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ABSTRACT

DESIGN, MODELLING AND CONTROL OF HYBRID ENERGY
STORAGE SYSTEM FOR ELECTRIC VEHICLES

Taha Mohammed Ahmed Sadeq

The energy storage system (ESS) is a critical factor in electric vehicle (EV)
applications. Batteries represent a wide solution for clean energy, and they are
among the most popular energy storage devices. Low power density and limited
life-time are the main defects in Pure Battery Electric Vehicles (PBEVs). The
Hybrid energy storage system (HESS) is the solution to the disadvantages of the
single energy storage system in EV applications. In HESS, the battery is used
to supply the low traction power and steady-state load current; whereas the
supercapacitor is used to supply the peak demand current and absorb the
regenerative energy during braking. This research aims to design a battery-
supercapacitor HESS for EV. A semi-active topology had been used to interface
the battery and supercapacitor with the DC bus. The energy consumption of the
selected drive cycles was estimated considering the topographical information.
The contour positioning system (CPS) was used to extract the road slope of the
selected drive cycle along the journey. The proposed energy management
strategy of HESS includes three control layers. The standard rule-based
controller, the optimal adaptive rule-based controller, and the fuzzy adaptive
rule-based controller were proposed to manage the energy flow of the HESS.

The linear quadratic regulator (LQR) was designed to control the current flow
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of'the DC-DC converter. To validate the proposed control strategies, the system
was modelled and tested in Matlab/Simulink environment. The proposed
control algorithms were tested in three real drive cycles (uphill, downhill, and
city-tour) at three different speeds (50, 60, and 70 Km/h) and in three different
standard drive cycles (UDDS, NYCC, and Japanl015). The results of the
proposed energy management system proved that the controller succeeded in
reducing the battery stress compared to that of the single energy storage battery
system. The results of the proposed HESS using the optimal adaptive controller
succeed to extend the number of possible drive cycles compared to those of the

rule-based controller and the fuzzy adaptive controller.
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CHAPTER 1

INTRODUCTION

1.1 Background of Study

The considerable interest around the Energy Storage System (ESS) is
motivated by a necessity to employ renewable resources to produce energy
instead of fossil fuel. This need is related to two concerns: the depletion of
petroleum reservoir in the future and global warming. Nowadays, based on the
drive trains, the landed vehicles are classified into three main categories;
conventional motor vehicles, hybrid electric vehicles (HEV), and electric
vehicles (EV). The most common types are the conventional vehicles that use
the internal combustion engine (ICE). The chemical energy resources such as
(gasoline, ethanol, diesel, etc.) are converted to kinetic energy in a complicated

process in poor efficiency by using ICE.

On the other hand, EV is an alternative-design automobile that uses an
electric motor to power the vehicle with ESS's electricity. Furthermore, ICE and
electrical motor with ESS are the two types of energy sources that power the
HEVs. It combines the benefits of high fuel economy and low emissions. A
strong support is given to HEVs and EVs' development to reduce air pollution

and harmful vehicle emissions.



There are six main styles of the EV's in the market classified as follows:
The pure battery electric vehicle BEV which comes first to ordinary people's
minds when the electric vehicles are mentioned. The second type is the hybrid
electric vehicle which depends on an ICE and ESS; this type became the most
common type in the market in the last few years. Thirdly, vehicles that rely on
power lines to move. Fourthly, vehicles that are supplied by replaceable energy
sources such as metal-air batteries or fuel cells. Fifthly, vehicles that use
alternative means to store the power like supercapacitor or flywheels. Sixthly,

vehicles that are directly supplied by solar systems (Larminie and Lowry, 2003).

The numbers of electric vehicles increase significantly in today's market
due to the advancement in the power electronic converter, being
environmentally friendly, and the possibility of energy regeneration through
braking. The efficiency of the EV's is better than that of the conventional
vehicles. In addition, the maintenance of the EVs is less due to the limited
moving parts. Furthermore, they have a high impact to reduce air pollution.

Figure 1.1 represents the main components of the battery electric vehicles.

Battery Inverter Electrical Motor Vehicle Dynamic

Figure 1.1 The main components of the Battery Electric Vehicles



An electric vehicle is a vehicle energized by electricity in the ESS.
Batteries are one of the most common energy storage devices, and they
represent a significant promise of the clean energy (Paladini et al., 2007). Many
researchers (Udhaya Sankar et al., 2019, Ren et al., 2019, Fotouhi et al., 2016,
Devillers et al., 2014) have demonstrated that in order to achieve a performance
similar to that of the internal combustion engines, a single electric system (like
a fuel cell) is not enough. Many efforts are devoted to studying the battery cell

for electric vehicles in which the battery provides the main power.

Batteries, which are stacked cells, convert chemical energy to electrical
energy and vice versa. The batteries use energy and power capacities as rating
terms. Batteries play a major role in improving the ESS asset utilization,
reliability, energy availability, and performance. They also provide economical
ESS for the big sectors of energy management and power system applications.
The main drawbacks of batteries are the need for a long time to charge, a low
power density, and a short lifetime. Furthermore, the battery's lifetime is
reduced by instantly responding to high load changes in charging and

discharging.

Lead-acid batteries are the most popular battery type and dominate
approximately 40—45% of the total universal battery sales. Lead-acid batteries
can be found in several designs and sizes in the market. The availability,
reliability, and low cost are the strengths of this kind of batteries (Balog and
Davoudi, 2013). Lithium-Ion batteries are used widely in the EV application

due to their high rate of specific power. BEVs require to have the minimum



specific capacity 0.470 KW/kg and particular energy of 0.235 KWh/kg. Also,
the user of the electrical vehicle has to drive in a range of 20,000 km per year.
The standard vehicle consumes about 2.7 kWh for every 50 km of a driving
distance. To have a driving range of 500 KM, 100 Kg of Lithium-Ion is used
which is equivalent to the energy of one tank of petrol (Pearre et al., 2011,
Neubauer et al., 2014). Figure 1.2 represents the specific energy against specific

power of several energy storage devices in the market (Shim et al., 2013).
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Figure 1.2 Ragone chart and location of several storage devices

The ESS of EV also needs a charging system. The charging system
needs to be capable to reduce the losses of the battery pack during charging and
to charge the batteries in a short time. Various energy sources can be
implemented to charge the batteries. Moreover, the regenerative braking system
in the EVs is used to harvest energy instead of dissipating it in a form of heat
during braking. Nevertheless, the number of EVs sold are not comparable to

that of the conventional vehicles due to the cost and driving range of EVs.



The electric vehicles are still facing many issues that need to be
developed (Schaltz, 2011, Jordan et al., 2018, Ren et al., 2019). The limited
lifetime and the low power density are the main issues in Battery Electric
Vehicle. Hybrid Energy Storage System (HESS) is the practical solution that
can be implemented for EV applications (Li et al., 2019b, Veneri et al., 2018,
Capasso et al., 2018). HESS is a combination of two different types or more
energy storage devices like batteries, fuel cells, flywheel, or supercapacitor. In
HESS, a primary storage device with high energy density like batteries or fuel
cells is used to provide constant power to the load while an auxiliary storage
device with high power density like supercapacitor or flywheel is used to
provide a fast dynamic response for load power changes (Mellor et al., 2000,

Zhang et al., 2008).

The supercapacitor is a regular capacitor that allows to store a high
amount of energy in a limited space. Unlike the electrochemical process of the
battery, supercapacitor store energy as a static electronic charge and that makes
them have a higher power density. It is then advantageous to combine these two
energy storage devices to gain a better power and energy performances. The
supercapacitor are implemented to supply the fast power load changes while the

battery is used as primary ESS to meet the energy demand (Zhang et al., 2008).

In this research, the implementation of a battery-supercapacitor HESS
in an EV is studied. Batteries remain the primary energy storage devices due to

their high energy density. On the other hand, a supercapacitor has a lower



energy density but a higher power density. The supercapacitor possesses the

unique properties that can complement the other energy storage technologies.

Generally, a HESS is designed using a bidirectional DC-DC converter
to mitigate the limitations of a supercapacitor-battery combination. One of the
primary challenges in HESS design is the configuration of the supercapacitor

and battery with the DC bus.

1.2 Problem Statement

Nowadays, the number of electric vehicles in the roads is still limited
due to the limited driving range, the long charging time, and the short lifetime
of the battery. All these challenges are related to the ESS of the EV. The ESS
should contain enough energy to have a specific driving range, and it should
also have a sufficient power capability for the accelerations and decelerations.
Many researchers are trying to improve the efficiency of and ESS for the EV by
using a combination of two or more energy storage devices. The fused device is
called Hybrid Energy Storage System (HESS). In HESS, the batteries can
supply the main power to the load due to its high energy density; however, they
cannot supply peaks of power in short periods due to its limited power density.
Likewise, supercapacitor have a low energy density but a high power density.
Therefore, combining these two devices can achieve an efficient, light, and

high-performance ESS for the EV (Gonzlez, 2009).



The energy storage hybridization in HESS will improve the energy
storage system efficiency and extend the battery lifetime of the electric vehicles.
Furthermore, the regenerative braking energy can be absorbed by the HESS
instead of converting the kinetic energy into heat via friction brakes. HESS
possesses two critical issues: the topology of HESS and the Energy
Management System (EMS). There are several topologies of HESS used in
literature, and each topology has its advantages and disadvantages. On the other
hand, EMS is a critical affair to control the power flow between the HESS and
the load. There are several control strategies used to manage HESS power such
as the optimisation control strategies and the rule-based strategies. EMS aims
to improve the performance and efficiency of HESS. The control strategy of the
EV is implemented in a standalone mode to manage the power flow in real-time.
Therefore, most of the optimised control strategies presented in literature

require high computational time.

Many studies in the literature proved the advantage of HESS for electric
vehicles in extending the battery lifetime, the energy availability, and the
reduction of the battery temperature. Also, road conditions have a significant
impact on the total energy demand in a drive cycle. Neglecting this factor leads
to an inaccurate estimation of the EV energy consumption. Most of these
researches ignored the road slope in the drive cycles and considered standard
drive cycles to validate the performance of HESS for electric vehicle
applications. Furthermore, the control strategies in the literature did not consider
the conditions which guarantee the ability of HESS to operate continuously for

various types of drive cycles.



1.3 Research Objectives

This research aims to propose an energy management system of HESS
for EV to prolong the battery lifetime and enhance the vehicle performance. The
aim of the proposed management system is to utilise the terrain information of
the drive cycle to improve the performance of the HESS and achieve a

maximum number of drive cycles. This objective includes the following:

1. To model the battery, the supercapacitor, the DC-DC converter, and the
electric vehicle. The accurate model of HESS and electric vehicle leads
to achieve the optimal design for the close-loop control system and the
valid estimation of the EV energy consumption.

ii. To determine the drive cycles road slope angle and estimate the energy
consumption and the regenerative energy along with the drive cycles
by using Contour Positioning System (CPS).

iii. Design the optimal adaptive rule-based controller which guarantees the
ability of HESS to operate continuously along with various drive
cycles and obtain the maximum number of cycles.

iv. To design a Linear Quadratic Regulator (LQR) controller to control the
energy flow between the supercapacitor and the DC-Bus by driving the
bidirectional DC-DC converter.

V. To validate the proposed control algorithms of HESS for EV in three
different types of real-drive cycles (Uphill, Downhill and City tour) in
three different speeds and three different types of standard drive cycles

(UDDS, NYCC and Japanl015).



1.4 Scope of the Work

The scope of the current research is as follows:

1.

ii.

1.

1v.

V1.

Design the HESS of pure electric vehicles without considering
other vehicles like Hybrid Electric Vehicles containing Internal
Combustion Engine.

This research employs the lithium-ion battery and the
supercapacitor module as the energy storage devices for the
HESS of EV. A semi-active topology is used to interface the
supercapacitor in parallel with the battery through a bidirectional
DC-DC converter.

Other energy devices like fuel cells or flywheel are not
considered in the scope of this research.

Matlab/Simulink software is used to model and simulate the
system components such as the battery, the supercapacitor, the
DC-DC Converter, and EV. The response of the proposed energy
management system is tested in Matlab/Simulink environment
as well.

The proposed energy management system is tested with real
drive cycles. The driver is required to set the driving speed
before the commencement of the journey.

During the deceleration, the regenerative braking energy is to be
solely absorbed by the supercapacitor to avoid the fast charging

of the battery.



1.5 Thesis Organisation

This thesis is organised into six chapters. The outline of the chapters is
described below. After the current introductory chapter, the literature review of
the energy management system and HESS architectures for an electric vehicle
is summarised in Chapter 2. The main challenge is to control the load current of

the electric vehicle.

Chapter 3 presents the topology and the configuration of the proposed
HESS. The details of the HESS components mathematical models for the
battery, the supercapacitor, and the bidirectional DC-DC are explained. The
model of the electric vehicle is described clearly. Furthermore, the contour
positioning system, the selected real drive cycles, and the standard drive cycles
are explained. Finally, the sizing method for the battery and supercapacitor is

investigated.

Chapter 4 includes the design of the proposed energy management
system of the HESS for the EV. The designs of the rule-based controller and the
proposed algorithms of the adaptive rule-based controller are explained in

details.

The results and the discussions of the proposed controllers are presented

in Chapter 5. While chapter 6 highlights the conclusions, limitations, and the

future work of this research.
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CHAPTER 2

A REVIEW OF HYBRID ENERGY STORAGE SYSTEM OF

ELECTRIC VEHICLES

2.1 Introduction

Nowadays, attention is highly demanded to green and clean
technologies. In today's cities, transport has experienced a high rate of growth.
The typical internal combustion engine vehicle emits gases such as carbon
dioxides, carbon monoxide, oxides of nitrogen, hydrocarbons, and water
resulting in a higher earth's surface temperature. Electric cars are one of the best
solutions to degrade fossil fuels and global warming. Many scientists focus
primarily on Energy Storage System (ESS) in terms of cost reduction, rise in
age, and growth in energy density. In the industrial section, the ESS is motivated
by the necessity to employ renewable resources to produce energy instead of

fossil fuels.

This chapter discusses the hybrid energy storage system for electric
vehicles. The current state-of-the-art is summarized to solve the limitations of
the energy storage systems in EVs. The advantages and disadvantages of several
types of energy storage devices are presented. The combination of a high energy
density energy storage technology and high power density technology offers a

solution to solve energy storage device challenges.
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2.2 Electric vehicles

The development of electrical vehicles (EVs) started in the
second half of the 19™ century, and they were used in Europe in the early 1880s
(Haley, 2012). In current days, many researchers consider electric vehicles in
their researches due to their features like high efficiency, elimination of local
pollution, absence of noise, and provision of opportunities for a transportation
sector powered by renewable energy. However, electric vehicles are still facing

critical challenges that need to be solved (Schaltz, 2011).

This research will focus on electric vehicles that use energy storage
devices to produce power. There are three main types of these vehicles: Battery
Electric Vehicle (BEV), Hybrid Electric vehicles (HEV), and Fuel Cell Vehicles
(FCV). BEV is fully powered by grid electricity stored in a large on-board
battery. Several types of the battery had been used with EV as presented in the
studies of (Yang and Knickle, 2002, Thomas, 2009, Khaligh and Li, 2010).
HEYV is a combination of a conventional vehicle and an electric vehicle, and it
is driven by four different parts: electric motor, ESS, ICE, and transmission

system.

Furthermore, the architecture of HEV is classified into two basic types:
series and parallel. But presently, HEVs are classified into four kinds: series
hybrid, parallel hybrid, series-parallel hybrid, and complex (Ehsani et al., 2009).
FCV is another category of an electric vehicle. In this type, the fuel cell is used
to generate the electrical power through an electrochemical reaction in the fuel

cell chamber. FCV has an on-board fuel source, like hydrogen or natural gas. It
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also can either be fully dependent on the fuel cell or designed with a battery in
a hybrid arrangement (Richardson, 2013). Figure 2.1 illustrates the architecture

of the most common types of HEV in the market.

Series hybrid Parallel hybrid
Fuel Ic Fuel IC
tank engine tank engine
Gene- Trans- Trans-
rator mission mission
Power Electric | | L Power |__|Electric | |
Battery ™ |converter| | motor ] Battery converter motor [ |
(a) (b)
Series—parallel hybrid Complex hybrid
Fuel IC Fuel IC
tank engine tank engine
Gene- Trans- Electric Electric Trans-
rator mission motor motor mission
Power Electric |_| Power Electric |_|
Battery | converter[ ™| motor || Battery converter motor []
(c) (d)
Eletrical link
Hydraulic link
Mechanical link

Figure 2.1 The architecture of the main types of HEV in the market

(Richardson, 2013)

2.3  Energy Sources in Electric Vehicles

The energy storage devices are used to supply the electric vehicle with
the needed traction power. The main characteristics that should be offered in
ESS are energy density, power density, lifetime, cost, and maintenance-free.
Various types of energy storage devices are used in EVs such as batteries,

supercapacitor, flywheels, and fuel cell.
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2.3.1 Batteries

A battery is a storage device that consists of one or more electrochemical
cells that convert the stored chemical energy into electrical energy. Batteries
have many features such as high energy density, compact size, and reliability.
Due to these characteristics, the batteries became widely used in electric
vehicles. On the other hand, there are some energy losses from the battery cells
during the charging and/or discharging due to the internal resistance of the

battery.

Currently, there are several kinds of chemical batteries available in the
market and the most commonly used in the EV are Lead-Acid, Nickel Cadmium
(NiCad), Nickel Metal Hydride (NiMH), and Lithium-Ion (Tie and Tan, 2013).
In general terms, the lead-acid cell consists of a lead oxide (PbO>) cathode and
a pure-lead (Pb) anode immersed in aqueous sulphuric acid (H>SO4 + H>0O)
(Reddy, 2002). Equation 2.1 and Equation 2.2 describe the overall chemical
reaction during charge and/or discharge for lead-acid and lithium-ion batteries,
respectively.

PbO: + Pb + 2H>SO04>2PbS0O4 + 2H,0 (2.1)

C6Lix + MyOz(_)6C + LixMyOz (22)

Batteries are designated by the nominal capacity in ampere-hours (Ah)
and the nominal voltage which has been standardized at 2.1V/cell for the lead-
acid battery. This value applies to the nominal electrolyte temperature and

density. Higher voltages are achieved by the series connection of individual
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cells. Battery capacity is increased by using cells of greater capacity rather than
a parallel connection. The parallel connection of cells increases reliability but

this increases the total battery weight.

The common battery type in mobile electronics is Lithium-ion; however,
these days it can be implemented in high power demand applications such as
grid systems and electric vehicles. Lithium-ion batteries have a long life-time
comparing with other kinds of batteries like lead-acid. Since the emergence of
Lithium-ion batteries in 1991, Lithium batteries occupied the second place of
the most consumed mobile energy in the market. Lithium-ion batteries have
high specific energy density because Lithium is the lightest of all metals and
has the greatest electrochemical potential. Low weight, temperature, volume,
and, sensitivity are the main features of Lithium-ion batteries. Figure 2.2 shows

the schematic of a single Lithium-ion battery.
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Figure 2.2 Schematic of Li-ion cell (Zhang et al., 2018).
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2.3.2 Supercapacitor

There are two different ways to store the electrical energy: indirectly in
batteries as potentially available in chemical energy which requires Faradaic
oxidation and reduction of the electrochemically active reagents to release
charges that can perform electrical work and directly in an electrostatic way as
negative and positive electric charges on the plates of a capacitor, a process
known as non-Faradaic electrical energy storage (Conway, 2013). Generally,
capacitors consist of two metallic plates separated and insulated from each other
by a non-conductive material such as glass or porcelain, Supercapacitor is a
regular capacitor with very high capacitance in a small package (Burke, 2000).
Supercapacitor are based on the double-layer capacitance concept, first
described by the German physicist Hermann von Helmholtz in 1853. The first
patent based on the double-layer structure was taken out by General Electric

Company in 1957 (Becker, 1957).

Supercapacitor have two types: the electric double-layer capacitor
(EDLC) and the pseudo-capacitor, and every type differs in the way of charge
storing (Sharma and Bhatti, 2010). The supercapacitor has relatively high
specific power and relatively low specific energy compared to those of the
chemical batteries. Due to their low specific energy density and the dependence
of voltage on the SOC, it is difficult to use supercapacitor alone as an energy
storage device for high load applications. Nevertheless, some advantages can be
achieved by using the supercapacitor as an auxiliary power source (Ehsani et

al., 2009). Figure 2.3 represents the Schematic of EDLC.
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The main limitation of the supercapacitor is its low operation voltage.
The maximum voltage that can be offered by a supercapacitor is nearly 2.5 V
but most powerful applications require considerably higher voltages. To reach
the required application voltage, the supercapacitor are connected in series. The
capacity and the stored energy of the supercapacitor can be calculated using

Equations 2.3 and 2.4, respectively.
C= 70 A (2.3)
E=>CV? (2.4)
Where:
€o = the permittivity of a vacuum.
&: = the electrolyte dielectric constant.
A = the specific surface area of the electrode accessible to electrolyte ions.
d = the effective thickness of the EDL (the Debye length).

C = the capacitance of the cell (in farads).

V = the cell voltage (in volts).
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2.3.3 Fuel Cells

Fuel cells (FC) are electrochemical instrument used to convert energy
from a chemical form to an electrical form directly. The FC generates the
electrical energy as long as the reactant flows are maintained. The main
advantages of FC are high conversion efficiency, low emission of Carbon
dioxide CO2, quiet operation, fuel flexibility, durability waste heat
recoverability, and reliability (Khaligh and Li, 2010). Figure 2.4 presents the

schematic diagram of the FC.
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Figure 2.4 The schematic diagram of the FC (Fathabadi, 2018)

2.3.4 Flywheels

A flywheel energy storage system is a mechanical device that stores

kinetic energy. FC consists of a cylinder with a shaft connected to an electrical
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generator. Electric energy is converted by the generator to kinetic energy which
is stored by increasing the flywheel rotational speed. The stored energy is
converted to electric energy via the generator (Rekioua, 2014). Flywheel is
classified as an electro-mechanical battery made of wheel of carbon fibre,
bearing, converter and generator (Dixon, 2010). Figure 2.5 shows the main
components of the flywheel. The flywheel characteristics as following:

= Low Specific energy.

= High Specific power.

= No pollution.

= Long life-cycle.

= High efficiency.

= [ ess maintenance

Flywheel
System:
Component interaction,
Space environment, Controls,
{micrometeoroids, etc

Magnetic Bearings:
Controls & losses are
the key risk areas,
‘ also fault tolerance
& design for IPACS

Enclosure: ——»

lightweight but stiff, By W ' Rotor (Rim, Hub
spacecraft mechanical : A Shaft]

High specific energy
(super critical design?),
Fatigue Life & “creep”.
safety W/O containment

and thermal interface

Motor/Generator:

Reliability, efficienc iya g

d ! Auxiliary Bearings:

High speed, high impact, life

Esp.: Launch environment
«— Electronics:

IPACS control algerithms,
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concepts

Figure 2.5 The main component of flywheel (Dixon, 2010)
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24 The Topologies of the Hybrid Energy Storage System

The storage technology, operational characteristics, and particular
strengths are varied in the energy storage devices. Different structures of hybrid
energy storage systems were compared such as battery-Supercapacitor and
battery-flywheel in (Kedra and Malkowski, 2018). The conclusion of this
comparison is that the flywheel required special work conditions such as
maintain the speed of the wheel while the main limitation of the supercapacitor
is that has a fast drop in the terminal voltage. For EV applications the auxiliary
energy storage device like supercapacitor and flywheel is used to store the
regenerative energy during the braking. Due to the operation limitation of the
flywheel and the big size of the flywheel compare with the supercapacitor
module the battery-supercapacitor hybrid energy storage system was selected to

supply the energy of the electric vehicle in this research.

Generally, HESS is designed by interfacing the supercapacitor and
battery via a bidirectional DC-DC converter to take advantage of the two and
mitigate their limitations. Many topologies for battery-supercapacitor interfaces
have been attempted. Numerous studies in the literature have attempted to
design battery-supercapacitor hybrid energy storage systems for EVs with
various topologies to interface between the battery and the supercapacitor (Tie
and Tan, 2013, Ju et al., 2014, Cao and Emadi, 2012, Xiang et al., 2014). Figure
2.6 illustrates different topologies of HESS. Furthermore, different types of
bidirectional DC-DC converters have been used in a HESS for EV applications

(Ostadi et al., 2013).
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Figure 2.6(a) presents the simplest topology of a battery-supercapacitor
system. Due to the direct connection, the battery and the supercapacitor voltage
terminal is the same, and the DC-DC converter is used to maintain the power
flow. In this topology, the supercapacitor characteristics are limited.
Furthermore, a full-sized DC-DC converter is needed to manage the delivered

energy (Aharon and Kuperman, 2011).
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Figure 2.6 The main topologies for the HESS in literature

Another configuration of a HESS is shown in Figure 2.6(b). In this
topology, the power flow of the battery is maintained within a safe range via the
DC-DC converter. The supercapacitor operational range is limited, and it

responds as an energy buffer (Ju et al., 2014).

The configuration in Figure 2.6(c) is widely used in literature (Iannuzzi

and Tricoli, 2012, Armenta et al., 2015). The DC-DC converter was inserted
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between the supercapacitor and the DC bus as an interface to control the power
flow from the supercapacitor. This topology offers a wide range of voltage for
the supercapacitor and enhances the performance of the battery by decreasing
the battery current. The reliability is another feature of this topology; the power
flow is not affected by the failure of the DC-DC converter. This configuration

1s known as the semi-active HESS.

The topologies represented in Figure 2.6(d, e) use two DC-DC
converters to manage the power flow from the battery and supercapacitor
separately. These topologies require a full and medium-size DC-DC converter
for every source. Besides, the loss, cost, and weight are increased in these
topologies compared with the other topologies regarding the need for full-sized

DC-DC converters (Kuperman and Aharon, 2011, Laldin et al., 2013).

The scheme in Figure 2.6(f) uses a parallel connection of batteries and
supercapacitor via two DC-DC converters separately and suffers from the same

constraints in Figure 2.2(d, e). This configuration is called the active HESS.

2.5 The Energy Management Strategy of the HESS

The Energy Management System (EMS) is the most critical issue in the
active and semi-active topologies of HESS. The EMS aims to split the power
between the battery and the supercapacitor and increase the performance of the

HESS. Currently, the EMS of EV can be mainly categorized into optimization
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energy management strategies, rule-based energy management strategies, and
pattern recognition energy management strategies. Various researches
highlighted the different characteristics of energy management strategies. This
section summarises the information and the various aspects of the energy
management strategies. Figure 2.7 summarized the main categories of energy

management system.

Energy management strategies

]
recognition

Optimization-
based

I—l—ll—l—l

Global Real-time S : neural o
L L Deterministic Fuzzy Logic statistics
optimization optimization network

Figure 2.7 The Classification of Energy Management System for HESS

2.5.1 Optimization Energy Management Strategy

The energy management system uses an optimization method to
improve the performance of the EV. The diversity of the control problems leads
to the description of several cost functions. There are two different optimization
energy management systems introduced in the literature; the real-time
optimization energy management strategy and the global optimization energy

management strategy.
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The work in (Zheng et al.,, 2018) proposed an energy management
system for HESS based on Pontryagin’s minimum principle to extend the
battery life-time and achieve extra driving hours compared with the rule-based
management system and single storage system. The semi-active topology was
used to interface the battery and supercapacitor of HESS. Figure 2.8 presents
the topology of HESS in this work. The proposed controller estimates the
optimal supercapacitor state of charge (SOC) for the selected drive cycle and
finds the required battery and supercapacitor energy to supply the EV to follow
the estimated SOC of the supercapacitor. The proposed controller in this
research was validated by being tested on three drive cycles: FTP72, NEDC,

and Japanl015 drive cycles.

Battery \
\

Motor ———% Drive ——% Vehicle

DC-DC “/

Super-capacitor 4mp oo /

Figure 2.8 The topology of the HESS in (Zheng et al., 2018).

Other works consider the dynamic programming (DP) optimization
method to manage energy flow in the battery-supercapacitor system presented
in (Pan et al., 2019). The semi-active HESS is used to validate the proposed
controller. The architecture of the HESS in this work is presented in Figure 2.9.
The proposed controller reduced the energy consumption of an EV by 17.6%

compared to the energy consumption when a battery was used.
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Figure 2.9 The architecture of the HESS in (Pan et al., 2019).

Other works presented in (Li et al, 2019a) proposed an energy
management system using the Markov Decision Process (MDP) to manage the
power flow for HESS of an EV. The active topology of HESS using two DC-
DC converters was implemented in this research. The controllers aimed to
reduce the battery fluctuation current to extend the battery life. China Bus
Driving Cycle (CBDC) drive cycle and Urban Dynamometer Driving Schedule
(UDDS) were used to test the controller response. A down-scale prototype of

HESS was used to verify the proposed controller experimentally.

A real-time control strategy for HESS was studied in (Lu et al., 2019).
The Multi-Objective Optimization (MOQO) problem was formulated using three
loss functions which are the battery life-cycle, power loss, and the stability of
DC link voltage. The no-preference method and weighted method are two
different methods used to change the optimized problem to a unity problem. The
HESS model and controller algorithm were tested using ADVISOR. The
proposed controllers were validated with four standard drive cycles UDDS,

NYCC, NEDC, and INDIA URBAN SAMPLE. The proposed EMS in this
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work managed the energy flow from the battery in semi-active HESS as
illustrated in Figure 2.10. The results proved the proposed control strategy
enhances the performance of the HESS in terms of minimizing the power loss,

extends the battery life-cycle, and maintains the voltage of the dc-link in a stable

range.
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Figure 2.10 The topology of the proposed HESS in (Lu et al., 2019).

A comparative study was done to compare the control response of a
Non-Linear Model Predictive Control (NMPC), rule-base control and Linear
Model Predictive Control (LMPC) for the battery supercapacitor HESS in EVs
(Golchoubian and Azad, 2017). A Toyota Rav4EV model was tested and

showed the improved response of NMPC compared to that of LMPC.

A more complex control scheme was designed to split the load power
between the battery and supercapacitor to increase the efficiency of the HESS
and overall battery life in (Shen and Khaligh, 2016b). The predictive controller
was used to manipulate the duty cycle of the DC-DC converter to control the
current of the supercapacitor during operations. Furthermore, the predictive
controller reduced the frequent variation of battery load in the EV’s HESS. A
non-uniform sampling time approach was investigated in (Gomozov et al.,

2016).
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The Markov Chain method was cooperated with the Monte Carlo
method to propose a stochastic model from the history of the driving cycle in
(Zhao et al., 2019). The predictive drive cycle was used to update the equivalent
consumption minimization strategy in real-time. The proposed energy
management strategy was validated for HEV model. Figure 2.11 represents the

schematic of the driving cycle prediction algorithm.
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Figure 2.11 The schematic of the driving cycle prediction algorithm in (Zhao
et al., 2019)

A new control strategy was proposed in (Hu et al., 2020) based on the
driving pattern recognition. The driving cycle was classified into different
patterns based on the historical driving data. An adaptive wavelet transform was
used to assign the high power demand to the supercapacitor while the low
frequency power demand was supplied by a battery. This strategy was

implemented in a standard drive cycle and decreased the maximum
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charge/discharge current of the battery, improved the battery lifetime, and

extended the vehicle range.

In (Gonsrang and Kasper, 2018), the power management system was
proposed for HESS to extend the driving range of the electric vehicle. The
proposed EMS aimed to split the vehicle load power between the battery and
supercapacitor based on solving the formulated problem. The implementation
of the proposed EMS in real-time could be achieved due to the small
computation time. Multiple objectives problem was formulated based on the
driving speed, the terminal voltage of the supercapacitor, and the battery peak
power demand. The optimization problem was solved by a nonlinear model
predictive control program and constrained quadratic program. Figure 2.12

shows the structure of the optimization level.
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Figure 2.12 The structure of the optimization level of the EMS in (Gonsrang
and Kasper, 2018).
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The optimal energy management strategy was designed in (Mesbahi et
al., 2017) to manage the battery/supercapacitor HESS. The proposed EMS
aimed to manage the supercapacitor SOC around the initial value. The
integration of the Particle Swarm Optimization and the Nelder—Mead was used
to define the control parameter of the proposed EMS. The ARTEMIS drive
cycle was used to test the performance of the proposed EMS. The results proved
that the proposed EMS decreases the battery stress, reduces the system cost, and
increases the battery life-time. Figure 2.13 represents the power split concept of

the proposed controller in this research.
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Figure 2.13 The HESS load power based on the proposed EMS in (Mesbahi et
al., 2017).

The power management strategy based on dynamic programming (DP)

was proposed to prolong the battery lifetime and extend the driving range of the
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EV in (Chen et al., 2014). The performance of the DP was investigated with
two cost functions: battery loss oriented and fuel loss oriented power
management strategies. The minor drawback of the DP is the complicated
interpolation and quantization; therefore, it needs a super microprocessor for

implementation.

Rule-based control system is a group of rules that depends on the value
of the control variables in real-time. The main advantages of the rule-based
control strategy are that it does not require any information regarding the type

of drive cycle being used, and it is simple to implement.

The response of the laboratory size scale of the semi-active HESS
prototype was investigated using the emulate of the real road electric vehicle
(Veneri et al., 2018). The proposed HESS in this work was controlled by three
different strategies of rule-based energy management. The responses of the
proposed rule-based controllers were evaluated in terms of the effects on the
battery peck current. This study discussed the harmful effect of the high
discharging rate current for the urban driving cycles in terms of battery life-time
and efficiency. Figure 2.14 depicts the scheme of the three control modes of

HESS.
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Figure 2.14 The scheme of the three control modes of HESS in (Veneri et al.,
2018).

An adaptive power split strategy was used to split the load between the
battery and the supercapacitor in the HESS for EVs in (Sun et al., 2017). The
controller drove the interleaved DC-DC converter in the semi-active HESS, and
the Zero Voltage Switching Method minimized the switching losses in the

converter. The system was evaluated over four drive cycles in an EV.

A real-time rule-based power-split control strategy based on a
Lyapunov-based nonlinear approach was proposed in (Zhang et al., 2020) for
energy management of the battery-Supercapacitor HESS for EV. The proposed
controller was tested to consider the speed of two standard drive cycles and the

slope of a city road drive cycle.

The control strategy illustrated in Figure 2.15 was implemented to drive
the switching bi-directional buck-boost converter for vehicles- to-grid systems
(Liu et al., 2020). A state-space averaging approach was used to test the system

stability. The controller considered the SOC of HESS to regulate the power flow
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in the system. The experimental results for laboratory prototypes were presented

to verify the design.
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Figure 2.15 The diagram of the control strategy of HESS in (Liu et al., 2020).

A fuzzy logic controller was applied to control the HESS for EVs in
(Sellali et al., 2019). The aim of the controller was to split the load power
between the battery and supercapacitor, regulate the DC bus voltage, and
monitor the SOC of the supercapacitor. The proposed control algorithm aimed
to manage the power flow from HESS by the Fuzzy Logic Controller.
Furthermore, the sliding mode controllers was implemented to control the
vehicle traction. Figure 2.16 illustrates the flow chart of the proposed controller
in this work. The results showed that the proposed controller improved the
battery life by supplying the load energy from the battery at a steady state and

from the supercapacitor during the transients.
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Figure 2.16 The flowchart of the Fuzzy Logic Controller in (Sellali et al.,
2019).

The rule-based energy management strategy was proposed in (Armenta
et al., 2015) to reduce the battery current peak and extend the driving time. The
proposed EMS in this study aimed to control the power flow from the
supercapacitor to enhance the ability of the supercapacitor to absorb all the
regenerative energy during the braking. The efficiency of the EV increased by

8%—25% in terms of driving range when including the regenerative energy.

The rule-based fuzzy logic control approach was applied in (Wang et al.,
2016) to manage the power flow in the HESS. The accuracy in measurement
noise and adaptation of Fuzzy Logic was used as an energy management
strategy. However, human experience was implemented to design the
membership function and fuzzy rule. The proposed Fuzzy Logic Controller
considered three inputs: the total power, the battery SOC, and the supercapacitor

SOC. Figure 2.17 shows the structure of the proposed fuzzy controller.
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In (Bharath and Pandey, 2017), they designed a Fuzzy Logic Controller
to manage the power distributed between the battery and the supercapacitor.
The total vehicle load demand, supercapacitor SOC, and battery SOC were used
as the controller’s input. The ADVISOR platform was utilised to implement the
model vehicle control strategy. In (Eckert et al., 2020), a genetic algorithm
multi-objective optimization was applied to reduce the HESS sizing and extend
the driving range of the EV. A fuzzy control strategy was used to split the power
between the front and rear HESS to achieve better performance. The proposed
configuration was tested in three standard drive cycles, and it succeeded to
increase the driving range and reduce the HESS total weight. The architecture

of the electric vehicle is shown in Figure 2.18.
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Figure 2.18 The configuration of the EV in (Eckert et al., 2020).
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Figure 2.19 The configuration of the HESS in (Javorski Eckert et al., 2018).

2.5.3 Pattern recognition Energy Management Strategy

A different control strategy was applied in HESS for EV in (Alobeidli
and Khadkikar, 2018). A two-stage neural network was used to control the SOC

of the supercapacitor. This control strategy was used to extend the
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supercapacitor life and guarantee continuous hybridization. This concept was
tested for three standard drive cycles and underwent both numerical and
experimental investigations. The performance of a rule-based and a fuzzy
adaptive controller was compared and the results showed improvements in the

battery life.

Other researchers attempted to improve the HESS and battery life in the
EVs by formulating real-time energy problems. This helped determine the
optimal current split point between the battery and the supercapacitor. A cost
objective function was derived to minimize the battery current variations and
amplitude, and reduce the error between the supercapacitor current and the
reference current. A neural network-based strategy was used to split the load

current between the battery and the supercapacitor (Shen and Khaligh, 2016a).

Another work investigated a new energy management system for HESS
for six standard drive cycles using a neural network (Zhang and Deng, 2016).
The characteristic parameters were taken in real-time from the different drive
cycles employing a slide time window to determine the load distributed

components between the battery and the supercapacitor.

2.6 The Impact of the Topography on the Energy Consumption for

Electric Vehicle

The Pontryagin’s Minimum Principle was used to develop an algorithm

for eco driving for electric vehicle (Shen et al, 2020). The real-world
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parameters such as traffic laws, road slope, safety concerns, and power train
were used to adapt the proposed algorithm. The eco-driving algorithms were

tested in three different scenarios and compared with human driving behaviours.

Other research was aimed to predict the energy consumption of the
selected drive cycle for the battery electric vehicles (Wang et al., 2018a). The
general effects of the weather conditions, road topography information, traffic
condition, and driver behaviour are considered in the total energy estimation.
The error between the results of the proposed prediction algorithm and the

measured energy consumption within 5% for all tested trips.

In (Cheng et al., 2019) a driving control algorithm was proposed to
improve the climbing performance of pure electric vehicles. The road slope,
vehicle speed, rate of acceleration pedal, and battery state of charge were used
to design the fuzzy controller. The proposed control method improved the
dynamic and operation performance of the electric vehicle in terms of climbing

conditions.

The energy estimation model for electric vehicle was proposed in (Wang
et al., 2015). In this study Battery model, regenerative model, road load model,
energy loss model, and auxiliary system model were used to predict the total

energy consumption of electric vehicles for real routes.

Similar to the normal way to find the fastest way or shortest distance for

the selected journey, a new design for route planner was presented in (Perger
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and Auer, 2020). The aim of this method is to find the driving path for the
selected route which have less energy consumption. The multi-objective
problem was identify based on energy consumption, driving time, and battery
lifetime. The major impact of topography on the energy consumption of electric

vehicle was validated.

Other research proposed an instant control energy strategy to improve
the efficacy of electric vehicle depends on road slope and vehicle speed (Qu et
al., 2019). The total energy consumption was decreased by including the kinetic
energy of the electric vehicle in real-time. The proposed speed controller was

saving 5.9% compared with driving with constant speed.

The effects of the road slope and traffic conditions on the total energy
consumption of EV were investigated (Neaimeh et al., 2012). The presented
data prove the impact of the topographical conditions of the selected route in

terms of energy consumption.

2.7  Chapter Summary

This chapter presents a review of the architecture of the electric vehicle,
the energy sources used commonly in the EVs, the main topologies
implemented in the EVs, and the energy management system in the EVs. With
a view to achieve the optimal energy management system for EVs, researchers
should develop the optimization method of the rule-based energy management

system.
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The presented control strategies of the EVs in the literature have
different characteristics. The Rule-based controller was implemented widely in
mercantile vehicles due to the simplicity; however, the optimal solution is
difficult to obtain. The review reveals a research gap in terms of the effect of
road slopes and traffic information on the design of the energy storage system
in EVs. Ignoring road topography informations can lead to incorrect estimation
of the total energy demand in a drive cycle. An uphill drive consumes more
energy when the vehicle accelerates while less energy is used when the vehicle
goes downhill. There are several methods used to measure the road elevation
and slopes such as DEM, GPS, and CPS (Han et al., 2012, Chew et al., 2014).
Vehicle-to-vehicle communications can also be used to collect information

regarding the slope of the road (Coelingh and Solyom, 2012).
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CHAPTER 3

MODELLING THE HYBRID ENERGY STORAGE SYSTEM AND

ELECTRIC VEHICLE

3.1 Introduction

This chapter presents the Hybrid Energy Storage System proposed
topology for the Electric Vehicle and the system components mathematical
models. Battery model, Supercapacitor model, DC-DC converter model and
Electric Vehicle model are explained in details. Determining an accurate and
precise hybrid energy storage system is required to design the energy
management system with optimal electric vehicles performance. Also, the
Contour Positioning System is discussed and explained. The purpose of
obtaining the slope and angles of a road based on the road contour distance and
elevation is clarified. The study considered several natural drive cycles with
different characteristics and different speeds to validate the proposed system.
At the same time, the design of the energy management system of the Hybrid
Energy Storage System for Electric Vehicle is discussed in detail in the next
chapter. Finally, the sizing method to select the proper size for the battery and
supercapacitor of the Hybrid Energy Storage System for Electric Vehicles

application is presented.
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3.2 System Modelling and Configuration

This research implements the semi-active topology of HESS to deliver
the required energy for EV. In this topology, the supercapacitor are connected
to the DC bus through a bidirectional DC-DC converter in parallel with a battery

to capitalise on the two systems advantages and mitigate their limitations.

The proposed energy management system is designed to split the
demand energy between the battery and supercapacitor and limit the battery
current. The battery provides low traction and steady-state EV load current
whilst the supercapacitor supplies the peak demand EV load current and absorbs
the regenerative energy during braking. The Rule-based adaptive controller is
designed to manage the super capacitor energy flow by tuning the drive cycle
of the DC-DC converter. Figure 3.1 shows the HESS architecture for the EV in

this research.

Inverter Electrical Motor Vehicle Dynamic

Supercapacitor DC-DC Converter

FIGURE 3.1  Architecture of HESS for Electric Vehicle in this research
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3.2.1 Battery Model

As presented in the literature, many researchers focused on battery
modelling. Battery models can be categorised based on the used modelling
approaches. The major categories are mathematical models, electrochemical
models, and electrical equivalent circuit networks. Usually, some empirical
formulas or heuristic techniques are used to obtain the specific characteristics
and mathematical models of batteries. One of the simplest and oldest analytical
methods is the Peukert’s equation which shows that battery capacity depends
on the battery current discharge rate. The electrochemical models rely on the

internal chemical reactions between the materials inside the battery.

Consequently, these models have high accuracy compared with other
models since they simulate the cells at the microscopic scale. They often involve
six-coupled non-linear differential equations. The complexity of the
electrochemical models and limitations of the computers computing power in
the past led researchers to investigate another modelling approach called
equivalent circuit model. Generally, this model uses electrical components to
model the behaviour of the battery. Batteries may be modelled with a constant
voltage source in series with resistance in its simplest form. Adding more
components to the capacitor can show different effects. Many examples of
battery models can be found in literature and will not be reviewed in this
chapter. Most of them are not directly applicable to the EV application. Instead,
the focus will be on a group of works which involves the simplification of these

battery models. The electrical equivalent circuit model for the battery will be

43



considered in this research. There are many ways to represent the electrical
equivalent circuit model for the battery. Most of these models fall under three
main categories: Thevenin, impedance, and runtime-based models. Figure 3.2
illustrates the different electrical equivalent circuit models for the battery (Chen

and Rincon-Mora, 2006, Shafiei et al., 2011, Fotouhi et al., 2016).
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Figure 3.2 Different equivalent circuit model of the battery (a) Thevenin
model, (b) impedance model, and (c) runtime-based -electrical battery
model(Chen and Rincon-Mora, 2006).

After choosing the electrical equivalent circuit model construction, the
parameters or the values of the model components need to be determined. These
parameters can be found using the real data for charging and discharging the
battery. For EV application, a fast battery model that is accurate at different
SOC levels subjected to various charge/discharge current amplitudes, a wide
range of temperature, etc. is needed (Fotouhi et al., 2016). The electrochemical
batteries, like Lead-acid battery, have complex and non-linear behaviour during

charging and discharging depending on battery state-of-charge and electrolyte
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temperature. For those reasons, (Ceraolo, 2000, Barsali and Ceraolo, 2002) tried
to find dynamic model to represent this nonlinearity. Furthermore, the
equivalent electric model was used to estimate the values of this model
parameters using two ways: a complete identification procedure involving
extensive lab tests and a simplified one that combined information from lab tests
and data supplied by the manufacturer. The accuracy of these models was
acceptable, and the proposed models behaviour was validated via the

comparison with lab tests data.

Some researchers used the system identification technique to estimate
the parameters of the battery model (Fotouhi et al., 2015). The real-time model
identification technique combined with an adaptive neuro-fuzzy inference
system (ANFIS) was used to estimate the battery SOC in the real-world electric

vehicle applications.
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SOC, the average current, and the electrolyte temperature. The parameter
estimation result constitutes the look-up tables for the parameter values of the
equivalent circuit elements that represent the battery behaviour in a different

SOC (Ahmed et al., 2015).

The battery model can be found in the MATLAB/Simulink/
SimPowerSystems library. This equivalent model contains a control voltage
source and an internal resistance, as shown in Figure 3.3. The relationship
between the time-varying parameters in the battery model is shown in Equation

3.1. Table 1.1 shows the main parameters of the battery model used in this study.
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Figure 3.3 Equivalent model of the battery in SimPowerSystems library
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Table 3.1 The parameters of battery model

Parameter Value
Capacity (Ah) 100
Internal Resistance (Ohms) 0.125
Nominal voltage (V) 500
Stored energy (kWh) 50
Initial SOCy(0) 0.95

3.2.2 Supercapacitor Model

Supercapacitor have a widespread use in academia and the automotive
industry due to their characteristics, high efficiency, low internal resistance high
power density, long cycle life, fast charging, and wide operational temperature
range. A model that can emulate supercapacitor dynamics with high precision
and good robustness is of utmost importance for energy management design.
The model should also avoid complexity to be easily incorporated into real-time
controllers. Therefore, it is vital to strike a balance between the model accuracy,
robustness, and model complexity (Zhang et al., 2015). Many supercapacitor
models are presented in the literature (Faranda et al., 2007, Johansson and
Andersson, 2008, Zubieta and Bonert, 2000, Sharma and Bhatti, 2010). The
supercapacitor models can be generally categorised into three groups:
electrochemical models, equivalent circuit models, and artificial-neural-
network-based (ANN-based) models. This research will rely on the equivalent

circuit model for the supercapacitor.
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One of the practical models for the supercapacitor was proposed in
(Zubieta and Bonert, 2000). The model consisting of three RC branches was
suggested to achieve a better fit for the collected data. The capacitance of the
branch with the fastest response was modelled as a voltage-dependent capacitor.
The model parameters were determined from the terminal measurements of the
charging and discharging of the supercapacitor. Figure 3.4 represents the
different equivalent circuit models for the supercapacitor in the literature. This

model was verified using MATLAB/Simulink as in (Shah et al., 2012).
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Figure 3.4 Equivalent circuit models for the supercapacitor in the literature.

Other researchers presented the two branches equivalent circuit model
for the supercapacitor (Faranda et al., 2007). The process of identifying the

model parameters was easier and faster than the previous model. Additionally,
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a dynamic model that describes the behaviour of supercapacitor can be used for
the simulation and the analysis of the supercapacitor transient behaviour as
mentioned in the literature. According to (Devillers et al., 2014), the model
parameters are identified with adapted characterisation tests, such as charge and
discharge test at constant current and Electrochemical Impedance Spectroscopy

in environmental constraints.

Furthermore, other studies included the thermal effect to obtain an
accurate model that represents the supercapacitor behaviour (Al Sakka et al.,
2009, Rafik et al., 2007, Marie-Francoise et al., 2006). In (Rafik et al., 2007),
an electrical model consisting of 14 RLC elements has been proposed to
describe the supercapacitor behaviour. Electrochemical impedance
spectroscopy was used to find the parameters values from the experimental data.
The simulation and experimental results verified the accuracy of this method.
Generally, the most common way to identify the parameters representing the
dynamic behaviour of the supercapacitor is based on the impedance
spectroscopy. However, it requires specialised instrumentation and cannot be
easily implemented for model identification in a large frequency band. On the
other hand, different researches tried to estimate the supercapacitor model

parameters using the online identification method (Bertrand et al., 2010).

MATLAB/Simulink/SimPowerSystems elements are used to model the
supercapacitor in this research. Table 2 lists the parameters of the supercapacitor
module used in this study. The terminal voltage V. and the total capacity Cq. of

the supercapacitor module can be calculated as per Equation 3.2.
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Table 3.2. The Parameters of Supercapacitor Model

Parameter Value
Rated voltage (V) 300
Rated capacitance (F) 100
Resistance (mQ2) 2.1
Initial SOC,.(0) 0.9224

3.2.3 DC-DC converter Model

The model that describes the DC-DC converter behaviour is important
for designing the HESS controller because the controller aims to drive the DC-
DC converter to supply the required energy from the supercapacitor. The DC-
DC converter output voltage and current are regulated by changing the duty
cycle of the Pulse Width Modulation (PWM) which is applied to the IGBT of
the DC-DC converter. In this research, a single layer bidirectional DC-DC
converter is used to control the supercapacitor energy flow in both directions.
The boost converter is used to discharge the supercapacitor, and the buck
converter is utilised to charge the supercapacitor. Figure 3.5 represents the
bidirectional DC-DC converter construction and main components (Machado et

al., 2015).
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Figure 3.5 The main components of the DC-DC converter

The state-space average model is used to model the DC-DC converter in
this research. This method approximates the DC-DC converter non-linear
characteristics to the linear system (Abdullah et al., 2012) whereas the ON and
OFF state of the IGBT is considered in modelling the DC-DC converter. The
time averaging is performed as in Equation 3.3:

x = [dAogy + (1 — d)AoprlX + [dBoy + (1 — d)BopplVse (3.3)

Where:

d =the switching _period
Aon,,)ﬂ» = state _matrices

B,,.; =control _matrices

According to the main components of the bidirectional DC-DC
converter in Figure 3.5, the following matrices represent the state and control
matrices of the DC-DC converter in ON and OFF states:

X=[I V.]' = state vector

Aon = 1 , Bon = [Z]
0
C.(R+r1s) 0
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The state-space model of the DC-DC converter is represented by the

following Equations (Wangsupphaphol et al., 2013):
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The parameters of the DC-DC converter are designed based on (Mohan
and Undeland, 2007). The DC-DC converter model in Figure 3.5 is simplified
by replacing the switching elements using a combination of controlled current
and voltage sources as shown in Figure 3.6. This simplified model has good
accuracy and a low computational time (Abdullah et al., 2014). Another method
to estimate the discrete transfer function of the DC-DC converter using system

identification technique is presented in (Sadeq and Wai, 2019). The state and
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control matrices of the state-space model of the DC-DC converter is used to
design the linear quadratic regulator LQR controller to obtain the desired duty

cycle of the PWM.
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Figure 3.6 The equivalent model of the DC-DC converter

3.3 Electric Vehicle Model

A proper model representing the EV performance is required to obtain a
better energy consumption. Many researchers used MATLAB/Simulink to
develop the model for EVs whilst others used ADVISOR or other software to
perform comprehensive performance analyses for a wide range of vehicles
(Wipke et al., 1999, Fotouhi et al., 2015, Wai et al., 2015, Bampoulas et al.,
2016, Kaloko et al., 2011, Mahmud and Town, 2016). The vehicle dynamic
system was explained clearly in (Larminie and Lowry, 2003, Ehsani et al., 2010,
Schaltz, 2011). In term of the fundamental of the vehicle dynamics and

Newton’s second law of motion, the total forces (F, , ) affecting the vehicle

momentum are aerodynamic force (Fep0), rolling force (F,qp), grading force
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(Fgr), and acceleration force (Fycce) as presented in Equation 3.7. Figure 3.7

represents the main forces that affect the vehicle during movement.

ZFTotal = l:‘aero + l:‘roll + Fgrad + 1:‘accel (3-7)

FIGURE 3.7 Forces affecting the vehicle during movement

The glutinous resistance that impedes movement of the vehicle body
through air is called the aerodynamic resistance force. This force is a function
of few factors such as the vehicle shape, the front area, the air passages, and the
side mirrors. The aerodynamic resistance force depends on the following
constants: air density (p = 1.29) (kg/m?), the vehicle front area (Ar= 2.57 m?),
and the drag coefficient (C4= 0.26). Equation 3.8 represents the aerodynamic
resistance.

Faero = 0.5.p.Ap. Cg. V2 (3.8)
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The force that arises from the contact between the vehicle tires and the
road surface is called the Rolling force( F,;;). This force is proportional to the
road slope angle and the total vehicle mass. The tire properties such as the
structure, the material, the temperature, and the air pressure play a significant
role in the rolling resistance coefficient (uy). Furthermore, the road
specifications such as the materials, the roughness, and the percentage of liquids
on the road surface affect the value of the rolling resistance coefficient. In this
research, the rolling resistance coefficient in Equation 3.9 is chosen as 0.0048.
Equation 3.9 represents the rolling resistance force.

Fron = Hyr- MV.g- cos@ (39)

The effects of the road elevation and topography information in which
the vehicle is moving are called the grading force. This force is of two types:
downhill and uphill climbing. The grading resistance force of the movement in
downhill helps the vehicle move forward while the movement in uphill impedes
the vehicle movement. This force is equal to the parallel component effect of
the road multiplied by the vehicle mass and gravity as shown in Equation 3.10.

Fgraq = My g. sinf (3.10)

The vehicle acceleration force can be calculated based on Newton's laws
of motion with friction forces. This force is equal to the sum of the tractive
resistance force and the tractive effort. The acceleration force is given by

Equation 3.11.

av
Faccel = MV.E (311)
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In the translational motion, the total torque applied to motor's shaft can

be calculated by Equation (3.12).

Firvy
Teqwmmax = N
! Nmech
3.12
_ Fe VV,max ( )
Toq = —u— (Wmax.
Nmech \®m,max

In term of simplification, the transmission loss is neglected at the
calculation of the total value of moment of inertia indicates to motor shaft, Je,.
So, the summation of kinetic energy of the different moving parts is equal to the
kinetic energy due to the inertia's total moment. The value of Jeq can be
calculated by Equation (3.13), where Ji, is the total moment of inertia of the

electrical motor.

_ Vv, 2
]eq - ]m + MV((D maX)
m,max (3 13)
1 2 _1 2 1 2 '
E ]eqwm,max - E ]mmm,max + EMVVV,maX

MATLAB/Simulink/Vehicle Component library is used to model the
behaviour of the EV. Table 3 shows the main coefficients of the EV model.
Figure 4 shows the completed model of the EV's HESS using
MATLAB/Simulink. The inverter and the induction motor use the inner loop

intelligent controller (Tarbosh et al., 2020, Farah et al., 2019).
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FIGURE 3.8 The dynamic model of vehicle in Matlab\Simulink

Table 3.3 The Parameters of Electric Vehicle Model.

Parameter Value
M, = Vehicle Mass [kg] 1325
Cq = Drag coefficient 0.26
A= Frontal area [m?] 2.57
Wheel radius [m] 0.3
W = rolling resistance 0.0048
g = Gravity acceleration (g) [ms™] 9.8
p = Air density [kgm] 1.29
0 = Road angle [radian] Variable
V = Vehicle Speed [ Km/h] 50, 60, 70

3.4 Contour Positioning System

Road elevation is an essential factor which affects the energy

consumption in EVs. Total energy consumption in EVs is affected by 15% to

20% when road slopes are taken into account (Boriboonsomsin and Barth,

57



2009). The driving road information is available in many data sources such as
Google Maps, Inter-map, and Google Earth. Contour Positioning System (CPS)
is an algorithm designed to estimate the driving journey energy consumption
for electric vehicles. The CPS depends on the contour lines to estimate how
much energy is needed in the specific journey to reach the desired destination.
This algorithm considers the road slope in the journey to identify the total
energy consumption which does not take into account the conventional distance
estimation system. CPS uses Python programming to extract the elevation from

Google Earth and simulates the results in the MATLAB.

In this research, the driver needs to set the desired destination before
starting the journey. The automated CPS obtains the road slope in terms of
elevation and uses it to estimate the total energy consumption for the desired
drive cycle. Google Earth is used as a source of topography information to
obtain the road elevation. Three real routes, namely, uphill, downhill, and city
tour are selected in this study to investigate the influence of slopes of the road
on the EV energy consumption and validate the proposed HESS energy
management system effectiveness. The CPS and vehicle speed are used to
control and estimate the required energy consumption for each drive cycle. The
three journeys elevation profiles are used to measure the road slope calculated

by CPS using Equation 3.14.

20 = LBy gin-1 28
AE AD
AD(k) = D(k) = D(k — 1) (3.14)

AE(K) = E(k) — E(k — 1)
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(D(k) = Distance
| D(k — 1) = Previous Distance
Where: { AD = Distance Difference
" 1E(k) = Elevation
E(k — 1) = Previous Elevation
AE = ElevationDifference
The wuphill data is obtained for the drive from Berinchang
(4°29°30.16’N  101°23°’15.65’E) to Equatorial Hotel (4°30°17.64”N
101°24°31.18”E) in Cameron Highlands, Malaysia. The distance covered is five
kilometres, and the elevations at the starting and destination points measured
every ten meters are 1496 m and 1627 m, respectively. CPS is used to obtain
the data and calculate the road slope along the journey. Figure 3.9 shows the

road elevation profile and the road slope against the distance based on the uphill

drive cycle.
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FIGURE 3.9  The uphill drive cycle (a) road elevation, (b) road slope.
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Meanwhile, the downhill elevation starts from 1615 m and goes down

to 1496m. The total distance travelled is five Kilometres, and the elevation is

measured every ten meters. Figure 3.10 represents the road elevation profile and

the road slope against the distance based on the downhill drive cycle.

1620

Downbhill
1600 i
1580 i
~_
£
-’
= 1560 .
2
=
S 15401 |
=
=
1520 i
1500 B
1 1 1 1 1
14800 1000 2000 3000 4000 5000 6000
Distance (m)
(a)
15 T T
Downhill
_10F :
D
D
1
g
a 5f 7
-’
D
=3
=
»v 0F i
=
<
&
5 B
-10 | | | | |
0 1000 2000 3000 4000 5000 6000
Distance (m)

FIGURE 3.10 The downhill drive cycle (a) road elevation, (b) road slope.

Furthermore, the city tour involves travelling from University Tunku

Abdul Rahman (UTAR) Old Campus in Setapak, Kuala Lumpur, to Technology

Park Malaysia (TPM) in Bukit Jalil. The elevation levels at the starting and

destination points are 61 m and 66 m, respectively. The city tour total distance

is 15.85 Kilometres, and the elevation is measured every ten meters. The road

elevation profile and the road slope against the distance based on the downhill

drive cycle are represented in Figure 3.11.
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FIGURE 3.11 The city-tour drive cycle (a) road elevation, (b) road slope.

3.5 Standard drive cycles

The standard drive cycles are defined as a concatenation of data points
simulating the vehicle speed against time. Driving cycles are issued by several
organizations and countries to assess the performance of vehicles in various
ways as for instance fuel consumption, electric vehicle autonomy, and polluting
emissions (Ericsson, 2000). The drive cycles are used to estimate the fuel
consumption in conventional vehicles and the energy consumption in electric

vehicles. There are several types of standard drive cycles with different
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characteristics. In this research, three standard drive cycles represent the
diversity of the driver's behaviour in different countries and are selected to
validate the proposed controller performance. In the standard drive cycles, the

road slope is ignored while the vehicle speed profile changes during the journey.

The Urban Dynamometer Driving Schedule (UDDS) represents an
urban route with several traffic stops in Europe with a total distance of 12.07
km. The average and the maximum speeds in the UDDS drive cycle are 31.5
km/h and 91.25 km/h, respectively. The total duration of this drive cycle is 0.39

hours. Figure 3.12 depicts the speed profile based on the UDDS drive cycle.
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FIGURE 3.12 The UDDS speed profile

The New York City Cycle (NYCC) is a test drive cycle which includes
the city traffic. This drive cycles is developed for chassis dynamometer testing
of light vehicles. The total Distance of NYCC is 1.89km while the driving
duration is 0.16 hour. The maximum speed in NYCC is 44.6km/h, and the
average speed is 11.4km/h. Figure 3.13 represents the speed profile based on

the NYCC drive cycle.

62



50

wf |-

w
=
T

|

[
>
T

|

Speed (km/h)

—
>
T

|

| | | A | |
0 100 200 300 400 500 600
Time (S)

FIGURE 3.13  The NYCC speed profile

The Japanl015 drive cycle includes repeatable driving accelerations
with several traffic stops. The total distance of the drive cycle is 4.16 km while
the driving duration is 0.183 hours. The average and the maximum speed in
Japanl015 drive cycle are 22.7 km/h and 70km/h, respectively. Figure 3.14

represents the speed profile based on Japan1015 drive cycle.
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FIGURE 3.14 The Japan1015 speed profile
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3.6  Sizing the Hybrid energy storage system

The energy requirement in electric vehicles applications depends on
many factors such as the depth of discharge, the load current, the operation
temperature, the charging time, and the longest distance. Due to the battery
working principles, the current discharge rate is different compared with the
charging rate. In most batteries, the discharge power density is higher than the
charging power density. The most critical step in sizing the battery is obtaining
the number of batteries in series (Npat s), and the number of batteries in parallel
(Nbat p). This number depends on many parameters such as the mission, the
vehicle dynamics, and the energy management strategy. The mission includes
the speed profile, the slope of the desired journey, the rate of power recovery
during braking phases, and the depth of discharge of the battery. The operating
range of the batteries in electric vehicle applications is around 80% of the total
capacity (Sadoun et al., 2011, Wang et al., 2018b). Figure 3.15 illustrates the

sizing step of electric vehicle application.

Motor propulsion
( Ubue

ESS architecture ) | Nbar s ,Nac_s/‘

Battery and supercapacitor
cells characteristics v

ESS performances
Mission Noae_py Nscp > (weight, volume,

_ - autonomy)
A
Load (dynamic)
Energy management
strategy

Figure 3.15 The sizing step for electric vehicle application (Sadoun et al.,

2011)
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In this research, the total power of electric vehicle (Pgy) equals the
battery power (Pp,:) and the supercapacitor power(FP;.). Equations (3.15-3.18)

are used to size the EV battery.

Pgy = Ppgr + Psc (3.15)
iy = (3.16)
Npat_ser = 72 3.17)
Npat p = Feons (3.18)

Nbat,s-(Ebat,cell_Wbat,cell)

Based on (Roy and Rengarajan, 2015, Douglas and Pillay, 2005), the
flowchart in Figure 3.16 summarises the procedure for selecting the
supercapacitor module proper size for EV applications.

Determine Vse min, Vsc_max: Vous: &, Pev,

Isc_max Isc_min: Isc_av: Veell,

v

> assume suitable capacity for the cell Cgg

calculate Ngg = Ve max / Veell

Ciotal = Ceell ( Parallel / Series)
Riotal = Reenl ( Parallel / Series)

calculate the Voltage change
dV=lsc_av (dt/ Ciotal) * Isc_av * Riotal

dV < Vehanges

Finalize the Size of SC

Figure 3.16 The steps to select the supercapacitor size for HESS
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The proposed rule-based controller is used the estimated total current of
the selected drive cycles to calculate the practical value of the maximum value
of the battery current (I, a). The functions of the root-mean-square (RMS)
and the mean value are implemented to estimate the maximum value of the
battery current. Figure illustrates the algorithm of selected the (I max)-
Equations 3.19 and 3.20 describe the root-mean-square (RMS) and the mean
functions. Figure 3.17 shows the to select the maximum value of the battery

current (I, max)-

RMS = (%zgx,zl) (3.19)

M = Lok (3.20)

n

Figure 3.17 The steps to select the maximum value of the battery current
(Ib_max)
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3.7  Chapter Summary

This chapter presented the models of the hybrid energy storage system
of the electric vehicle. The model of batteries, supercapacitor and DC-DC
converters are described in details. Furthermore, the dynamic model of the
vehicle are discussed. In addition, the method to calculate the road slope using
contour positioning system is also explained. The three different real driving
cycles (uphill, downhill, and city-tour) used in this research are presented.
Moreover, the characteristics of the standard drive cycles (UDDS, NYCC, and
Japan1015 drive cycle) are summarised. Finally, the algorithms of sizing the

HESS (battery and supercapacitor) are carried out.
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CHAPTER 4

DESIGN THE ENERGY MANAGEMENT SYSTEM OF HYBRID

ENERGY STORAGE SYSTEM

4.1 Introduction

One of the primary challenges in designing a battery—supercapacitor
Hybrid Energy Storage System for Electric Vehicle is distributing the energy
demand in real-time between the primary energy storage device and the
auxiliary energy storage device. This Chapter presents the proposed energy
management of the semi-active HESS for electric vehicles. The proposed
control algorithm aimed to split the vehicle demand current between battery and
supercapacitor optimally to extend battery life and ensure continuous HESS
hybridization (Sadeq et al., 2020). The battery provides low traction current
while the supercapacitor supplies the peak traction current and absorbs the
regenerated current during braking. In this research, two different algorithms
were designed to adapt the proposed rule-based controller to distribute the total
operating current of an EV between the HESS battery and the supercapacitor.
The adaptive rule-based controller controlled the DC-DC converter 1., (t)
output current to manage the supercapacitor energy output in different operation
conditions. The total electric vehicle load current I, (t) is defined as per Equation

4.1.

(D) = Th(D) + Lo (D) (4.1)
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This research proposed energy management strategy contains three
control layers to manage the power flow between the battery and the
supercapacitor of the HESS. The first layer is an adaptive control to obtain the
optimal energy sharing percentage (R) between the battery and the
supercapacitor depending on the road slope and the vehicle speed. CPS was used
to estimate the road slope for the selected drive journey. The second control
layer is a rule-based controller to determine the optimal reference current for
the supercapacitor online during the journey. The third control layer is the LQR
control to drive the bidirectional DC-DC converter by changing the duty cycle

of the PWM online.

4.2 The Rule-Based Controller of HESS

The proposed rule-based controllers allocate the HESS’s current
instantaneously for different drive cycles. The proposed controller is designed
to limit the battery current I(t) to the desired value (I, nax) and split the
vehicle load current between the battery and the supercapacitor during any drive
cycle. The controller is designed to manage the HESS energy flow under various
operation conditions accounting for the total demand load current (I;(t)), the
supercapacitor state of charge (SCg..), and the energy flow direction. The

controller working conditions are defined as per Equation 4.2.

If (I, > 0) and (I > I, oy )and (SOC,, > SOC, pmin) then I = (I — Iy nay)  (4.2)

{lf (I¢>0)and (I; < Iy yay) then I, =0
If (I, < 0) and (SOC,, < SOC,. max) then I, =1,
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The proposed rule-based controller allows the HESS to supply the EV
with current from the battery when the EV total load current is less than the
maximum value of the battery current (I, nax). The proposed controller also
limits the battery current to (I, max) during a high load drive cycle. On the other
hand, the proposed rule-based controller is designed to use the supercapacitor
to absorb all the regenerative energy during the drive cycle deceleration. The
total regenerative energy absorbed by the supercapacitor from the initial voltage
to the final voltage is defined as per Equation 4.3. The state of the charge
condition for the supercapacitor in the proposed rule-based controller is defined

as per Equation 4.4.

C
AEngc = 70 (V5c(0) — V(D) (4.3)
SOCsc max = SOCsc > SOCs¢ min (4.4)
Measure

(1:Vco:Vse:SCsoc:Bsoc)

leo=0 leo=lt-Ib_max

b 4 o J
|

ILyef=f(lco:VecosVsc)
Return IL ¢

L J

Figure 4.1 The flowchart of the proposed rule-based controller.
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4.3 The Adaptive Rule-Based Controller of HESS

Adaptive control is a control approach implemented to achieve the
optimal performance of the system by adapting and tuning the controller
coefficients. In the proposed algorithm, the EV destination is selected before the
journey initiated. The adaptive algorithm estimates the total current demand
needed for the drive cycle and the regenerative current depending on the road
slope, the vehicle speed, and the EV model parameters. The percentage of power
split between the battery and the supercapacitor (R) in HESS can be determined
independently. Two methods are investigated to adapt the rule-based controller
in terms of energy split between the battery and the supercapacitor. The first
method is called the optimal method which compares the total current demand
and the electric vehicle regenerative current during the drive cycle. The second
one is called the fuzzy adaptive rule-based controller using the concept of the
fuzzy logic controller. The energy sharing percentage between the battery and
the supercapacitor (R) is used to regulate the controller to save energy during
the drive cycle. The adaptive rule-based controller is defined as per Equation
4.5.

If (I, > 0) and (1 — R)I, > I, )and (SOC,, > SOCq; ) then Ipp = (I — Iy ma) (+-)

If (I, > 0) and ((1 - R)I, < I, )and (SOCy. > SOCsc min) then I, =1 +R
If (I, < 0) and (SOC,, < SOCy¢ nax) then I, =1

4.3.1 The Optimal Adaptive Rule-Base Controller of HESS

In this method, the percentage of energy sharing between the battery and

the supercapacitor in HESS is tuned one time for the distance travelled during a
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specific drive cycle. After setting the destination and the road slope is calculated
by CPS; the proposed energy management system then estimates the total
energy required for the desired drive cycle. The road slope and the vehicle
approximated speed are considered along the journey to the desired destination.
The accumulation method for the total positive EV load supplied current (I;,)
and the regenerative EV current (I;¢g) during the drive cycle is applied. The
energy split percentage between the battery and the supercapacitor is set by
comparing the total load current demand and the EV total regenerative current

during the desired drive cycle. The total positive EV load supplied current (I;,)

and the total regenerative current (I;og) are defined as in Equation 4.6.

t

lyeg = z () I, <0
0 (4.6)

t

lp z () I, >0

(
|
|
lk

0
This proposed method reduces the battery stress and saves the energy
inside the HESS. The proposed energy management system predicts the
approximate amount of regenerative energy depending on the road slope. Then,
the percentage of energy sharing between the battery and the supercapacitor (R)
is set to ensure that the HESS is working properly. The supercapacitor can
absorb all the regenerative energy during the desired drive cycle. Figure 4.2

presents the flowchart of the proposed optimal adaptive rule-based controller.
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FIGURE 4.2.  Flowchart of optimal adaptive rule-based controller
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4.3.2 The Fuzzy Adaptive Rule-Base Controller of HESS

Most researches in the literature on terrain information take the instant
effect of the road slope in the control action. In this method, the value of energy
sharing percentage between the battery and the supercapacitor in HESS varies
during the drive cycle. A fuzzy logic controller is used to manipulate the
percentage of energy sharing between the battery and the supercapacitor online
during the journey. The road slope and the vehicle speed are considered as
inputs for the fuzzy logic controller in controlling the journey. Figure 4.3 shows
the fuzzy logic controller surface plot which represents the relationship between
the inputs (road slope and vehicle speed) and the percentage of energy sharing

between the battery and the supercapacitor (R).

05 -

D4~

i _ Speed m/s

Slope (Degree)

FIGURE 4.3.  The fuzzy logic controller surface.
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Here, the supercapacitor assist the battery in delivering the total EV load
current continuously with different values of energy sharing percentages (R)
along the drive cycle. The energy management system measures the actual total
EV load current and the state of charge of the supercapacitor to consider the
identified values of the energy sharing percentage between the battery and the
supercapacitor in HESS. Furthermore, the operation effect of the fuzzy adaptive

rule-based controller is shown in Figure 4.4.

Read the Value of Sharing Current
Ratio R from Fuzzy Logic controller

v

Update R in Rule-base controller

v

Measure (I, Vcos Vses SCsoc)

i Ico=lt - Ib_max

——— | Calculate ILref= fun{lco,Veo,Vsc) [€&————

v

Update ILref in LQR controller

END

FIGURE 4.4. Flowchart of Fuzzy adaptive rule-based controller
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4.4 The Linear Quadratic Regulator (LQR)

This section presents the linear quadratic regulator (LQR) controller to
drive the interfacing DC-DC bidirectional converter in the proposed semi-active
HESS. LQR is a control method that depends on generated feedback gains to
improve the system response by controlling one state of the model. Equation
4.7 represents the cost function for a continuous-time linear.

Jw) = fooo(xTQx + uTRu + 2xTNu)dt (4.7)

where Q is a symmetric positive definite matrix and R is a positive
scalar.

LQR provides a systematic computing method that relies on the state
feedback control gain matrix (Katshiko, 2010). Q and R are the weighting
matrices and strongly affect the closed-loop poles positions (Abdullah et al.,
2012, Sadeq and Wai, 2020). Depending on the chosen value of these matrices,
the closed-loop system will exhibit a different response. The values of the

weighting matrices can be selected depending on several optimization methods.

LQR returns the solution S of the associated Riccati equation presented
in Equation 4.8. The closed-loop Eigenvalues are defined as in Equation 4.9.
ATS + SA— (SB+N)RI(BTS+NT)+Q =0 (4.8)
e= eig(A-BxK) (4.9)
where K is derived from variable S using Equation 4.10.

K =RYB'S+NT) (4.10)
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The purpose of designing LQR in the proposed algorithm is to drive the
DC-DC converter to supply the desired current from the supercapacitor module.
The DC-DC converter output current is controlled by varying the duty cycle of
the Pulse Width Modulation (PWM). LQR is selected to be implemented in the
EVs application due to its simplicity and ease of implementation. The feedback
gains can be directly obtained from the matrices of the DC-DC converter model.
Moreover, the closed-loop response of LQR is stable and insensitive to external

disturbances (Sadeq and Wai, 2020).
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Figure 4.5 The feedback gains of the LQR controller.

To discover the response of the proposed LQR for semi-active HESS,
the step current load profile is applied to the system. A simulation using
MATLAB/Simulink is carried out for several values of Q and R. The close loop
response results of the step function are plotted in Figure 4.6. In the first case,
the weighting values of q are changed with three different values (10°, 10%, 10'°)
while the value of R is fixed at 1. The battery current is measured in every value

of q (Iv1, Ir2, In3), respectively.
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Figure 4.6 The transient responses of battery current with several values of q
and R.

In the second case, R value is tested with three different values (1, 10,
100), and the weighting value of q is fixed at g= 10'°. The battery current is
measured in every value of R (Ip3, In4, Ins). The transient characteristics of these

responses are represented in table 4.1.

Table 4.1 The transient time characteristics for different values of q and R.

Battery Current Int In2 | [% Iba Ins
q 10° 108 10" 10" 10"
R 1 1 1 10 100

Rise Time 2.23x10% 2.24x10°¢ 2.19x10% 2.25x10°° 2.25%10¢
Settling Time 0.0242 0.0205 0.0201 0.0201 0.0201
Overshoot 189% 153% 124% 138% 145%
SSerror 0.023 0.023 0.023 0.023 0.023

The results prove that an increment in q leads to a decreased settling

time and overshoot of the battery current. On the other hand, the increment in
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the R value increases the overshoot of the battery current. In this research, the

values of q and R are selected as 10'° and 1, respectively.

Furthermore, the DC-DC converter mathematical model is used to
design the switching elements controller of the DC-DC converter (Sadeq and
Wai, 2019). In this research, the proposed Rule-Based control primary task is to
obtain the reference input current of the DC-DC converter. Simultaneously, the
LQR controller aims to get the desired duty cycle to drive the DC-DC converter.
The LQR function in MATLAB is used to obtain the desired closed-loop
feedback gains while the steady-state errors are cancelled by adding an

integration (Kedjar and Al-Haddad, 2009) as shown in Figure 4.5.

The feedback gains obtained using Matlab function K= Iqr(As, Bs, Q,
R); where A and B represent the matrices of the state-space model of the DC-
DC converter presented in section 3.2.3. The results give the feedback gain

matrix (K) as:

K =[149e—-01 237¢e—03 —1.414e+ 03]
For

=1’

1 0 O
Q=0 1 0
0 0 10
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4.5 The Proposed Hybrid Energy Storage System Model in Matlab

To validate the performance and the effectiveness of the proposed
energy management system of HESS for the EV, a MATLAB/Simulink
modelling is carried out. The performance of EV is tested with three real drive
cycles and three standard drive cycles. The performances of the battery-
supercapacitor HESS with adaptive rule-base controllers are compared with the
performances of the battery-supercapacitor HESS with the rule-based controller
and the single energy storage battery. Figure 4.7 depicts the
MATLAB/Simulink model of the EV using the single energy storage battery
based on the real drive cycles, uphill, downhill, and city tour. Figure 4.8
illustrates the model of EV using the single energy storage battery based on the

standard drive cycles.
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> .

- Motor ; ‘ | —
I — :
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o ol Vehicle Model

Battery Model ~ Inverter Model  Ejectrical Motor model

Figure 4.7 MATLAB/Simulink model of the EV using the single energy
storage battery based on the real drive cycles
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Figure 4.8 MATLAB/Simulink model of the EV using the single energy
storage battery based on the standard drive cycles

To verify the effect of the road slope in the total energy consumption for
any real drive cycle, the energy variance between the drive cycles total energy
consumption is calculated by Equation 4.11; where, SOCy,(0) is the initial state

of charge for the battery, SOC,(t)gope=cps is the final state of charge for the
battery considering the road slope, and SOCy,(t)gjope=o is the final state of

charge for the battery without the road slope.

— (SOCb (O)—SOCb (t)slope=CPS)_(SOCb (O)—SOCb (t)slope=0)

EnVar
SOCp (0)

x 100 4.11)

The MATLAB/Simulink models of the rule-base controller of HESS for
the EV based on the real drive cycles and the standard drive cycles are presented
in Figures 4.9 and 4.10, respectively. These models are used to measure the

performance of the HESS in the selected drive cycle.
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Figure 4.9 MATLAB/Simulink model of the HESS using the rule-based
controller based on the real drive cycles
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Figure 4.10 MATLAB/Simulink model of the HESS using the rule-based
controller based on the standard drive cycles

To validate the improvement in the energy consumption of HESS, the

final value of the state of charge for the battery (SOC,(t)cps) and the

supercapacitor (SOCgc(t)cps) are measured at the end of the journey and

compared with the different proposed controllers. The percentage of the total

energy consumption for the battery and the supercapacitor are given by

Equation 4.12.
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( SOC,(0) — SOC,(t
| Battery Consumption = »(0) b(®)crs x100

S0C,(0)
4.12
{I Supercapacitor Consumption = $0Csc(0) — SOCsc(Vcps x100 ( )
|>HPereap ption = SOCsc(0)

Figure 4.11 shows the completed MATLAB/Simulink model of the
proposed HESS, the optimal adaptive rule-based controller, and the fuzzy
adaptive rule-based controller for the EV based on the real drive cycles. Figure
4.12 shows the completed MATLAB/Simulink model based on the standard

drive cycles.
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Figure 4.11 MATLAB/Simulink model of the HESS using the adaptive rule-
based controller based on the real drive cycles
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Figure 4.12 MATLAB/Simulink model of the HESS using the adaptive rule-
based controller based on the standard drive cycles

4.6  Chapter Summary

In this chapter, the new energy management systems have been
proposed. The design of the proposed rule-based controller for the HESS is
presented in detail. Furthermore, two adaptive methods are proposed for the
rule-based controller named the optimal adaptive and the fuzzy adaptive. The
algorithms of the optimal adaptive rule-based controller and the fuzzy adaptive
rule-based are described clearly. In addition, the design steps of the linear
quadratic regulator are explained. Finally, the Matlab\Simulink model for the
proposed controllers, the models of HESS components, and the EV model are

presented.
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CHAPTER S

RESULTS AND DISCUSSION

5.1 Introduction

This chapter presents the electric vehicle performance results with a
single energy storage battery system and with HESS for several types of drive
cycles. Firstly, the results of the energy variance between an electric vehicle
performances with and without the road slope are presented. The performance
evaluated by comparing the final value of the battery state of charge for the
single energy storage battery system in different drive cycles. Furthermore, the
proposed HESS results with the energy management systems rule-based
controller, the optimal adaptive rule-based controller, and the fuzzy adaptive
rule-based controller are presented. The proposed control algorithms are tested
in three real drive cycles (uphill, downhill, and city-tour) at three different
speeds (50, 60, and 70 Kilometres per hour) and in three different standard drive
cycles (UDDS, NYCC, and Japanl015). The state of charge for the HESS
components (battery and supercapacitor) are measured at the end of the drive
cycles to obtain the total energy consumption in HESS and calculate the
maximum number of drive cycles that can be achieved by HESS. All the results

are discussed and analyzed in detail to prove the contributions of this research.
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5.2 The Results of the Single Energy Storage Battery System

In this section, the effect of the road slope in a single energy storage
battery system is investigated. The comparison is presented between the battery

states of charge with and without the road slope (measured using CPS).

5.2.1  Uphill Drive Cycle

The first tested real drive cycle is 5 Km uphill, and the road elevation
and slope for the uphill drive cycle are illustrated in Figure 3.9. In this case, the
total load current is supplied from the battery and no regenerated energy is
absorbed during the braking. Figure 5.1 presents the EV total load currents
based on the uphill drive cycle in different driving velocities (50, 60, and 70
Kilometres per hour). The load current rises by increasing the road slope. The
total times to reach the desired destination by driving velocities (50, 60, and 70

Kilometres per hour) are 370, 305, and 265 seconds, respectively.
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Figure 5.1 Total EV load currents based on an uphill drive cycle for a single
energy storage battery system (a) 50km/h, (b) 60km/h, and (c¢) 70km/h

The changes of battery states of charge during the uphill drive cycle are
illustrated in Figure 5.2. According to these results, the energy consumption of

the uphill drive cycle increases with the increase of the vehicle speed.

Table 5.1 summarizes the initial values of the state of charge for
battery SOCy,(0), the final values of state of charge for battery without the road
slope SOCy, (t)s10pe=0- the final values of state of charge for battery with the road
slope SOCy, (t)s1ope=cps, and the energy variance EnVar for uphill drive cycles

for three speeds.
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Figure 5.2 The battery states of charge in an uphill drive cycle for a single
energy storage battery system

The energy variance represents the difference between the battery
energy consumption with and without the road slope and are calculated using
Equation 4.11. The results demonstrate that the EV using CPS consumes more

energy going uphill taking up to 1% of the total energy.

Table 5.1 The effect of considering road slope in the uphill drive cycle.

Energy

Speed SO Cb (0) SOCb (t)slopezo SOCb (t)slopez(]PS EnVar .
consumption

50km/h  0.95 0.9407 0.9306 1% 2.04%

60km/h  0.95 0.9385 0.9292 1% 2.19%

70km/h  0.95 0.9360 0.9270 1% 2.42%

5.2.2  Downhill Drive Cycle

The second tested real drive cycle is 5 Km downhill, the road elevation

and slope for this drive cycle presented in Figure 3.10. In this case, the battery's

total load is supplied during the acceleration, and no regenerated energy is
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absorbed during the braking. Figure 5.3 presents EV's total load currents based
on the downhill drive cycle in different driving velocities (50, 60, and 70
Kilometres per hour). The load current rise by increasing the road slopes. The
total time to reach the desired destination by driving velocities (50, 60, and 70

Kilometres per hour) is 370, 305, and 265 seconds.
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Figure 5.3 Total EV load currents based on a downhill drive cycle for a
single energy storage battery system (a) 50km/h, (b) 60km/h, and (c¢) 70km/h

The diversity of battery states of charge during the downhill drive cycle
are illustrated in Figure 5.4. These results prove the energy consumptions of the
downhill drive cycle increased by increasing the vehicle speed. The final battery
states of charge for driving velocities (50, 60, and 70 Kilometres per hour) are

0.9428, 0.9418, and 0.9401.
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Figure 5.4 The battery states of charge in a downhill drive cycle for a single
energy storage battery system
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Table 5.2 summarises the road's effect based on the downbhill drive cycle
in terms of total energy consumptions. The results proved that the EV (using
CPS) earned more energy going downhill, taking up to 0.22%, 0.35%, and
0.43% of the total energy for the driving velocities (50, 60, and 70 Kilometres

per hour) respectively.

Table 5.2 The effect of considering road slope in the downhill drive cycle.

Energy

Speed 50 Cb (0) SOCb (t)slopezo SOCb (t)slopezL'PS EnVar .
consumption

50km/h  0.95 0.9407 0.9428 -0.22% 0.76%

60km/h  0.95 0.9385 0.9418 -0.35% 0.86%

70km/h  0.95 0.9360 0.9401 -0.43% 1.04%

5.2.3  City-tour Drive Cycle

The Third tested real drive cycle is a 15.85 Km city-tour, the road
elevation and slope for this drive cycle presented in Figure 3.11. In this drive
cycle, the battery's total load is supplied during the acceleration and no
regenerated energy is absorbed during the braking. Figure 5.5 shows EV's total
load currents based on the city-tour drive cycle in different driving velocities
(50, 60, and 70 Kilometres per hour). The load current rise by increasing the
road slopes. The total time to reach the desired destination by driving velocities

(50, 60, and 70 Kilometres per hour) is 1100, 910, and 775 seconds.
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Figure 5.5 Total EV load currents based on a city-tour drive cycle for a single
energy storage battery system (a) 50km/h, (b) 60km/h, and (c¢) 70km/h

The alterations of battery states of charge in the city-tour drive cycle are

illustrated in Figure 5.6. These results prove the energy consumptions of the
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city-tour drive cycle increased by increasing the vehicle speed. The final battery
states of charge for driving velocities (50, 60, and 70 Kilometres per hour) are

0.9165, 0.9106, and 0.9055 respectively
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Figure 5.6 The battery states of charge in city-tour drive cycle for a single
energy storage battery system

The results in Table 5.2 proved the effect of the road based on the city-
tour drive cycle in terms of total energy consumptions. The EV (using CPS)
consumed more energy taking up to 0.7%, 0.6%, and 0.4% of the total energy

for the driving velocities (50, 60, and 70 Kilometres per hour) respectively.

Table 5.3 The effect of considering road slope in the city-tour drive cycle.

Energy

Speed SO Cb (0) SOCb (t)slopezo SOCb (t)slope=CPS EnVar .
consumption

50km/h  0.95 0.9231 0.9165 0.7% 3.53%

60km/h  0.95 0.9165 0.9106 0.6% 4.15%

70km/h  0.95 0.9095 0.9055 0.4% 4.68%
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5.2.4 Standard Drive Cycles

The dynamic responses of three standard drive cycles, namely, UDDS
Urban Dynamometer Driving Schedule, NYCC New York City Cycle, and
Japanl015 drive cycle for EV with a single energy battery system were
investigated. The road slope is ignored in the standard drive cycles, and the
vehicle speed profile is variable. The battery supplies the total load current while
no regenerative energy absorbed by the battery in this case. The speed profiles
of the standard drive cycles (UDDS, NYCC, and Japanl015 drive cycle) are
presented in Figures 3.12, 3.13, and 3.14, respectively. Figure 5.7 shows EV's
total load currents based on three standard drive cycles selected in this research
(UDDS, NYCC, and Japanl015 drive cycle). The total load current rises by
increasing vehicle speed. The total time of the Urban Dynamometer Driving
Schedule is 1400 seconds, the total time of the New York City Cycle is 600

seconds, and the total time of the Japan1015 drive cycle is 660 seconds.
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Figure 5.7 Total EV load currents for a single energy storage battery system
based on (a) UDDS, (b) NYCC, and (c) Japan1015 drive cycles

>

=)

The changes in the battery states of charge for UDDS, NYCC, and
Japanl015 drive cycle are presented in Figure 5.8. The final battery states of
charge for UDDS, NYCC, and Japan1015 drive cycles are 0.9171, 0.9446, and

0.9398.
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Figure 5.8 The battery states of charge in UDDS, NYCC and Japan1015
drive cycles for a single energy storage battery system

Table 5.4 presents the energy consumption of the standard drive cycles.
The total energy consumption for a single cycle of the Urban Dynamometer
Driving Schedule, New York City Cycle and Japan1015 drive cycle are 3.4%,

0.57% and 1.07%, respectively from the total energy.

Table 5.4 The total energy consumption in a standard drive cycle.

Speed UDDS NYCC  Japanl015
$0C,(0) 0.95 0.95 0.95
SO0C,(t) 0.9171 0.9446 0.9398

Energy Consumption 3.46% 0.57% 1.07%

5.3 The Results of the Rule-Based Controller for HESS
This section represent the results of the rule-based controller for the real

drive cycles and the standard cycles. The total current of the EV, the battery

current, and the supercapacitor current of HESS are presented. The state of

96



charge for the battery and the supercapacitor were measured at the end of the
drive cycle. The total percentage of energy consumptions for the battery and
supercapacitor were calculated by using Equation 4.12. The main aim of the
rule-based controller is to limit the battery current I,(t) to the desired

value Iy max-

5.3.1 Uphill Drive Cycle

In the rule-based controller the battery and the supercapacitor supply
the total load current and the supercapacitor absorbs the regenerated energy.
Figure 5.9 shows the HESS current based on the rule-based controller on an
uphill drive cycle in different driving velocities (50, 60, and 70 Kilometres per
hour). The presented results the total load currents of the EV, the battery current
and the supercapacitor current proved that the rule-based controller success to

reduce the battery stress and limit the battery current to (I, nax)-
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Figure 5.9 Total HESS currents based on uphill drive cycle using the rule-

based controller (a) 50km/h, (b) 60km/h and (c) 70km/h

The changes of battery states of charge during the uphill drive cycle are
illustrated in Figure 5.10. The final battery states of charge for the driving
velocities (50, 60, and 70 Kilometres per hour) are 0.9364, 0.9379, and 0.9390
respectively while the total energy consumptions from the battery are 1.43%,
1.27%, and 1.16% for the driving velocities (50, 60, and 70 Kilometres per hour)
respectively. The rule-based controller was decreased the battery consumptions
in the uphill drive cycle compare with the single energy storage battery system

in all driving velocities.

98



0.955

50km/h
—60km/h
0.95 —70km/h |
QO
Q 0.9451 8
w2
)
St
e
w 0.941 \ |
=]
0.935- .
0‘93 | | | | | | |
0 50 100 150 200 250 300 350 400

Time (S)

Figure 5.10 The battery states of charge in an uphill drive cycle using the
rule-based controller

On the other hand, the variation of the states of charge for supercapacitor
during the uphill drive cycle are presented in Figure 5.11. The supercapacitor
supplying the high load current and it charges by absorbing the regenerative
energy during the braking. The final supercapacitor states of charge are 0.8177,
0.7309, and 0.6246 for different driving velocities (50, 60, and 70 Kilometres
per hour). These results prove the energy consumptions of the supercapacitor

are increased by increasing the vehicle speed.
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Figure 5.11 The supercapacitor states of charge in an uphill drive cycle using
the rule-based controller
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Table 5.5 presents the total energy consumption for battery and
supercapacitor during the uphill drive cycles for the driving velocities (50, 60,
and 70 Kilometres per hour). These results prove the rule-based controller
success to reduce the battery energy consumption compared with the single
energy storage battery system for the uphill drive cycle. The number of possible
uphill drive cycles for HESS by using the rule-based controller are 6.6, 3.6, and

2.3 for the driving velocities (50, 60, and 70 Kilometres per hour) respectively.

Table 5.5 The HESS details in uphill drive cycle using the rule-based

controller
50km/h 60km/h 70km/h
SOCy () cps 0.9364 0.9379 0.9390
SOCsc(V)cps 0.8177 0.7309 0.6246
Battery Consumption 1.43% 1.27% 1.16%
Supercapacitor Consumption 11.35% 20.76% 32.29%
Cycles No. 6.6 3.6 2.3

5.3.2 Downhill Drive Cycle

The rule-based controller was designed to manage the energy flow of
the HESS for the downhill drive cycle. The low load current is supplied from
the battery while the high peak load current is supplied from the supercapacitor.
The regenerated energy absorbed by the supercapacitor. Figure 5.12 presents
the total load currents of the EV, the battery current, and the supercapacitor
current based on the downhill drive cycle in different driving velocities (50, 60,
and 70 Kilometres per hour). In the downhill drive cycle the amount of the

regenerative energy is high compared with the regenerative energy in the uphill
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drive cycle. The presented results of HESS currents proved the rule-based
controller success to limit the battery current to (I, ax) and reduce the peak

current compared with the results of the single energy storage battery system.
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Figure 5.12 Total HESS currents based on downhill drive cycle using the
rule-based controller (a) 50km/h, (b) 60km/h and (c) 70km/h
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The changes of battery states of charge during the downhill drive cycle
are illustrated in Figure 5.13. The final battery states of charge are 0.9471,
0.9446, and 0.9441 for the driving velocities (50, 60, and 70 Kilometres per
hour). Moreover, the total energy consumptions from the battery for the driving
velocities (50, 60, and 70 Kilometres per hour) are 0.31%, 0.57%, and 0.62%
respectively. The results show the battery energy consumptions have a

proportional relation to the vehicle speed.
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Figure 5.13 The battery states of charge in a downhill drive cycle using the
rule-based controller

Furthermore, the changes in the states for the supercapacitor during the
downhill drive cycle are illustrated in Figure 5.14. The supercapacitor
discharges to supply the high load current while it is charged by absorbing the
regenerative energy. The final supercapacitor state of charge is the maximum
value of the state of charge which is 0.95 for the driving velocities 50km/h and
60km/h, while the supercapacitor state of charge for a driving velocities of
70km/h is 0.9028. These results prove the HESS earns more energy during the

downhill drive cycle.

102



0.9

Supercapacitor SOC
z

S50km/h |
——60km/h
0.84 ‘ —70km/h

Il Il Il Il Il
0 50 100 150 200 250 300 350 400
Time (S)

S
%
xR

Figure 5.14 The supercapacitor states of charge in a downhill drive cycle
using the rule-based controller

Table 5.6 summarize the total energy consumption of the battery and the
supercapacitor during the downhill drive cycles at the driving velocities (50, 60,
and 70 Kilometres per hour). These results demonstrate the rule-based controller
success in reducing battery energy consumption compared with the single
energy storage battery system for the downhill drive cycle. For example, the
battery energy consumption at 50 km/h in a downhill drive cycle using a single
energy storage battery system is 0.76%. It decreased to 0.31% by using HESS
with the rule-based controller. The number of possible downhill drive cycles for
HESS using the rule-based controller for the driving velocities (50, 60, and 70

Kilometres per hour) are 242, 132, and 35 respectively.

Table 5.6 The HESS details in downhill drive cycle using the rule-based

controller
50km/h 60km/h 70km/h
SOCy, (t)cps 0.9471 0.9446 0.9441
SOCsc(t)cps 0.95 0.95 0.9028
Battery Consumption 0.31% 0.57% 0.62%
Supercapacitor Consumption -3% -3% 2.13%
Cycles No. 242 132 35
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5.3.3 City-tour Drive Cycle

This section discusses the performance of HESS for EV by using the
rule-based controller in the city-tour drive cycle. The EV performance has a
minor effect by the road slope in the city-tour drive cycle. Figure 5.15 illustrated
the total load currents of the EV, the battery current, and the supercapacitor
current based on the city-tour drive cycle in different driving velocities (50, 60,
and 70 Kilometres per hour). In this drive cycle, the presented results of HESS
currents are proved the rule-based controller success to limit the battery current
to (I, max) during the journey while the supercapacitor supplies the high peak

load EV current and absorbs the regenerative energy during the braking.
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Figure 5.15 Total HESS currents based on city-tour drive cycle using the
rule-based controller (a) 50km/h, (b) 60km/h and (c) 70km/h

The battery states of charge during the city-tour drive cycle are presented
in Figure 5.16. The final battery states of charge are 0.9200, 0.9193, and 0.9191
for the driving velocities (50, 60, and 70 Kilometres per hour). The battery
energy consumptions are increased by increasing the driving velocities. The
total battery energy consumptions are 3.16%, 3.23%, and 3.25% for the driving

velocities (50, 60, and 70 Kilometres per hour) respectively.
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Figure 5.16 The battery states of charge in city-tour drive cycle using the
rule-based controller
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Moreover, the changes in the supercapacitor states during the city-tour
drive cycle are presented in Figure 5.17. The supercapacitor is discharged to
supply the high load current while it is charged by absorbing the regenerative
energy. The final supercapacitor states of charge are 0.9312,0.8211, and 0.6537
at the driving velocities (50, 60, and 70 Kilometres per hour). These results
prove the energy consumptions of the supercapacitor are increased by

increasing the vehicle speed.

S S
S % et )
% i o P
T
|

Supercapacitor SOC
g

50km/h

—60km/h ||

0.65 ‘ ‘ ‘ ‘ ‘ —70km/h

0 200 400 600 800 1000 1200
Time (S)

Fod
Q

Figure 5.17 The supercapacitor states of charge in city-tour drive cycle using
the rule-based controller

Table 5.7 presents the total energy consumption for the battery and the
supercapacitor of HESS during the city-tour drive cycles at different driving
velocities (50, 60, and 70 Kilometres per hour). These results prove the rule-
based controller successes to reduce the battery energy consumption compared
with the single energy storage battery system for the city-tour drive cycle. In the
50km/h the HESS with the rule-based controller is decreased the battery energy
consumption to 3.17% compared with 3.53% in the single energy storage
battery system. Furthermore, the number of possible city-tour drive cycles of
the HESS using the rule-based controller at the driving velocities (50, 60, and

70 Kilometres per hour) are 24.7, 6.7, and 2.5 respectively.
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Table 5.7 The HESS details in city-tour drive cycle using the rule-based

controller
50km/h 60km/h 70km/h
SOCp (D) cps 0.9200 0.9193 0.9191
SOCsc (D) cps 0.9312 0.8211 0.6537
Battery Consumption 3.16% 3.23% 3.25%
Supercapacitor Consumption -1% 11% 29%
Cycles No. 23.7 6.8 2.6

5.3.4 Standard Drive Cycles

This section discusses the response of the rule-based controller of thr
HESS based on three different standard drive cycles UDDS, NYCC, and
Japan1015 drive cycle for the EV. The total EV current is changing depends on
the vehicle speed profile. In this case, the battery is supplying the low load
current while the supercapacitor is supplying the peak load current. The
supercapacitor absorbs the regenerative energy during the deceleration. Figure
5.18 shows the total EV load current, the battery current, and the supercapacitor
current during the drive cycles (UDDS, NYCC, and Japan1015). These results
are proved the HESS implementation with the rule-based leads to a reduction in
battery stress compared with the single energy storage battery system. The rule-
based controller limits the battery current to (I, nax) during the journey while
the supercapacitor supply the high peak load EV current and absorb the

regenerative energy.
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Also, the changes of the battery states of charge during (UDDS, NYCC,
and Japanl015) drive cycles are illustrated in Figure 5.19. After a single drive

cycle the final battery state of charge is 0.9255, 0.9379, and 0.9419 for the

UDDS, NYCC, and Japan1015 drive cycles respectively.
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Figure 5.19 The battery states of charge in UDDS, NYCC, and Japanl1015
drive cycles using the rule-based controller

Otherwise, the changes in states of charge for the supercapacitor during
UDDS, NYCC, and Japanl015 drive cycles are presented in Figure 5.20. The
supercapacitor discharges to supply the high load current while it charges by
absorbing the regenerative energy. The final supercapacitor states of charge are
the maximum value which is 0.95 for UDDS, NYCC, and Japanl015 drive
cycles. These results are proved the supercapacitor of HESS with the rule-based

controller earns energy during the tested drive cycles.
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Figure 5.20 The supercapacitor states of charge in UDDS, NYCC, and
Japanl1015 drive cycles using the rule-based controller
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Table 5.8 summarize the total energy consumption for the battery and
the supercapacitor of the HESS with the rule-based controller during UDDS,
NYCC, and Japanl015 drive cycles. The battery consumptions for UDDS,
NYCC, and Japan1015 drive cycles are 2.58%, 0.33%, and 0.85% respectively.
The results are proved the rule-based controller successes in reducing battery
consumption compared with the single energy storage battery system in all drive
cycles. The battery consumption of the UDDS by using the HESS with the rule-
based controller is decreased to 2.58% compared with 3.46% in the single
energy storage battery system. And the battery consumption of NYCC is
decreased to 0.33% compared with 0.57% in the single energy storage battery
system. Also, the battery consumption of the Japan1015 drive cycle is decreased
to 0.85% compared with 1.07% in the single energy storage battery system.
Furthermore, the number of possible drive cycles of the HESS with the rule-
based controller are 29 drive cycles for UDDS, 227 drive cycles for NYCC, and

88 drive cycles for Japan1015.

Table 5.8 The HESS details in UDDS, NYCC, and Japan1015 drive cycles
using the rule-based controller

UDDS NYCC Japanl015
SOCy () cps 0.9255 0.9469 0.9419
SOCsc(H)cps 0.95 0.95 0.95
Battery Consumption 2.58% 0.33% 0.85%
Supercapacitor Consumption -3% -3% -3%
Cycles No. 29 227 88
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Table 5.9 summarizes the comparison between the energy consumption
on the single energy storage battery system (EngConsgyg) and the battery
energy  consumption on the HESS wusing the  rule-based
controller(EngConsyggs). The energy variance (EnglVar) and the Battery
Energy Reduction Ratio demonstrate the effectiveness of the HESS using the
rule-based controller in terms of decrease the battery stress and prolong the

battery aging.

Table 5.9 The battery energy reduction ratio using the rule-based controller

. EngConsygss Battery Ener
D le Speed  EngC EngV ry 8y
rive cycle pee ngConsgyy Rule-Based ngVar Roduction Rario
50Km/h 2.04% 1.43% 0.61% 29.9%
Uphill 60Km/h 2.19% 1.27% 0.92% 42%
70Km/h 2.42% 1.16% 1.26% 52%
50Km/h 0.76% 0.31% 0.45% 59%
Downhill 60Km/h 0.86% 0.57% 0.29% 33.7%
70Km/h 1.04% 0.62% 0.42% 40%
50Km/h 3.53% 3.16% 0.37% 10.5%
City tour 60Km/h 4.15% 3.23% 0.92% 22.2%
70Km/h 4.68% 3.25% 1.43% 30.6%
Standard UDDS 3.46% 2.58% 0.88% 25.4%
tandar
NYCC 0.57% 0.33% 0.24% 42.1%

drive cycles
Japanl015  1.07% 0.85% 0.22% 20.6%
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5.4 The Results of the Optimal Adaptive Rule-Based Controller for

HESS

This section presents the results of the optimal adaptive rule-based
controller for the real drive cycles and the standard cycles. The investigation of
the proposed optimal adaptive rule-based controller, the total current of EV, the
battery current, and the supercapacitor current of the HESS are presented. The
state of charge for the battery and the supercapacitor are measured at the end of
the drive cycles. The total percentage of energy consumptions for the battery
and the supercapacitor were calculated using Equation 4.12. The optimal
adaptive rule-based controller aims to limit the battery current I,(t) to a
maximum value I, 1, and to obtain the optimal value of energy sharing
between the battery and the supercapacitor during the selected journey. Section
3.3.1 described the design and the working principles of the optimal adaptive
rule-based controller in detail. This controller is estimated a fixed value of the

energy sharing percentage R for the entire journey.

5.4.1 Uphill Drive Cycle

In this drive cycle, the total load current is supplied by the battery and
the supercapacitor with the optimal adaptive rule-based controller while the
supercapacitor absorbed the regenerated energy. Figure 5.21 shows the total
load currents of the EV, the battery current, and the supercapacitor current based
on the uphill drive cycle in different driving velocities (50, 60, and 70

Kilometres per hour). The battery is supplied the low load current while the
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supercapacitor is supplied the peak load current. The energy sharing percentage
between the battery and the supercapacitor (R) was estimated before the journey

start depends on the road slope and it is equal to zero at all driving velocities.
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Figure 5.21 Total HESS currents based on uphill drive cycle using optimal
adaptive rule-based controller (a) 50km/h, (b) 60km/h and (c) 70km/h
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The changes of the battery states of charge during the uphill drive cycle
are illustrated in Figure 5.22. The final value of the battery states of charge for
the driving velocities (50, 60, and 70 Kilometres per hour) are 0.9364, 0.9379,
and 0.9390 respectively. The optimal adaptive rule-based controller is succeed
to reduce the battery stress and limit the battery current to (I yax ). In this drive
cycle the optimal adaptive controller acts like the rule-based controller due to
the road slope characteristics which required a high peak load current compared

with the regenerative energy.
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Figure 5.22 The battery states of charge in an uphill drive cycle using the
optimal adaptive rule-based controller

The changes in the states of charge of the supercapacitor during the
uphill drive cycle are presented in Figure 5.23. The supercapacitor discharges
to supply the high peak load current while it charges by absorbing the
regenerative energy. The final values of the supercapacitor states of charge are
0.8177,0.7309, and 0.6246 for the driving velocities (50, 60, and 70 Kilometres
per hour). These results are proved that the energy consumption of the

supercapacitor is increased by increasing the vehicle speed.
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Figure 5.23 The supercapacitor states of charge in an uphill drive cycle using
the optimal adaptive rule-based controller

Table 5.10 presents the total energy consumption of the HESS based on
the optimal adaptive rule-based controller during the uphill drive cycles for the
driving velocities (50, 60, and 70 Kilometres per hour). These results are proved
the optimal adaptive rule-based controller is succeed to reduce the battery
energy consumption compared with the single energy storage battery system for
the uphill drive cycle. Furthermore, the number of possible uphill drive cycles
for the HESS using the optimal adaptive rule-based controller are 6.6, 3.6, and

2.3 for the driving velocities (50, 60, and 70 Kilometres per hour) respectively.

Table 5.10 The HESS details in uphill drive cycle using the optimal adaptive
rule-based controller

50km/h 60km/h 70km/h
SOCy, (t)cps 0.9364 0.9379 0.9390
SOCsc (D) cps 0.8177 0.7309 0.6246
Battery Consumption 1.43% 1.27% 1.16%
Supercapacitor Consumption 11.35% 20.76% 32.29%
Cycles No. 6.6 3.6 2.3
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5.4.2 Downhill Drive Cycle

In this drive cycle the load current was supplied by the battery and
supercapacitor using the optimal adaptive controller. The supercapacitor is
absorbed the regenerated energy. Figure 5.24 shows the HESS currents of EV
based on the downhill drive cycle in different driving velocities (50, 60, and 70
Kilometres per hour). The battery and the supercapacitor are supplied the low
load current while the supercapacitor is supplied the peak current. The values
ofthe energy sharing percentage between the battery and the supercapacitor (R)
is estimated before the journey start by using the CPS and are equal 0.67, 0.23,
and zero for driving velocities 50km/h, 60km/h, and 70km/h respectively.
These results prove this controller improve the performance of the HESS in the

downhill drive cycle compared with the single energy storage battery system.
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Figure 5.24 Total HESS currents based on downhill drive cycle using optimal
adaptive rule-based controller (a) 50km/h, (b) 60km/h and (c) 70km/h
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The changes of the battery states of charge during the downhill drive
cycle are illustrated in Figure 5.25. The final values of the battery states of
charge are 0.94720, 0.9451, and 0.9441 for the driving velocities (50, 60, and
70 Kilometres per hour). Moreover, in the downhill drive cycle the HESS with
the optimal adaptive rule-based controller is reduced the battery energy
consumptions for the driving velocities 50km/h and 60km/h compared with the
rule-based controller from 0.31% to 0.3% in 50km/h and from 0.57% to 0.52%
in 60km/h. The battery energy consumption is maintained in both controllers at

0.62% for the driving velocities 70km/h.
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Figure 5.25 The battery states of charge in a downhill drive cycle using the
optimal adaptive rule-based controller

Moreover, the supercapacitor discharged to supply the high peak load
current and assisted the battery in providing low load current. The regenerative
energy charged the supercapacitor. The final supercapacitor states of charge are
0.9464, 0.9386, and 0.9028 for the driving velocities 50km/h, 60km/h, and
70km/h. These results prove the HESS earns more energy during the downhill
drive cycle. The changes in the states of charge for the supercapacitor during

the downhill drive cycle are illustrated in Figure 5.26.
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Figure 5.26 The supercapacitor states of charge in a downhill drive cycle
using the optimal adaptive rule-based controller
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Table 5.11 summarizes the total energy consumption for the battery and
the supercapacitor during the downhill drive cycles for the driving velocities
(50, 60, and 70 Kilometres per hour) by using the optimal adaptive rule-based
controller. These results demonstrate that the HESS with optimal adaptive rule-
based controller is increased the number of possible downhill drive cycles
compared with the rule-based controller from 242 to 250 drive cycles in the
driving velocities 50km/h, from 132 to 144 drive cycles in the driving velocities
60km/h and maintained the number of possible downhill drive cycles in driving

velocities 70km/h with 35 drive cycles in both controllers.

Table 5.11 The HESS details in downhill drive cycle using the optimal
adaptive rule-based controller

50km/h 60km/h 70km/h
SOCy () cps 0.9472 0.9451 0.9441
SOCsc (D) cps 0.9464 0.9386 0.9028
Battery Consumption 0.3% 0.52% 0.62%
Supercapacitor Consumption -2.6% -1.47% 2.13%
Cycles No. 250 144 35

5.4.3 City-tour Drive Cycle

In the city-tour drive cycle the HESS with optimal adaptive rule-based
controller is supplied the load current from the battery and the supercapacitor.
The supercapacitor absorbed the regenerated energy. Figure 5.27 shows the total
load currents of the EV, the battery current, and the supercapacitor current based

on the city-tour drive cycle in different driving velocities (50, 60, and 70
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Kilometres per hour). The low load current is supplied by the battery and the
supercapacitor while the peak load current is supplied by the supercapacitor.
The value of the energy sharing percentage between the battery and
supercapacitor R is equal 0.02 in the driving velocities 50km/h, while R is equal
zero in 60km/h and 70km/h. The performance of the HESS in this drive cycle
is proved the HESS with optimal rule-based controller limit the battery current
to (Ip max) and reduced the battery stress compared with the single energy

storage battery system.
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Figure 5.27 Total HESS currents based on city-tour drive cycle using optimal
adaptive rule-based controller (a) 50km/h, (b) 60km/h and (c) 70km/h

The battery states of charge during the city-tour drive cycle are presented
in Figure 5.28. The final battery states of charge are 0.9212, 0.9193and 0.9191
for the driving velocities (50, 60, and 70 Kilometres per hour). Furthermore, the
battery energy consumption was increased by increasing the driving velocities.
In the driving velocities 50km/h the HESS with optimal adaptive rule-based
controller reduced the battery energy consumptions compared with the rule-
based controller from 3.16% to 3.03%. At the same time the battery energy

consumptions in both controllers were the same in driving velocities 60km/h

and 70km/h.
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Figure 5.28 The battery states of charge in city-tour drive cycle using the
optimal adaptive rule-based controller
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Moreover, the HESS with the optimal adaptive rule-based controller
manages the supercapacitor to supply the high load peak current and assist the
battery to supply low load current in the driving velocities of 50km/h while the
regenerated energy was used to charge the supercapacitor. On the other hand,
in the driving velocities 60km/h and 70km/h the supercapacitor is supplied the
high load peak current only and absorb regenerative energy. The final values of
the supercapacitor states of charge for the driving velocities 50km/h, 60km/h,
and 70km/h are 0.9312, 0.8211, and 0.6573. The changes in the states of charge
for the supercapacitor during the city-tour drive cycle are presented in Figure

5.29.
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Figure 5.29 The supercapacitor states of charge in city-tour drive cycle using
the optimal adaptive rule-based controller

Table 5.12 summarizes the total energy consumption of the battery and
the supercapacitor during the city-tour drive cycles for the driving velocities
(50, 60, and 70 Kilometres per hour) using the optimal adaptive rule-based
controller. These results proved that the HESS with the optimal adaptive rule-
based controller succeed in increasing the number of possible downhill drive

cycles compared to the rule-based controller from 23.7 to 24.5 drive cycles in
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the driving velocities 50km/h and maintains the number of possible city-tour
drive cycles in driving velocities 60km/h and 70km/h with 6.8 and 2.6 drive

cycles.

Table 5.12 The HESS details in city-tour drive cycle using the optimal
adaptive rule-based controller

50km/h 60km/h 70km/h
SOCy (t)cps 0.9212 0.9193 0.9191
SOCsc (D) cps 0.9312 0.8211 0.6573
Battery Consumption 3.03% 3.23% 3.25%
Supercapacitor Consumption -0.95% 10.98% 28.74%
No. Cycles 24.8 6.8 2.6

5.4.4 Standard Drive Cycles

This section presents the response of the HESS by using the optimal
adaptive rule-based controller based on three different standard drive cycles,
UDDS, NYCC, and Japanl015 drive cycle for the EV. The low load current is
supplied by the battery and the supercapacitor while the supercapacitor supplied
the peak load current and absorbed the regenerative energy during the
deceleration. The values of the percentage of energy sharing between the battery
and the supercapacitor are current are 0.22, 0.6, and 0.26 for UDDS, NYCC,
and JapanlO15 drive cycle respectively. The results of the HESS with the
optimal adaptive rule-based controller for the EV are proved that the controller
reduces the battery stress compared to single energy storage battery system and

limit the battery current to (I, mayx) during the journey. Figure 5.30 illustrates
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the total EV load current, the battery current, and the supercapacitor current

during the drive cycles (UDDS, NYCC, and Japan1015).
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Figure 5.30 Total HESS currents based on standard drive cycle using the
optimal adaptive rule-based controller (a) UDDS, (b) NYCC and (c)
Japanl015
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The changes of battery states of charge during (UDDS, NYCC, and
Japan1015) drive cycles are presented in Figure 5.31. After a single drive cycle,
the final battery states of charge are 0.9284, 0.9480, and 0.9431 for UDDS,
NYCC, and Japanl015 drive cycles respectively. Furthermore, the battery
energy consumption was decreased using the optimal rule-based controller
compared with the rule-based controller and the single energy storage battery

system in the three standard drive cycles.
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Figure 5.31 The battery states of charge in UDDS, NYCC, and Japanl1015
drive cycles using the optimal adaptive rule-based controller

On the other hand, the final supercapacitor states of charge are 0.9214,
0.9289, and 0.9345 for UDDS, NYCC, and JapanlOl5 drive cycles,
respectively. These results are proved the supercapacitor of the HESS with
optimal adaptive rule-based controller earns energy during the Japan1015 drive
cycles. The changes in the supercapacitor states during UDDS, NYCC, and

Japan1015 drive cycles are presented in Figure 5.32.
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Figure 5.32 The supercapacitor states of charge in UDDS, NYCC, and
Japan1015 drive cycles using the optimal adaptive rule-based controller

Table 5.13 summarizes the total energy consumption for the battery and
the supercapacitor of the HESS by using the optimal adaptive rule-based
controller. The battery energy consumptions for UDDS, NYCC, and Japanl1015
drive cycles are 2.27%, 0.21%, and 0.73%. The presented results are proved the
optimal adaptive rule-based controller succeed to reduce the battery energy
consumption compared with the rule-based controller and the single energy
storage battery system for all drive cycles. Furthermore, in UDDS, the number
of drive cycles are increased by using the optimal adaptive rule-based to 33
compared with 29 in the rule-based controller. Likewise, in the NYCC, the
number of drive cycles are increased by using the optimal adaptive rule-based
to 357 compared with 227 in the rule-based controller. Also, in Japanl015 drive
cycle, the number of drive cycles are increased by using the optimal adaptive

rule-based to 102.7 compared with 95 in the rule-based controller.

Table 5.14 summarizes the comparison between the energy
consumption on the single energy storage battery system (EngConsgyg) and
the battery energy consumption on the HESS using the optimal adaptive rule-

based controller(EngConsygss).
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Table 5.13 The HESS details in UDDS, NYCC, and Japan1015 drive cycles
using the optimal adaptive rule-based controller

UDDS NYCC Japanl015
SOCy (V) cps 0.9284 0.9480 0.9431
SOCsc (D) cps 0.9214 0.9289 0.9345
Battery Consumption 2.27% 0.21% 0.73%
Supercapacitor Consumption 0.1% -0.7% -1.3%
Cycles No. 33 357 102.7

The energy variance (EngVar) and the Battery Energy Reduction Ratio
demonstrate the effectiveness of the HESS using the optimal adaptive rule-

based controller in terms of decrease the battery stress and prolong the battery

aging.

Table 5.14 The battery energy reduction ratio using the optimal adaptive
rule-based controller

Drive cycle  Speed  EngConspyg OBIZZZ;)::Z;; EngVar If:;f;jln;zj;
50Km/h 2.04% 1.43% 0.61% 29.9%
Uphill 60Km/h 2.19% 1.27% 0.92% 42%
70Km/h 2.42% 1.16% 1.26% 52%
50Km/h 0.76% 0.3% 0.46% 60.5%
Downhill  60Km/h 0.86% 0.52% 0.34% 39.5%
70Km/h 1.04% 0.62% 0.42% 40.4%
50Km/h 3.53% 3.03% 0.5% 15.2%
City tour  60Km/h 4.15% 3.23% 0.92% 22.2%
70Km/h 4.68% 3.25% 1.43% 30.6%
Standard UDDS 3.46% 2.27% 1.19% 34.4%
NYCC 0.57% 0.21% 0.36% 63.2%
drive cycles
Japanl1015  1.07% 0.73% 0.34% 31.8%
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5.5 The Results of the Fuzzy Adaptive Rule-Based Controller for

HESS

The results of the HESS with the Fuzzy adaptive rule-based controller
for the real drive cycles and the standard cycles are presented in this section.
The total current of EV, the battery current, and the supercapacitor current are
investigated. The state of charge for the battery and the supercapacitor were
measured at the end of the drive cycles. The total percentage of the battery and
the supercapacitor energy consumption were calculated using Equation 4.12.
The main tasks of the fuzzy adaptive rule-based controller are to limit the battery
current I,(t) to a maximum value Iy, o and obtain the energy sharing
percentage R between the battery and the supercapacitor online during the
selected journey. Section 3.3.2 described the design and the working principles

of the fuzzy adaptive rule-based controller in detail.

5.5.1 Uphill Drive Cycle

In this drive cycle, the HESS with the fuzzy adaptive rule-based
controller supplied the total load current from the battery and the supercapacitor
while the supercapacitor absorbed the regenerated energy. Figure 5.33 shows
the total load currents of the EV, the battery current, and the supercapacitor
current based on the uphill drive cycle in different driving velocities (50, 60,
and 70 Kilometres per hour). The battery and the supercapacitor are sharing to
supply the low load current while the supercapacitor is supplying the peak load
current. The energy sharing percentage between battery and supercapacitor R in

this drive cycle was calculated instantly during the journey. The sharing
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percentage is a variable value which depends on the road slope and vehicle

speed.
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Figure 5.33 Total HESS currents based on uphill drive cycle using the fuzzy
adaptive rule-based controller (a) 50km/h, (b) 60km/h and (c) 70km/h
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Figure 5.34 represents the changes of the battery states of charge during
the uphill drive cycle based on the fuzzy adaptive rule-based controller. The
final battery states of charge are 0.9396, 0.9390, and 0.9391 for the driving
velocities (50, 60, and 70 Kilometres per hour). The fuzzy adaptive rule-based
controller is succeed to limit the battery current to (I, max). In this drive cycle,
the battery energy consumption is decreased compared with the optimal

adaptive rule-based controller and the rule-based controller.
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Figure 5.34 The battery states of charge in an uphill drive cycle using the
fuzzy adaptive rule-based controller

Furthermore, Figure 5.35 presents the changes in the states of charge for
the supercapacitor during the uphill drive cycle at the different velocities. The
supercapacitor discharges to supply the load current together with the battery
while the supercapacitor charges by absorbing the regenerative energy during
the braking. The final values of the supercapacitor states of charge for the
driving velocities (50, 60, and 70 Kilometres per hour) are 0.7315, 0.7005, and
0.6209 respectively. These results are proved the energy consumptions of the

supercapacitor is increased by increasing the vehicle speed.
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Figure 5.35 The supercapacitor states of charge in an uphill drive cycle using

the fuzzy adaptive rule-based controller

Table 5.15 presents the total energy consumption of HESS with the

fuzzy adaptive rule-based controller during the uphill drive cycles for the

driving velocities (50, 60, and 70 Kilometres per hour). These results prove that

the fuzzy adaptive rule-based controller is consuming more energy from the

supercapacitor than the optimal adaptive rule-based controller for the uphill

drive cycle. Furthermore, the number of possible uphill drive cycles of HESS

using the fuzzy adaptive rule-based controller were 3.6, 3.1, and 2.3 for the

driving velocities (50, 60, and 70 Kilometres per hour) respectively.

Table 5.15 The HESS details in uphill drive cycle using the fuzzy adaptive

rule-based controller

50km/h 60km/h 70km/h
SOCy, (t)cps 0.9396 0.9390 0.9391
SOCsc(t)cps 0.7315 0.7005 0.6209
Battery Consumption 1.09% 1.16% 1.15%
Supercapacitor Consumption 20.70% 24.06% 32.69%
Cycles No. 3.6 3.1 2.3
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5.5.2 Downhill Drive Cycle

The HESS currents of the EV based on the downhill drive cycle in
different driving velocities (50, 60, and 70 Kilometres per hour) were presented
in Figure 5.36. The battery and the supercapacitor are supplied the low load
current while the supercapacitor supplies the peak load current. The energy
sharing percentage between the battery and supercapacitor is estimated instantly
during the journey. These results are proved the fuzzy adaptive controller is

succeed to limit the battery current to (I max)-

80

—EYV total current
— Battery current
—Supercapacitor current

40-

Current (A)
: 3

- L L L L L L L
400 50 100 150 200 250 300 350 400

Time (S)
(a)
100 : .
—EYV total current
— Battery current
—Supercapacitor current
—~ S0r ,
)
-
=
)
=
=
=
O ) |
50 | | | | | |
0 50 100 150 200 250 300 350
Time (S)
(b)

132



100

—EYV total current
— Battery current
—Supercapacitor current

n
=
T

Current (A)
“au

=
—

| | | |
50 100 150 200 250 300
Time (S)

(c)
Figure 5.36 Total HESS currents based on a downhill drive cycle using the
fuzzy adaptive rule-based controller (a) 50km/h, (b) 60km/h and (c) 70km/h

Figure 5.37 presents the changes of the battery states of charge during
the downhill drive cycle with different speeds. The final values of the battery
states of charge for the driving velocities (50, 60, and 70 Kilometres per hour)
are 0.9471, 0.9448, and 0.9441. Inthe downhill drive cycle, the battery energy
consumptions of the HESS with the fuzzy adaptive rule-based controller for the
driving velocities (50, 60, and 70 Kilometres per hour) are 0.31%, 0.55% and
0.62% respectively. These results proved the battery energy consumption of the
HESS using the fuzzy adaptive controller is bigger than the consumption of the

HESS with the optimal adaptive controller on the downhill drive cycle.
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Figure 5.37 The battery states of charge in a downhill drive cycle using the
fuzzy adaptive rule-based controller
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Otherwise, Figure 5.38 illustrates the changes in the states of charge of
the supercapacitor during the downhill drive cycle. The final value of the
supercapacitor states of charge are 0.95, 0.9461, and 0.9030 for the driving
velocities 50km/h, 60km/h, and 70km/h. These results prove the HESS earns

more energy during the downhill drive cycle.
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Figure 5.38 The supercapacitor states of charge in a downhill drive cycle
using the fuzzy adaptive rule-based controller

Table 5.16 presents the total energy consumption of HESS with the
fuzzy adaptive rule-based controller during the downhill drive cycles for the
driving velocities (50, 60, and 70 Kilometres per hour). These results
demonstrate that the fuzzy adaptive rule-based controller consumes less energy
from the supercapacitor compared with the optimal adaptive rule-based
controller for the downhill drive cycle. Furthermore, the number of possible
downhill drive cycles for the HESS using the fuzzy adaptive rule-based
controller are 242, 136, and 35 for the driving velocities (50, 60, and 70
Kilometres per hour) respectively. The total performance of the fuzzy adaptive
controller is less than the optimal adaptive controller in terms of the number of

the possible downhill drive cycles.
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Table 5.16 The HESS details in downhill drive cycle using the fuzzy
adaptive rule-based controller

50km/h 60km/h 70km/h
SOCy, (t)cps 0.9471 0.9448 0.9441
SOCsc(t)cps 0.95 0.9461 0.9030
Battery Consumption 0.31% 0.55% 0.62%
Supercapacitor Consumption -3% -2.57% 2.1%
Cycles No. 242 136 35

5.5.3 City-tour Drive Cycle

In the city-tour drive cycle, the HESS with fuzzy adaptive rule-based
controller is supplied the load current by using the battery and the
supercapacitor. The supercapacitor using to absorb the regenerated energy.
Figure 5.39 shows the total load currents of the EV, the battery current, and the
supercapacitor current based on the city-tour drive cycle in different driving
velocities (50, 60, and 70 Kilometres per hour). The energy sharing percentage
between the battery and the supercapacitor R is variable and calculated during

the journey. The performance of the HESS elucidated the fuzzy adaptive rule-

based controller is limiting the battery current to (I, max)-
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Figure 5.39 Total HESS currents based on city-tour drive cycle using the
fuzzy adaptive rule-based controller (a) 50km/h, (b) 60km/h and (c) 70km/h

The battery states of charge during the city-tour drive cycle are
illustrated in Figure 5.40. The final values of the battery states of charge for the
driving velocities (50, 60, and 70 Kilometres per hour) are 0.9258, 0.9215, and
0.9193 respectively. Furthermore, the battery energy consumptions of the HESS
with the fuzzy adaptive controller are less than the optimal adaptive controller
in the city-tour drive cycles. In the driving speed 50km/h the battery energy
consumption is 2.55% and the battery consumption is 3% for the driving speed
60km/h while the battery energy consumption for the driving velocities 70km/h

is 3.23%.
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Figure 5.40 The battery states of charge in city-tour drive cycle using the
fuzzy adaptive rule-based controller

On the other hand, Figure 5.29 presents the changes in the states of
charge for the supercapacitor during the city-tour drive cycle. The final values
of the supercapacitor states of charge for the driving velocities 50km/h, 60km/h,
and 70km/h are 0.8220, 0.7650, and 0.6531. The results prove the
supercapacitor energy consumption in the fuzzy adaptive controller increased

proportionally with driving velocity.
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Figure 5.41 The supercapacitor states of charge in city-tour drive cycle using
the fuzzy adaptive rule-based controller

137



Table 5.17 presents the total energy consumption for the battery and the
supercapacitor during the city-tour drive cycles for the driving velocities (50,
60, and 70 Kilometres per hour) using the fuzzy adaptive rule-based controller.
The total supercapacitor energy consumption is 10.89%, 17.06%, and 29.2% for
the driving velocities (50, 60, and 70 Kilometres per hour). The number of the
possible city-tour drive cycles in the fuzzy adaptive controller are 6.9, 4.4, and
2.6% for the driving velocities (50, 60, and 70 Kilometres per hour)
respectively. The performance of the HESS with the optimal adaptive controller
is better than the HESS with the fuzzy adaptive controller in terms of the number

of the possible city-tour drive cycles.

Table 5.17 The HESS details in city-tour drive cycle using the fuzzy adaptive
rule-based controller

50km/h 60km/h 70km/h
SOCy () cps 0.9258 0.9215 0.9193
SOCsc(H)cps 0.8220 0.7650 0.6531
Battery Consumption 2.55% 3% 3.23%
Supercapacitor Consumption 10.89% 17.06% 29.2%
Cycles No. 6.9 4.4 2.6

5.5.4 Standard Drive Cycles

The responses of the HESS using the fuzzy adaptive rule-based
controller based on three different standard drive cycles UDDS, NYCC, and
Japan1015 drive cycle are analyzed in this section. The percentage of the energy
sharing between the battery and the supercapacitor in the low load current is

variable and it is estimated instantly during the drive cycle. The value of the
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energy sharing percentage between the battery and the supercapacitor depends
on the vehicle speed. Figure 5.30 illustrates the total load currents of the EV,
the battery current, and the supercapacitor current during the drive cycles
(UDDS, NYCC, and Japanl015). The results of the HESS using the fuzzy
adaptive rule-based controller for the EV demonstrate that the controller was
succeed in reducing the battery stress compared to a single energy storage

battery system and limited the battery current to (I, ax) during the journey.
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Figure 5.42 Total HESS currents based on standard drive cycle using the
fuzzy adaptive rule-based controller (a) UDDS, (b) NYCC and (c) Japanl015

Figure 5.43 illustrated the changes of battery states of charge during
(UDDS, NYCC, and Japanl015) drive cycles using the fuzzy adaptive
controller. After a single drive cycle the final values of the battery states of
charge are 0.9275, 0.9470, and 0.9425 for UDDS, NYCC, and Japan1015 drive
cycles respectively. Furthermore, the battery energy consumption of the HESS
using the fuzzy adaptive rule-based controller was increased comparing with
the battery energy consumption of the HESS using the optimal adaptive
controller. The battery energy consumption for UDDS, NYCC, and Japanl015

drive cycles is 2.37%, 0.32%, and 0.79%.
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Figure 5.43 The battery states of charge in UDDS, NYCC, and Japanl1015
drive cycles using the fuzzy adaptive rule-based controller
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Otherwise, the final values of the supercapacitor states of charge for
UDDS, NYCC, and Japanl015 drive cycles are 0.9291, 0.95, and 0.9453,
respectively. These results elucidated the supercapacitor of the HESS using the
fuzzy adaptive rule-based controller earns energy during all tested drive cycles.
Figure 5.44 presents the changes in the states for supercapacitor during UDDS,

NYCC, and Japanl015 drive cycle.
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Figure 5.44 The supercapacitor states of charge in UDDS, NYCC, and
Japanl1015 drive cycles using the fuzzy adaptive rule-based controller

Table 5.18 summarizes the total energy consumption for the battery and
the supercapacitor of HESS using the fuzzy adaptive rule-based controller
during UDDS, NYCC, and Japanl015 drive cycles. The battery energy
consumptions using the fuzzy adaptive controller for UDDS, NYCC, and
Japanl1015 drive cycles are increased compared with the battery energy
consumptions using the optimal adaptive controller. Furthermore, in UDDS the
number of drive cycles of the HESS was decreased using the fuzzy adaptive
controller to 31.6 compared with 33 using the optimal adaptive controller.

Likewise, in NYCC the number of drive cycles using the optimal adaptive rule-
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based controller decreased to 234 compared to 357 using the optimal adaptive
controller. Besides, in Japanl015 drive cycle the number of drive cycles
decreased by using the fuzzy adaptive controller to 95 compared with 102.7 in

the optimal adaptive controller.

Table 5.18 The HESS details in UDDS, NYCC, and Japan1015drive cycles
using the fuzzy adaptive rule-based controller

UDDS NYCC Japanl015
SOCp (D) cps 0.9275 0.9470 0.9425
SOCsc(V)cps 0.9291 0.95 0.9453
Battery Consumption 2.37% 0.32% 0.79%
Supercapacitor Consumption -0.73% -3% -2.5%
Cycles No. 31.6 234 95

Table 5.19 summarizes the comparison between the energy
consumption on the single energy storage battery system (EngConsgyg) and
the battery energy consumption on the HESS using the fuzzy adaptive rule-
based controller(EngConsygss). The energy variance (EnglVar) and the
Battery Energy Reduction Ratio demonstrate the effectiveness of the HESS
using the fuzzy adaptive rule-based controller in terms of decrease the battery

stress and prolong the battery aging.
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Table 5.19 The battery energy reduction ratio using the fuzzy adaptive rule-
based controller

EngConsygss Battery Energy
Dri I, Speed  EngC EngV
rive cyete pee ngEonseve Fuzzy adaptive nerar Reduction Ratio
50Km/h 2.04% 1.09% 0.95% 46.6%
Uphill 60Km/h 2.19% 1.16% 1.03% 47%
70Km/h 2.42% 1.15% 1.27% 52.5%
50Km/h 0.76% 0.31% 0.45% 59.2%
Downhill ~ 60Km/h 0.86% 0.55% 0.31% 36%
70Km/h 1.04% 0.62% 0.42% 40.4%
50Km/h 3.53% 2.55% 0.98% 27.8%
City tour  60Km/h 4.15% 3% 1.15% 27.7%
70Km/h 4.68% 3.23% 1.45% 31%
UDDS 3.46% 2.37% 1.09% 31.5%
Standard
) NYCC 0.57% 0.32% 0.25% 44.9%
drive cycles
Japanl015 1.07% 0.79% 0.28% 26.2%

5.6 Chapter Summary

This chapter presents the results of the proposed controller of HESS for
EV. The results of the single energy storage system of the EV are presented for
the selected real drive cycles and the standard drive cycles. Furthermore, the
results of the proposed rule-based controller of HESS for the EV are presented
and discussed in detail. In addition, the performance of the proposed optimal
adaptive rule-based controller and the fuzzy adaptive rule-based controller are
carried out and compared with the rule-based controller. The performances of
the proposed controllers are validated using the three real drive cycles (uphill,

downhill, and city-tour) at three different speeds (50,60, and 70) Km/h.
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Moreover, three standard drive cycles (UDDS, NYCC, and Japanl015 drive
cycle) are implemented to validate the performances of the proposed controllers.
Table 5.19 presents the number of possible drive cycles using the rule-based

controller, the optimal adaptive controller, and the fuzzy adaptive controller

Table 5.20 The number of the possible drive cycles using the proposed
controllers

Drive cycle  Speed The Rule- Optimal Adaptive Fuzzy Adaptive

Based Rule-Based Rule-Based

50Km/h 6.6 6.6 3.6

Uphill 60Km/h 3.6 3.6 3.1
70Km/h 2.3 2.3 2.3

50Km/h 242 250 242

Downhill 60Km/h 132 144 136
70Km/h 35 35 35

50Km/h 23.7 24.8 6.9

City tour  60Km/h 6.8 6.8 4.4
70Km/h 2.6 2.6 2.6
UDDS 29 33 31.6

Standard
NYCC 227 357 234
drive cycles

Japanl015 88 102.7 95
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CHAPTER 6

CONCLUSION AND FUTURE WORK

6.1 Conclusion

The electric vehicle in the market uses batteries as the main energy
source. The batteries in the EV have weaknesses in terms of the energy delivery
and the life-cycle. Researchers tried to propose a hybrid energy storage system
via the combination of two different types of energy storage devices (batteries
and supercapacitor). Batteries are used as the main storage device due to their
high energy density while the supercapacitor are used as an auxiliary storage
device due to their high power density. There are many studies presented in the

literature proposed several types of hybrid topologies of energy storage devices.

This thesis presents the proposed semi-active topology and the energy
management system of the hybrid energy storage system for the electric
vehicles. The proposed HESS is designed by connecting the battery directly to
the DC bus while, the supercapacitor is connected to the DC bus via a
bidirectional DC-DC converter. This topology aims to control the power flow
of the supercapacitor by manipulating the duty cycle of the PWM of the

bidirectional DC-DC converter.
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In Hybrid energy storage applications, the rule-based strategy is
commonly used as the energy management system to control the power flow to
the DC-bus. The rule-based strategy lacks the ability to find the optimal solution
compared with the optimization energy management strategy. The optimization
methods are difficult to implement in a real-time control system due to the long
computational time. Therefore, this research proposes an adaptive rule-based
energy management strategy to control the power flow of the HESS for the
electric vehicles. The road slope is involved in this work to estimate the energy
consumption for the electric vehicle in a single drive cycle. The Contour
Positioning System (CPS) is used to extract the road slope of the selected drive
cycle along the journey. The characteristics of the road in the selected drive

cycles are used to adapt the proposed energy management system of the HESS.

Three control layers are used in the proposed energy management
strategy in this research. Three different types of rule-based controllers are
proposed and investigated. The standard rule-based controller, the optimal
adaptive rule-based controller, and the fuzzy adaptive rule-based controller are
implemented to manage the energy flow ofthe HESS for the EV while the linear
quadratic regulator is used to drive the DC-DC converter. The parameters of the
standard rule-based controller are fixed and not related to the topographical
conditions of the selected journey. The parameters of the optimal adaptive rule-
based controller are modified after selecting the desired destination and before
the movement of the electric vehicle. The parameters of the fuzzy adaptive rule-

based controller are modified continuously along the journey.
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The proposed control algorithms are tested in three real drive cycles
(uphill, downhill, and city-tour) at three different speeds (50, 60, and 70
kilometres per hour) and in three different standard drive cycles (UDDS,
NYCC, and Japanl015). The results demonstrate the variance of the energy
consumption for the electric vehicle by considering and ignoring the
topographical conditions. The results of the simulations prove that an uphill
drive consumes more energy while the regenerative energy increases when
going downbhill. It is also found that the road slope has a limited effect for a city
tour drive cycle. The state of charge and the energy consumption of the battery
and supercapacitor are inspected for all drive cycles with the proposed

controllers.

Furthermore, the results of the proposed HESS with the rule-based
controller prove the controller success to reduce the current peak and the energy
consumption of the battery compared with the single energy storage battery
system. On the other hand, the proposed HESS with the fuzzy adaptive rule-
based controller succeeds to reduce the battery current peak and the battery
consumption while the number of possible drive cycles decreases compared
with those of the rule-based controller and the optimal adaptive controller.
Moreover, the proposed HESS with the optimal adaptive controller reduces the
battery current peak and extends the number of possible drive cycles compared
with those of the rule-based controller and the fuzzy adaptive controller. The
proposed controllers extend the battery life-time by limiting the battery demand

current.
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6.2 Limitations and Future Work

The limitations of the proposed optimal adaptive controller are that it
requires the driver to define the desired destination and the driving velocities
before the vehicle starts moving. However, there is a difficulty in determining
the appropriate vehicle speed for the selected journey by the driver. In addition,
the road slope, the road situation, the weather conditions, and the traffic are the
main factors to determine the vehicle speed during the journey. Furthermore,
changing the destination path or the vehicle speed during the journey leads to a
change in the total energy consumption of the drive cycle which requires a new
calculation for the energy sharing percentage between the battery and the

supercapacitor.

For future work, developing an algorithm to estimate the proper vehicle
speed of the selected journey according to the topographical information, the
weather conditions, and traffic conditions will improve the estimation of the
energy consumption which in turn will lead to improve the accuracy of the
energy sharing percentage between the battery and the supercapacitor to extend
the number of the possible drive cycles. Moreover, in case of changing the
destination, the road path, or the vehicle speed during the journey, the optimal
adaptive algorithm should be improved to update the values of the controller
parameters automatically. In addition, to validate whether the proposed HESS
and the energy management system are suitable to perform practically, an
experimental work for a down-scale prototype of HESS and the electric vehicle

has to be carried out.
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