of its kind.
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CHAPTER 6 CONCLUSION

6.1 CHAPTER OVERVIEW

Chapter 6 concludes the study. Section 6.2 provides the concluding remarks of the study.

Section 6.3 provides other elements that could be focused on in future research.

6.2 CONCLUDING REMARKS

The experiment was successful. It is possible to have a rule-based EMS that actively uses
the SC energy to support the EV that also considers road elevation and traffic conditions.
The proposed system uses a fully active battery-SC HESS topology as shown in Figure 3.5.
The battery DC/DC converter is a single direction boost converter. The SC DC/DC converter
is a bi-directional to allow the SC to be discharged and to be charged by the regenerative
braking energy. The factor that makes the proposed system unique is that the SC is actively
used to supply the EV load, traffic and road elevation is used to inform the EMS on how to
behave. Furthermore, the proposed EMS divides driving conditions into three categories
namely city driving, stop/go traffic and highway driving. This is done to optimize the system

for each driving condition.

The results showed that for city driving conditions in the context of SA, the battery energy
was well conversed, the battery was not exposed to high frequency currents and the SC SOC
dropped to just above 50%. For stop/go traffic conditions, only the SC supplied the EV to

protect the battery from being exposed to continuous transient currents. The stop/go traffic
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condition only used 20% of the SC energy. The highway driving scenario showed to be the
most energy intensive and demanded 80% of the SC energy but took only 20% of the battery

energy.

The use of the proposed system was compared to an equivalent battery only system and it
was found that the proposed system has the potential to increase the lifespan of the battery
to 800 km compared to the 461 km.

It was also observed that the cost of the battery-SC HESS is significantly higher than that of
the battery-only system. Therefore, the battery-SC HESS is better suited to high performance
EV and heavy duty EVs such as SUVs and trucks.

6.3 FUTURE STUDIES

This study covered the battery-SC HESS in terms of topology and energy management.
There are still a lot of other elements to be investigated. A further study could include
decreasing the battery size and increasing the SC size such that they deplete at the same rate.
As it was observed that battery SOC in the battery-SC HESS remained nearly the same
through the different driving conditions while the SC SOC was depleted fasted in

comparison.

Another study could involve the cost reduction of the battery-SC HESS such that it is

equivalent to the cost of a battery-only system.

The proposed EMS could be paired with an intelligent management system such MPC,
neural network or machine learning [9][7], [36]. A study could be performed in which the
system learns the driving pattern of the driver, the environment, traffic condition as well as

other factors affecting the EV performance to optimize the EV’s performance overtime.
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ADDENDUM A EV REFERANCE MODEL
PARAMETERS AND
SIMULINK MODELS

The subsequent tables in this section provide an overview of the parameters utilized in all
simulations. These specific values are incorporated into the graphical user interface (GUI)
masks of every component displayed on the modelling page.

Table A.1. Vehicle Parameters

Parameter Value
Total Vehicle Mass 2740 kg
Rotating Mass 5%
Vehicle cross section 2 m?
Wheel diameter 0.5m
Drag coefficient 0.29
Rolling Resistance coefficient 0.05
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ADDENDUM A MATERIAL CONSTANTS AND OTHER PARAMETERS

Table A.2. Supercapacitor model parameters

Parameter Value
Capacity of each SC 165 F
Internal resistance of each SC 0.310 Q
Maximum voltage of each SC 202 V
Maximum power of each SC 40 kW
Initial charge of each SC 955
Number of SC in parallel connection 1

Table A.3. Battery model parameters

Parameter Value
Initial charge 80%
Battery voltage 200V
Battery capacity 100 Ah

q
7

Figure A.1. Full Electric system
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