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Abstract

Conventional vehicles are headed towards essential transformation in energy tech-

nologies due to rapid fossil fuel depletion, environmental hazards, and increased

global warming. To address this challenge plugin hybrid electric vehicles have

attracted a huge response from the market and the consumers. A plugin hybrid

electric vehicle comprises of an integrated charger and a hybrid energy storage

system. An integrated charger includes the grid source with a unidirectional

DC-DC converter and the storage system contains the fuel cell, battery, and

ultracapacitor coupled with unidirectional and bidirectional converters. In this

work, a nonlinear controller has been designed developed on the terminal sliding

mode control for this topology. Firstly, the dynamic mathematical model of the

system is established. Then, an energy management algorithm is designed using

the state of charge. The main objective of this algorithm is to ensure system sta-

bility under varying load conditions. The proposed controller aims to meet the

varying load demand, perform the DC bus regulation, and uniform tracking of

the fuel cell, battery, and ultracapacitor reference currents. In addition to that,

the system’s asymptotic stability is demonstrated through the Lyapunov stability

theory. Afterward, the robustness and working of the proposed control method-

ology are verified by simulating it on MATLAB/Simulink, and the results are

compared with the synergetic and backstepping controllers. Lastly, the physical

use of the recommended system is validated by performing the controller hard-

ware in the loop experiments. Results show that the proposed terminal sliding

mode based controller is significantly stable and superior in performance.

Keywords: Plug-in Hybrid Electric Vehicle; Hybrid Energy Storage Sys-

tem; Fuel Cell; Battery; Ultracapacitor; Terminal Sliding Mode Control; State

of Charge; Energy Management Algorithm
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Chapter 1

Introduction

1.1 Background
With each passing day and year, the use of traditional resources like fossil fuels

is eradicating drastically. Especially when mankind has encountered unforeseen

calamities like COVID-19 where the lifestyle of people has changed over the globe.

Climate change, on the other hand, has raised worldwide awareness about the

harmful consequences of burning fossil fuels in recent years. Governments and

industry are shifting away from the Internal Combustion Engine (ICE), which

is still the most prevalent kind of vehicle toward the use of renewable energy

sources for decreasing pollution [1]. In this scenario, it most likely entailed the

widespread use of Plugin Hybrid Electric Vehicles (PHEV) for transportation

electrification as well as the use of renewable energy sources for power generation

[2]. Since it is a cleaner mode of transportation with fewer carbon emissions and

energy consumption, the electric vehicle is seen as a viable alternative for replac-

ing petroleum-fueled automobiles. As power electronics and battery technology

evolve, millions of PHEVs will be employed in transportation and integrated into

the electric grid [3]. However, a lack of adequate charging infrastructure is a

significant impediment to the widespread adoption of PHEVs. Furthermore, the

widespread usage of PHEVs poses several distribution network problems. As a

result, there is a growing need to develop innovative active distribution network

design techniques and establish a well-planned framework for PHEV charging
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Chapter 1: Introduction

today.

1.2 Conventional ICE
They are the most common form of vehicle, with an efficiency of approximately

30%, meaning that 70% of the energy is lost in the energy conversion process in an

ICE [4]. An ICE consumes around 13% of the energy it receives from the input.

There were several technologies available to increase efficiency. These losses have

been considerably reduced since the advent of hybrid electric vehicles (HEVs) [5].

1.3 Hybrid electric vehicles
The ICE may be modified to function at its most efficient velocity and torque

by storing braking energy in the battery using a regenerative braking system.

When more torque or velocity than ICE output is necessary, this can be ac-

complished by drawing the additional required energy from the battery [6]. In

contrast, surplus energy may be stored in the battery while ICE production re-

quires lesser torque or velocity. As a result, the ICE will run more efficiently,

resulting in fewer emissions being produced.

1.4 From ICE to PHEV

Figure 1.1: Evolution of ICE to PHEV

PHEVs are a more sophisticated version of the HEV, with the ability to charge

2



Chapter 1: Introduction

the battery using grid energy, allowing cars to travel longer distances and take

longer excursions [7]. The capacity of PHEVs to interface to the grid will allow for

the management of energy resources for residential use, leading to fewer emissions

from private automobiles for both commercial and residential sectors [8, 9]. The

technological advancement is shown in Figure 1.1.

1.5 Motivation
Low-duty automobiles, such as personal and company vehicles, account for

a significant portion of overall emissions. For both industrialized and emerging

countries, reducing pollution output is a big challenge [10]. The other primary

issue in today’s world is the massive utilization of fossil fuels, which would be

accompanied by escalating inflation and resource scarcity. Low-cost vehicles are

a major source of fossil fuel consumption [11].

Figure 1.2: Global Greenhouse gasses emissions

Figure 1.2 illustrates global greenhouse gas emissions from several industries

visually. Carbon Dioxide (72percent in total), Methane (72percent in total), and

Nitrous Oxide (26percent in total) are among these gases. The transportation

sector, which is adjacent to the industrial sector, produces the most emissions.

This indicates that reducing emissions from the transportation sector lowered

emissions by almost the same amount as decreasing emissions from the industrial

3



Chapter 1: Introduction

sector. When power plants emit no emissions and electricity is generated from

renewable resources, the introduction of PHEVs can be even more attractive.

Converting automobiles from fossil fuel to electricity consumption is not only

interesting for the automobile industry, but it is also interesting for the grid [8, 12].

The significant intermittency of renewable energy generation can be coordinated

with the intermittency of electric vehicle use.

1.6 Basic Topology
They use three major sources of energy which include fuel cell (FC), bat-

tery, and ultracapacitor (UC). FC is employed as the primary source, whereas

battery (having high energy density) and UC (having high-power capability and

reversibility) are used as auxiliary sources [13]. The development and infrastruc-

ture of FC technologies have been very beneficial for transportation. It brings

the improvement to hybrid combustion and electric vehicles (EVs) in extending

the efficiency while enhancing the onboard electric power capacity [14, 15]. FC

can be the suitable selection for constant loads as its quality of power provided

does not degrade over time [16]. FC stand alone cannot cope with the fluctuating

dynamic modes and transient nature of the vehicle where the load is shuffling

due to high and sudden demands. It complements the primary source being the

high-power density source favorably. Many PHEVs, HEVs, and EVs use energy

storage systems having batteries and UCs as viable auxiliary sources to meet the

load demands. Batteries have more energy density with short life as they experi-

ence the cycles of charge and discharge that occur when the car is being charged

(plugged in) or driving. This recurring process over time impacts the amount of

charge that the battery can store and decreases the time required between each

trip to charge. Thus, it is a low power density source of energy for vehicles to

move [14].

Therefore, UCs are currently thought to be a feasible secondary power source as

they integrate practically to meet transient load demands. Thus, stabilize the

electrical power systems which also improves the output from electrochemical

batteries. Intermittent renewable resource level the load demands by operating

4
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within its rated values [17, 18]. Hence, UCs can deliver extra power for the period

of acceleration and hill-climbing and helps in recovering the braking energy. It is

evident that battery is an instant source of high energy but with time when its

state of charge (SoC) is not constantly monitored to reflect its performance for

overcharge, discharge, or usage, this results in a short lifetime and lesser power

density as an energy storage unit [13]. To cater for this fact, batteries are needed

to be charged from grid supply or charging stations for smooth running and sta-

ble operation of the hybrid energy storage system (HESS) while maintaining the

SoC [19, 20]. Generally, a PHEV charger consists of two parts; one that takes

the power from the supply grid and performs AC-DC conversion, and the second

which supplies the power and energy to the battery from the DC-DC conversion

through buck converter. This transitional DC to battery link helps to regulate

and control the voltage levels [21].

Numerous authors have been putting efforts to draft and present nonlinear control

techniques for proper operation and well-functioning of PHEVs but combination

by using FC-Battery-UCs is yet not proposed. In this work, this strategy is used

and shown in Figure 1.3. The energy sources (FC, battery, and UC) have different

dynamic features so various nonlinear control strategies are discussed considering

their optimal usage in HESS along with their drawbacks.
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Figure 1.3: PHEV Block Diagram

1.7 Thesis Objectives
Terminal sliding mode control (TSMC) strategy applied over the HESS gives

the best results [22] and is discussed in detail. The core contribution of the
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proposed strategy will be:

1. Design of the mathematical model for integrated charger and HESS.

2. Introduction of the robust and fast nonlinear controller for the PHEVs.

3. Achieve efficient charging from the grid, regulate DC link voltage and track

the currents, irrespective of the load variation.

4. Perform the software implementation using MATLAB/Simulink and ex-

perimental analysis is done via real-time controller hardware in the loop

(CHIL).

1.8 Thesis Outline
This thesis is arranged into the following chapters.

• Chapter 2 includes the literature review.

• Chapter 3 introduces the electric circuit and mathematical modeling of in-

tegrated charger and HESS power converters. Also, an energy management

strategy has been proposed. Moreover, it describes the TSMC controller

design for the PHEV.

• Chapter 4 discuss the simulation results of various nonlinear controllers

are compared. It also shows the experimental results achieved from CHIL

[23, 24].

• Chapter 5 includes the conclusion and future work.

6
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1.9 Summary
With the growing consumption of energy in the developing world, the use of

traditional resources like fossil fuels is eradicating drastically. Especially when

the lifestyle of people has changed over the globe due to new technological ad-

vancements. Climate change, on the other hand, has raised worldwide awareness

about the harmful consequences of burning fossil fuels in recent years. Clean

energy sources are being used by governments and industries for power genera-

tion. The extensive use of vehicles demands the shifting towards transportation

electrification for catering to this problem. In this situation, the PHEV is a vi-

able choice for replacing petroleum-fueled ICE cars since it is a cleaner technique

with lower carbon emissions and energy usage. They may be charged using grid

energy, which makes them practical to use. However, the lack of an adequate

charging system and a suitable PHEV topology is a major impediment to the

widespread use of PHEVs. Even though, the literature lacks efficient controller

techniques for the robust working of PHEV. The thesis provides this solution and

extends to the real-time usage of the proposed controller.
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Chapter 2

Literature Review

2.1 History
From the beginning of time, one of the common human being’s endeavors has

been to make transportation easier and more efficient. In around 1769, Nicolas-

Joseph Cugnot, a French inventor, is widely credited with designing the first

self-propelled mechanical vehicle (modified horse-drawn vehicle) [1]. This claim

is debatable, while some say Ferdinand Verbiest created the first steam-powered

vehicle in 1672, which was intended as a toy for the Chinese Emperor. Vehicles

driven by steam progressively gave way to those powered by internal combustion

engines, which are still the most prevalent. Even after the severe oil crises of 1973

and 1979, industrialized, oil-dependent countries began to invest in alternative

energy sources, not just for their power plants but also for transportation [2]. The

think tanks are agreed over the fact that undue use of natural resources caused

environmental pollution previously along with a severe threat to human lives [3].

Furthermore, the severe environmental consequences of inefficient ICEs, such as

excessive emissions [4], prompted the need to employ green energy sources to

intelligently meet rising energy needs and to employ ways to regulate the flow

of electricity using alternative means [1, 5]. As a result, experts are looking for

ways to use energy in the transportation industry. In today’s era, PHEVs are

an efficient and promising technology for not emitting tailpipe pollution [6]. It is

replacing conventional vehicles that use ICE.
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2.2 Electric Vehicle
Advances in battery technology, a developing motor industry, electric grid

automation, and other factors are accelerating the development of electric cars

and encouraging a long-term shift to more efficient transportation. The number

of electric cars has risen dramatically in the previous five years, and they can now

be seen on highways all over the world [7]. Over the next ten years, it is projected

to play a significant role in the future transportation system, according to [8].

The Electric Vehicle Initiative is a multi-government policy forum that has been

established in 2009 as part of the Clean Energy Ministerial to promote the global

acceptance of electric cars. Electric vehicles (EVs) drive with electric motors that

are driven by electrical energy stored on the battery, according to Kempton1997.

This powering model uses less energy and emits fewer pollutants, making it a vi-

able choice for replacing petroleum-fueled cars. Electric vehicles come in a wide

range of kinds, ranges, and capacities. EVs consume about 170−230Wh/km on

average. EVs are still not as cost-effective as traditional automobiles. EVs have

limitations such as a low driving range, a limited number of charging stations,

and lengthier battery recharge periods. All of these problems, along with cus-

tomers’ lack of knowledge with EVs, are preventing widespread adoption of EVs

[9]. The performance of a gasoline-powered car is much superior to that of an

electric vehicle, with a range of 500 km or more. The current EVs on the market

can only go between 100 − 160 km on a single charge. Furthermore, charging

EVs at charging stations takes hours. Furthermore, the public complains about

the lack of public charging stations, which makes utilizing electric vehicles very

inconvenient. The high capital investment cost and future uncertainty make it

difficult for investors or grid operators to determine whether to invest in charging

facilities [10, 11]. However, it is predicted that advances in battery energy storage

and power electronics would contribute to EV growth and that EV promotion

will benefit from the growing demand for EVs to help power systems operate more

efficiently [12]. EVs are divided into the following categories.
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2.2.1 Hybrid Electric Vehicles

HEVs are electric cars that combine a gasoline engine with a battery-powered

electric motor, as well as a fuel cell and ultracapacitor hybrid in some cases

[13]. The gasoline engine accounts for the largest share of the battery and UC

charges while driving, with a minor portion coming from regenerative braking

since the vehicle’s kinetic energy is captured and stored in the battery rather

than dissipated as heat and friction. The energy from deceleration is stored in

UC. In comparison to traditional cars, the battery in HEV improves fuel economy

by 25%.

2.2.2 Battery Electric Vehicles

A pure battery electrical vehicle is yet another term for a battery electric

vehicle (BEV) [14]. Unlike hybrids, BEVs do not have an internal combustion

engine, making them entirely electric [6]. After the limited driving mileage has

been achieved, it must be connected to the electrical grid for recharging. Con-

sidering BEVs are fully powered by electricity and may go up to 80 miles, they

require a huge battery size and capacity (e.g., 25 − 35 kWh). Although battery

electric cars do not produce direct hazardous emissions or toxic gases, the large

percentage of power plants used to recharge BEVs are not renewable and harm

the environment. Nissan began selling the LEAF battery-electric vehicle in the

United States in late 2010.

2.2.3 Plug-In Hybrid Electric Vehicles

A PHEV is comparable to a hybrid electric vehicle (HEV) today. That might

include an FC, an energy storage system with battery and UC, and a power

control system, according to [15]. It has a higher battery capacity and can be

recharged by plugging it into an external power source. Because the FC is a

primary source, PHEVs may be used for long-distance travel, according to [16].

When the state of charge is high, the initial run-up to 40 mph on the electric-

ity. When evaluated as electrical demands on the distribution system, PHEVs

and BEVs are comparable, yet their operating characteristics are vastly different
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[17]. PHEVs are less reliant on fossil fuels than HEVs. Furthermore, PHEVs are

projected to be capable of driving typical daily miles only on electricity.

2.2.4 Extended-Range Electric Vehicles

An extended-range electric vehicle (EREV) is powered by a mix of a conven-

tional internal engine, a bank of batteries, and an electric motor [18]. In this

mode, the automobile uses a gasoline engine to charge its battery and propel

itself. EREVs, unlike PHEVs, can go longer distances on pure electricity in all

electrical ranges (e.g., 40 − 60 miles). Aside from the significant losses in the

vehicle’s electrical system, another disadvantage of EREV might be the higher

cost of the highly efficient electric engine and batteries. The Chevrolet Volt is a

contemporary example of EREV.

2.3 Power Components

2.3.1 Fuel Cell

FC is the primary green source that generates electricity from the fuel by

converting chemical energy to electrical energy. The reactants flow into the cell

during the generating process, while the reaction products flow out. As a reactant

for the FC, many combinations of fuels and oxidants such as hydrogen, methanol,

ethanol, gasoline, and other types of gases are conceivable. Hydrogen is an ideal

fuel since it has the highest energy density of any other fuel and produces only

water as a byproduct of cell reactions as shown in Figure 2.1.

The FC has many advantages, particularly high fuel conversion efficiency (80%),

silent operation, ease of maintenance, incredibly low emission, no noise pollution,

fuel flexibility, durability, and durability. In vehicular applications, a specific

fuel tank should be included onboard. However, the complex control system of

its operation and relatively low energy density, require large fuel tanks which

increases its cost for large-scale applications. Variation in the amount of power

drawn from it and the nonlinear behavior of the system has a great impact on

the efficiency and life of FC [19, 20]. When compared to batteries and UCs, the

response time of FCs is substantially higher.
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Figure 2.1: Fuel Cell Working

Temperature, applied load, and fuel/oxidant flow rates are all factors that influ-

ence the voltage produced by a single fuel cell. Most losses occur as a voltage

drop across internal resistances. The output voltage of fuel cell (Vf ) is given as:

Voutf = Vref −Vact −Vohm −Vcon (2.3.1)

where Vref is Nernst instantaneous voltage, Vact is activation loss, Vohm is resistive

loss, and Vcon is mass concentration polarization [21].

2.3.2 Battery

A battery is a storage device with a high energy density that converts energy

by electrochemical reaction. Because it may be used in times of insufficient supply

or loss of the primary source, the battery becomes the most important element

of vehicle construction. It can also fulfill long-term energy needs [22]. However,

supplying a sudden transient load can drain the battery and reduce its life. Excess

energy produced by the FC and load can also be stored by batteries while keeping

them safe from being overcharged. As a result, it’s critical to examine the features

of current batteries. They must have a large storage capacity while remaining

small and light, as well as be reasonably priced [23].
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The output voltage of battery Voutb can be expressed as:

Voutb = Voc − ibatZeq (2.3.2)

where Voc is the open circuit voltage, ibat is the battery current and Zeq is the

equivalent internal resistance of battery.

In an electric car, many types of batteries are utilized, for example, lead-acid,

Nickel-cadmium (Ni-Cd), Nickel-metal hybrid (Ni-MH), sodium-sulfur (Na-S),

lithium polymer, and lithium-ion (Li-ion) [24]. The final two are commonly uti-

lized because of their low weight, increased efficiency, and energy capacity. They

also give the finest acceleration and driving distance performance for electric ve-

hicles. Table 2.1 shows a comparison of several types of batteries [25].

2.3.3 Ultracapacitor

By physically separating positive and negative charges on two parallel plates

separated by an insulator, the UC stores energy [19]. Since there are no chemical

variations on the electrodes, therefore, UCs have a long cycle life and high-power

density but it has low energy density. Low internal resistance offers UCs excellent

efficiency, but if the UC is charged at a very low SoC, it can cause a huge burst

of output currents.

UC can be used as an auxiliary storage device for PHEVs [26]. Given the nature

of the load, the UCs can handle any unprecedented power transients for the

smooth running of the vehicle. Because of their rapid charge and discharge rates,

UCs are ideal for absorbing electricity from regenerative braking and immediately

delivering power for acceleration. UC has quite a long lifespan and requires very

little maintenance, conserving resources [27].

The voltage level of UC Voutuc can be expressed as:

Voutuc = Vinte
(− t

CucRs
) (2.3.3)

where Vint is the initial voltage before the discharging starts and Rs series equiva-

lent resistance and Cuc is the capacitance representing charging and discharging.
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Table 2.1: Comparison of different batteries
Type Advantages Disadvantages
Lead acid Low cost

Availability of various sizes
High battery voltage
Good high-rate performance
Good charge retention
Maintenance-free designs
High recyclability

Limited energy density
Relatively short life
Irreversible polarization
of electrodes
High hydrogen evolution

Ni-Cd Long cycle life
Withstand physical abuse
Excellent long-term storage
Low maintenance

Limited energy density
Relatively high cost
Memory effect
Contain toxic element

Ni-MH High energy density
Good high temp capability
Good high-rate capability
Long cycle life
Rapid recharge capability
Maintenance-free designs
High safety
Recyclable material

Relatively high-cost
Decreased performance
at low temperature

Na-S High energy density
Long cycle life
Pulse power capability
High self-discharge resis-
tance

High working temp
High cost

Li-ion High energy density
Low maintenance fee
Broad operation temp range
Long cycle life
Long shelf life
Rapid charge capability
No memory effects
Design flexibility

Relatively high cost
Poor high-temp perfor-
mance
Protective circuit avail-
able

There are different UC technologies in development like carbon/metal fiber com-

posites, foamed carbon, a carbon particulate with a binder, and mixed metal oxide

coatings on a metal foil. But higher energy density can be achieved with a carbon

composite electrode using an organic electrolyte rather than a carbon/metal fiber

composite electrode with an aqueous electrolyte.

In PHEV applications, both batteries and UCs could be combined to maximize
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the benefits of both components [28].

2.4 Overview of PHEV Chargers
Many research efforts have been devoted to the problem of charging to mini-

mize the potential effects of successful implementation of PHEVs and fully explore

the possible perks of their integration [29].

2.4.1 Charging Levels

Level 1, Level 2, and DC fast charging are the three charging levels based

on the voltage and current ratings used to charge a car battery. Only Levels 1

and 2 have been standardized thus far [30]. DC charging, also known as Level 3

charging, is still in the works, according to [31]. Level 2 charging is considerably

more favored than Level 1 charging since it takes significantly less time to charge.

A typical 208 − 240V AC single-phase power outlet with a continuous current

rating of less than 50A is used in this approach. Fast charging, often known as

DC charging, is another option for charging. An AC voltage is converted to DC

at these charging stations, and the car is DC-coupled to the charging station [32].

The charging power of Level 3 vehicles is greater, allowing them to be charged in

less time. However, due to the increased heat output at greater current charging

rates, it reduces battery life. For example, a Nissan Leaf EV can be charged from

a depleted SoC to 80%SoC in 30 minutes using an off-board rapid charge station.

These levels are summarized in Table 2.2.

Table 2.2: Charging Levels
Level Voltage

(V)
Ampere
(A)

Max Power
(kW)

Charge
Time (hr)

Level 1 120 15 1.8 6-8
Level 2 208/240 30 7.2 2-3
Level 3 208/600 400 100 0.17-0.25
DC Fast 600 - 100 0.17-0.25
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2.4.2 Charging Locations

PHEV charging locations can be summarized as destination charging and on-

route charging [31, 33] shown in Figure 2.2. Charging at a destination involves

charging at home, at work, and in parking lots, among several other consider-

ations. Destination charging demands are quickly dealt with by a network of

charging stations, either private or public. Fast-charging stations (FCS) [34] and

battery swap stations (BSS) generally meet on-route charging demand. Since

most people’s daily mileages are minimal, destination charging is the most pop-

ular method. However, in the event of increased driving flexibility and long-

distance driving demand, the FCS and BSS are still vital supplementary charging

facilities [16].

(a) (b)

Figure 2.2: Charging Locations (a) Domestic (b) On-route

2.4.3 Charging Security

The measures in handling a secure battery operation are more necessary for

lithium-ion batteries than for other types of batteries. Because they are prone

to failure in difficult working environments. As a result, battery manufacturers

sell battery management systems (BMS) as an add-on to the cost of the battery.

BMS is in charge of ensuring that charging and discharging activities are safe

[35, 36]. The aim is to keep the batteries from overheating, deep discharge, and

shutting down due to overheating, overheating, or overcurrent. The BMS should

also determine the SoC and communicate with other system components such as

the charger, power sources, and motor drive.
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2.4.4 Classification of Chargers

Many alternative charging schemes have been proposed since the birth of

electric vehicles. Reviewing and comparing the various charging technologies

can be beneficial [37]. PHEVs generally have special, on-board, unidirectional

chargers [38] with conductive connections to charging stations or wall outlets.

2.4.4.1 Dedicated vs. Integrated Chargers

A charger can be designed in two ways. First, it can be a dedicated circuit

that solely operates to charge the battery. Second, the traction inverter drive

can serve as the charger at the same time when the vehicle is not working and

is plugged into the grid for charging, commonly known as integrated chargers

[29]. Both designs have advantages and drawbacks. A dedicated circuit requires

additional circuits, namely a rectifier/inverter and a DC-DC converter. On the

other hand, the integral design reduces the extra circuit(s) used for charging.

Therefore, the integrated design saves the cost and weight required for that cir-

cuit. Integrated chargers have the advantage of charging the battery at higher

power levels, compared to a dedicated charger [39]. On the other hand, integrated

chargers have the disadvantage of using the motor winding reactance as the input

filter of the rectifier circuit which causes increased line current. Also, they show

decreased efficiency compared to dedicated chargers. Both chargers can employ

near unity power factor via power factor correction.

2.4.4.2 On-board vs. Off-board Chargers

In PHEVs, the battery charger can be either located on or off-board the

vehicle. The on-board charger [32] provides PHEV drivers additional options to

charge the vehicle’s battery for different charging levels and meet different vehicle

battery requirements. On-board chargers can support Level 1 and/or Level 2

charging [30]. An off-board charger is in an external dedicated infrastructure [33].

Therefore, it lowers the weight and volume as the necessary circuitry stays off the

vehicle. The off-board chargers do not have the availability of getting charge

wherever there is a Level 1 or Level 2 outlet, so it decreases the availability of
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charging places. However, off-board chargers make use of faster charging and can

charge a vehicle in a considerably shorter amount of time.

Therefore, a charger that can combine all on and off-board charging will be the

best in terms of charging availability and speed. Coupled with this, fast charging

may have some adverse impacts on the battery as capacity decrease over years

due to increased rate in the chemical conversion process. Although an on-board

charger puts extra volume and weight on a vehicle, the total charging system

costs are lower than that of the off-board chargers [40].

2.4.4.3 Unidirectional vs. Bidirectional Chargers

Most recent EVs and PHEVs that will be in the market use unidirectional

chargers from utility to vehicle with conventional charging means of constant

current and constant voltage [41, 42]. Furthermore, if electricity can be trans-

ported not only from the grid to the car but also from the vehicle to the grid, that

would be ideal [43], each car will operate as a distributed power source. To deliver

and receive power, a charger should be able to operate in both directions. PHEV

chargers can be bidirectional depending upon the application [44]. Simplicity in

the charger control brings ease for a utility to cope up with the overloaded feed-

ers owing to various EVs. However, unidirectional chargers can meet most of the

utility objectives and safety concerns related to bidirectional chargers [40, 45].

2.4.4.4 AC vs. DC Chargers

Currently, all the chargers require the input power to be provided from the

AC electrical grid. This requires rectifying AC to DC and converting DC-DC in

a suitable manner that is acceptable for the battery. Alternatively, the battery

can cut through the power conversion stages and charge from DC power sources

such as solar panels or fuel cells to reduce conversion losses. However, the output

voltage of the DC sources may still need voltage adjustment to appropriately

charge the battery by boosting it to the DC link voltage level. After, the charging

control requires using another buck stage, which is commonly available in an

onboard charger. AC and DC chargers are shown in Figure 2.3(a)

Another DC charging operation occurs during an emergency. When an EV is left
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out of charge, a second vehicle can transfer an emergency charge via a jumper

cable that will take the EV to a nearby charging station. This is called a vehicle-

to-vehicle operation. In the U.S. and Japan, Leaf owners also get emergency

service from DC fast charging station owners if they run out of charge shown in

Figure 2.3(b).

(a) (b)

Figure 2.3: (a) AC vs DC Charger (b) Nissan mobile EV charging vehicle [46]

2.4.4.5 Inductive, Conductive, and Mechanical Chargers

There are three different methods of charging an EV battery: inductive,

conductive, and mechanical charging. Conductive charging contains metal-to-

metal contact between the charging plug and the vehicle inlet, and it is the most

widespread method used in today’s PHEVs. On the other hand, inductive charg-

ing connects the AC grid to the vehicle indirectly via a take-apart high-frequency

transformer with an air gap. The last method is used to charge a vehicle’s battery

is to replace the depleted battery pack with a full one in battery swap stations.

Since the battery is replaced, it can be called mechanical charging of the battery.

2.5 Power Converters
Traditional linear ac-to-dc power supplies have been replaced with power con-

verters to minimize power consumption, heat dissipation, and size and weight [47].

They are found in most devices that require a highly efficient supply. They play a

vital role in PHEVs as they control the power sources according to load demand

[48]. Converters attached to storage devices are responsible for their charging

and discharging [49].

The three main types of switching converters consist of a power switching stage
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and a control circuit: Buck, Boost, and Buck-Boost [50]. They refer to how the

insulated-gate bipolar transistors (IGBT) switch S, inductor L with equivalent

resistance R, a diode D, and smoothing capacitor C inside the fundamental cir-

cuit are linked for filtering. They have two modes of operation: inductor charging

(switch ON) and inductor discharging (switch OFF) mode.

2.5.1 Buck Converter

The buck converter is a non-isolated device that reduces DC voltage from a

higher to a lower level while maintaining polarity [51] . Also known as a step-down

converter. A buck converter’s fundamental circuit layout is illustrated in Figure

2.4, which includes a series transistor switch (Sbu), a diode (D), an inductor

(L), and a smoothing capacitor (C). When the switch (Sbu) is biassed “ON”

L

D

Sbu

C Load
Control circuit

to turn ON/OFF

Vout

Vout
Vin

Figure 2.4: Buck Converter

(closed), the diode (D) is reverse-biased, and the input voltage (V in) causes

current to flow via the inductor to the connected load at the output, charging

the capacitor (C). When the switch (Sbu) is switched ”OFF” (open), the input

voltage is immediately detached from the circuit, yielding a reverse voltage across

the inductor. The diode then becomes forward bias, allowing the inductor to

operate as a source, supplying stored energy to the load. The capacitor discharges

at the same moment, delivering current to the load [52]. The average output

voltage value will be connected to the duty cycle, D, which is defined as the

conduction period of the transistor switch during one entire switching cycle since
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the switch is continually closed and opened.

Vout =DVin (2.5.1)

As a result, the higher the duty cycle, the higher the switch mode power supply’s

average DC output voltage. Because the duty cycle, D, can never reach one

(unity), the output voltage will always be lower than the input voltage, resulting

in a step-down voltage regulator.

2.5.2 Boost Converter

The boost converter is used to convert a lower DC voltage to a greater DC

voltage without altering the polarity. In other words, the boost converter is a

step-up converter [53]. When the switch (Sbo) is completely ON, (V in) travels

through the inductor and switch and returns to the supply, as illustrated in

Figure 2.5. As a result, none of it reaches the output, resulting in a short circuit.

Meanwhile, the capacitor (C) begins to discharge via the load and the diode (D)

gets reverse biased [54].

The input supply is now linked to the output through the series-connected

L

Sbo
C Load Vout

Vin

D

Control circuit
to turn ON/OFF

Vout

Figure 2.5: Boost Converter

inductor (L) and forward-biased diode (D) when the switch (Sbo) is fully OFF.

As a result, the inductor’s voltage (V L) turns negative and adds to the input

supply voltage, raising the total output voltage to V in+V L. The steady-state

25



Chapter 2: Literature Review

output voltage of a boost converter is provided by:

Vout = Vin( 1
1−D

) (2.5.2)

where D is the duty cycle.

2.5.3 Buck-Boost Converter

The buck-boost converter combines the buck and boost converters to provide

an inverted (negative) output voltage that can be larger or less than the input

voltage depending on the duty cycle [55]. This cascaded connection shown in

Figure 2.6 can step down and step up the output voltage. In the buck mode,

L

S2
C Load VoutVin

D2

D1

S1

Figure 2.6: Buck-Boost Converter

both switches Sb1) and Sb2) are ON and both diodes D1 and D2 are reverse

biased. The inductor (L) stores the energy and capacitor (C) provides current

to the load in this state which keeps the output voltage constant. The voltage

produced at the output is less than the input in this mode. Conversely, in boost

mode, both switches Sb1) and Sb2) are OFF and both diodes D1 and D2 are

forward biased. The inductor (L) discharges and the polarity of the inductor

voltage is reversed. The input voltage and reversed inductor voltage sum up to

an output voltage higher than or equal to the input. The capacitor (C) stores the

charges in this state. The buck-boost switching regulators steady-state output

voltage (Vout) is given as:

Vout = Vin( D

1−D
) (2.5.3)
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2.6 Electric Load
Electric motor driving through the inverter constitutes the load and is supplied

via a 400V DC link. The varying load conditions for the testing of the vehicle are

obtained using experimental data from the “Extra Urban Driving Cycle”. The

range of load variation is between 40A and -80A.

2.7 Overview of Control
The energy flow [56] is built for maximizing the use of FC and enhancing the

charging voltage stability. Where a strategy works in a hierarchical manner shown

in Figure 2.7, initializing from maximized utilization of FC source, then using

EMS to supply power and utilize storage units during intermittent conditions or

when there is a low amount of FC. The management strategy ensures the reliable

operation of the overall system while meeting the load demand and maximizing

the life cycle of the storage units.

 

 

High-Level Control
EMS, Power sharing, 

Energy balance

Low-Level Control
Voltage and current control, 

Loop control of sources

Physical Components

Figure 2.7: Energy Flow Diagram
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2.7.1 High-Level Control

To minimize the fuel consumption and voltage oscillations for varying con-

ditions of PHEV while ensuring energy balance and good drivability, effective

energy management systems (EMS) are required [7, 57]. There are many ways

to design the energy management system [58]: a couple of approaches will be

described below.

2.7.1.1 Centralized control

Energy management problems and deviation in voltage can be managed by a

centralized controller which works by sending the signals to the system parts for

necessary action [59, 60]. Although this control strategy provides optimal sys-

tem performance, communication failure can affect the reliability of the system.

Centralized control is used in [61, 62] for battery management of various PHEVs

that work through communication between local controllers. This system calcu-

lates the virtual resistance for different modes of operation by a low bandwidth

communication system. However, failure in the communication system hampers

the system’s performance.

2.7.1.2 Decentralized control

This control passes the information to the local control that in turn takes the

necessary steps for energy balance. This type of control can be implemented with

or without the communication system. In [63], a decentralized low bandwidth

droop controller with communication has been proposed for exchanging voltage

and current information. However, a large delay in communication causes oscil-

lations in the system. Similarly, a decentralized low bandwidth droop controller

with communication for a PHEV has been presented in [64, 65]. The designed

control overcomes the problems of the conventional method. The study also

presents a power line signaling. This power line acts as an interface of com-

munication between different units. A sinusoidal signal of a specific frequency

is passed to the primary controller that responds accordingly. However, slow

communication via the power line is the drawback of this control. Decentralized
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control without any communication system for optimal sharing of power amongst

sources has been discussed in [66]. The study manages the SoC of storage devices

by an adaptive droop controller. In another study [67], a decentralized strategy

with bus signaling for secondary control manages the deviations in bus voltage.

2.7.1.3 Hybrid control

A combination of centralized and decentralized control helps to achieve bet-

ter performance. In [68], a hybrid control structure is presented integrating a

communication system and DC bus signaling which acts as a backup in event of

failure.

2.7.1.4 Intelligent control

Intelligent control strategies have been used for complex and uncertain sys-

tems. These strategies work better than the conventional ones as they are de-

signed by learning the system’s behavior. In a study, [69], a fuzzy logic-based

energy management system (FLEMS) has been designed, tested, and compared

with a simple ON/OFF technique. Results showed that FLEMS utilized the

available energy more efficiently and resulted in decreased component sizes as

well.

2.7.1.5 Optimal control

The goal of optimal control is to reduce the fuel cost while respecting the

system constraints and specifications. The optimal control problem can be for-

mulated by knowing the battery SoC that depends on the battery voltage [70].

It also depends upon the speed profile. If the speed profile is perfectly known, the

solution can be found using dynamic programming. In practice, this is of course

never the case [71].

2.7.1.6 Smart EMS control

The objective of the smart EMS control is to generate suitable set points for all

the sources and storage in such a way that economically optimized power dispatch

will be maintained to fulfill certain load demands. The use of energy storage

requires an optimization scheme that considers the time-integral part of the load
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flow [72]. Therefore, energy management must perform energy scheduling a single

day or multiple days ahead. The smart EMS control optimizes the operation by

forecasting the generation and loads and sends signals to the controllers of the

power sources to be committed, and if applicable, to determine the level of their

production [45].

2.7.1.7 Filtering based control strategy

The filtering-based control strategy employs high and low pass filters to sepa-

rate the different frequency components and assign them to the respective source.

For instance, in [73], an adaptive filtering-based technique is applied to maintain

an optimum flow of energy for a battery, FC, and a UC-based system. However,

this filtering technique introduces a lag in power generation.

2.7.1.8 Rule based control strategy

This strategy is essentially formed upon a set of rules that determine how

to use energy sources given for current states. It can either define the rule by

monitoring the current SoC level of the battery. For example, if the current

SoC level is too low, then the battery is charged to a limit where the battery

is not harmed [74]. The battery can also be charged if the driver is demanding

it, overriding the regular control system. Various rules can be defined depending

on the conditions. This is the baseline control strategy used in the EMS for

the current models because of its simple implementation and high robustness. A

deterministic rule-based EMS has been presented in [75] which is not independent

of the inherent nonlinearities of the system components.

Despite the variety of techniques used on various configurations of a PHEV,

the primary objective always remains the efficient management of the energy

distribution for optimal operation.

2.7.2 Low-Level Control

The low-level control deals with the linear and nonlinear control strategies.

This level of control regulates the system voltage and ensures stability [21, 76].

Commonly used techniques are presented here.

30



Chapter 2: Literature Review

2.7.2.1 PI/PID Controller

The linear controller has been used widely because of its simple design and

ease of understanding. Moreover, gain tuning makes this technique robust which

provides optimum operation of the system [77]. Different types of linear con-

trollers like PI and PID exist according to requirements [78]. However, with

time these controllers become outdated because of their incapability to handle

nonlinearities and show slow response.

2.7.2.2 Model Predictive Controller

This technique considers the system model to control the response of the

system. Its major is less tracking error for the converters [79]. These predictive

control techniques can be applied in two ways; indirect and finite control set model

predictive control (FCS-MPC) [80]. For the latter, the performance of the system

is predicted for finite states because of the finite switching states of the converter.

Two steps for the implementation of FCS-MPC are the derivation of the accurate

system model and the definition of the cost function with control variables. The

technique differs from others because of the ability to add nonlinearities and

system constraints to the cost function [81].

2.7.2.3 Synergetic Controller

This technique provides asymptotic stability concerning the required operat-

ing modes, invariance to load variations, and robustness to variation of the input

and converter parameters for such a nonlinear dynamic system [82–84].

2.7.2.4 Backstepping Controller

This technique ensures the system’s closed-loop stability, but it does not pro-

vide robustness against external disturbances and sudden load variations. It is

difficult to design for showing the performance of the system dynamics [83, 85].

2.7.2.5 Sliding Mode Controller

Sliding mode control (SMC) is a robust control that has been extensively used

for the stability of the system with parametric limitations [86]. The essential

feature of this technique is the choice of the sliding surface of the state space
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according to the desired dynamical specification of the closed-loop system. The

sliding surface and control law guides the state trajectories to reach the surface

and remain on it. SMC has a fast dynamic response and easy to implement but

it suffers from the chattering phenomenon [87].

2.7.2.6 Terminal Sliding Mode Controller

Terminal sliding mode control handles the system disturbances by ensuring

long-term stability against any class of perturbation and nonlinear uncertainties.

This control with tunable finite-time convergence delivering the fast response,

high precision, and strong robustness [21]. This technique needs a reduced amount

of information in comparison to the classical control techniques. It has more

possibility of stabilizing nonlinear systems which are not stabilized by continuous

state feedback laws.

Table 2.3: Literature Review of Nonlinear Controllers
Sr.
No.

Publication Name Year Author Journal Highlight Outcome Ref.

1 A Lyapunov based power
management for a fuel cell
hybrid power source for
electric vehicle

2016 Tahri,
Fadil

Proceedings
of 2015 IEEE
International
Renewable and
Sustainable En-
ergy Conference

Lyapunov Very basic techniques.
Easy to design and imple-
ment. Asymptotic stabil-
ity cannot be achieved

[88]

2 Synergetic Control for
HIV Infection System of
CD4+T Cells

2016 Boonya-
prapasorn

International
Conference on
Control, Au-
tomation and
Systems

Synergetic Synergetic controllers give
designers to select an ap-
propriate set of macro vari-
ables. Provide favor-
able characteristics such as
global stability, parame-
ter insensitivity, and noise
suppression for smooth op-
eration. It is not com-
plicated but cannot handle
the sudden transients.

[84]

3 Backstepping control and
energy management of hy-
brid DC source based elec-
tric vehicle

2016 Herizi, O.
Barkat, S.

4th Interna-
tional Sym-
posium on
Environment-
Friendly En-
ergies and
Applications

Backstepping FC and battery currents
are adequately regulated
to their references. But
backstepping is not robust
and does not give finite-
time convergence

[89]

4 Sliding Mode Control of
Fuel Cell and Supercapaci-
tor Hybrid Energy Storage
System

2012 Hassan El
Fadil

IFAC Pro-
ceedings Vol-
umes (IFAC-
PapersOnline)

SMC The controller is obtained
from the nonlinear aver-
aged model using the de-
fined sliding surface for
fast response, but it has
chattering issues.

[86]
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Table 2.3 – continued from previous page

Sr.
No.

Publication Name Year Author Journal Highlight Outcome Ref.

5 Power Split of Fuel
Cell/Ultracapacitor Hy-
brid Power System by
Backstepping Sliding
Mode Control

2012 Chao-
Ming Lee

IEEE Backstepping
SMC

Backstepping sliding-mode
control strategy enables
the system to maintain
a stable output under
nonlinear dynamics while
adapting to load varia-
tions. It is relatively ro-
bust but complicated and
does not give finite-time
convergence.

[90]

6 Robust speed control of
hybrid electric vehicle us-
ing fractional-order fuzzy
PD and PI controllers in
cascade control loop

2016 Kumar,
Vineet

Journal of the
Franklin Insti-
tute

Fuzzy FOFPD and FOFPI con-
trollers excellently han-
dle the model uncertain-
ties and variation of sys-
tem parameters with time
and are strongly validated
to be the robust controller
combination as compared
to FPD/FPI.

[91]

7 Design and implementa-
tion of conventional (PID)
and modern (Fuzzy logic)
controllers for an energy
storage system of hybrid
electric vehicles

2018 Muntaser,
Akram

Proceedings
of the IEEE
National
Aerospace
Electronics
Conference,
NAECON

PID & Fuzzy PID controller was not
perfect but acceptable.
Less complicated in terms
of the design compared to
FLC but FLC gives a fast
response for applications
like this system. The com-
putational time of FLC is
very high.

[78]

8 Adaptive power manage-
ment of hybrid electric
vehicle with neural-based
PID controller

2018 Rajput,
Shubham

4th IEEE Uttar
Pradesh Section
International
Conference
on Electrical,
Computer and
Electronics

Adaptive
neural PID

The tracing of the drive cy-
cles gives less error con-
tribution in the output.
Which simply enhances
the performance of the
vehicle and afterward in-
creases the overall effi-
ciency of the vehicle. Rule-
Based logic is more.

[92]

9 Model predictive control
for hybrid electric vehi-
cles with linear parameter-
varying model

2018 Takahashi,
Yuta Hi-
daka

International
Conference on
Control, Au-
tomation and
Systems

MPC By providing the predicted
speed, MPC reduces fuel
consumption and improves
the fuel economy at high
speed. Training of system
requires a long time.

[93]

10 Output Voltage Regula-
tion of FC-UC Based Hy-
brid Electric Vehicle Us-
ing Integral Backstepping
Control

2019 Saud Ah-
mad

IEEE Access Integral
Backstep-
ping and
Lyapunov
Redesign

Integral Backstepping
controller removes steady-
state error which has been
observed in the case of
conventional Backstepping
controller.

[94]

11 Design of integral termi-
nal sliding mode controller
for the hybrid AC/DC mi-
crogrids involving renew-
ables and energy storage
systems

2020 Hammad
Armghan

Journal of Elec-
trical Power
and Energy
Systems

ITSMC The terminal sliding mode
can let the errors of refer-
ence and actual values ap-
proach zero in a limited
time. It is robust and
shows a fast dynamic re-
sponse. It reduced chat-
tering which has been ob-
served in the case of con-
ventional SMC.

[75]
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Table 2.3 – continued from previous page

Sr.
No.

Publication Name Year Author Journal Highlight Outcome Ref.

12 Multistage adaptive non-
linear control of battery-
ultracapacitor based plu-
gin hybrid electric vehicles

2020 Kashif
Azeem

Journal of En-
ergy Storage

Adaptive
Terminal
SMC

Adaptive terminal SMC
controller parameters have
been tuned using a ge-
netic algorithm and the
controller adapts the un-
known parameters of the
system giving fast and ro-
bust response and good
tracking performance.

[76]

13 Barrier function-based
adaptive sliding mode
control

2018 Hussein
Obeid

Automatica Barrier SMC Barrier SMC is applied to
first-order systems whose
disturbance is bounded
with an unknown bound-
ary. It ensures the conver-
gence of the output vari-
able and maintains it in
a predefined neighborhood
of zero independent of the
upper bound of the dis-
turbance, without overes-
timating the control gain.

[95]
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2.8 Hardware in Loop
The hardware in the loop (HIL) is the pre-assessment of an application be-

forehand of the real-world execution [96]. It helps in saving the time and cost

associated with the practical system [97]. It also validates the simulated per-

formance of the proposed system by the real-time HIL experiments. There are

various embedded systems present like OPAL-RT, RTDs, and dSPACE. In this

thesis, the system is tested on MS320F2837xD Delfino. Its setup comprises of

hardware and a software system. The hardware implements the control laws using

a host-PC with MATLAB, micro-controllers Delfino, and an interface of Delfino

support (TI C2000) for the embedded code. The software moderates the compu-

tational complication by using a simulated plant model on MATLAB/Simulink.

This is shown in Figure 2.8.

The entire process is implemented by converting the plant model of HESS to

the executable codes of MATLAB/Simulink. Then, this code is burned onto the

micro-controllers for PWM signals generation intended for converter switching.

Lastly, the results are obtained from hardware in the loop [97].

Step 3Step 2Step 1

Integration of simulations
with micro-controllers

SHIL Simulations

Experimental

Software Simulations

Discrete simulations 
standard sampling  

frequency (e.g.50kHz)

Design of converter's
equations

Model & Control
Equations

Block Diagram

Figure 2.8: Methodology Steps for SHIL simulation
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2.9 Summary
This chapter deals with the detailed study of PHEV technology, its history,

and its evolution from ICE [98, 99]. It discussed the different power components

of PHEV like fuel cell, battery, and ultracapacitor with their basics, working, and

designs. The analysis of the integrated chargers is given along with their different

types, charging levels, and charging methods. It also presents the details of power

converters used. In addition to this, the overview of control is defined for different

levels; high and low. The high-level control involves the energy management sys-

tem and low-level control includes the details of linear and nonlinear controllers.

Finally, the description of controller hardware in the loop is given for real-time

application. This chapter provides the foundation for the electrical circuit and

mathematical modeling of the system given in the next chapter and addresses the

lack of robust nonlinear controller strategies that need to be overcome.
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Chapter 3

Methodology

3.1 Electrical Structure and Mathematical Modeling
To fulfill all requirements of PHEV, the HESS should have high power density,

high efficiency, long lifespan and should be economical. So, it comprises of Proton

Exchange Membrane Fuel Cell (PEMFC) because it has a short time startup and

compact size. It is used as a primary source, which provides the mean power to

the load. Batteries are used as the first auxiliary source to meet the high load

demand which is charged by AC grid supply via an integrated charger while the

UC is used as a second auxiliary source to provide the power during transients and

peak demands of the load currents. Electric motor driving through the inverter

constitutes the load and is supplied via a 400V DC link.

3.1.1 Circuit and Modeling of Integrated charging source

In recent times, there are significant contributions in the research of PHEV

for integrating vehicles with the AC grids [1]. As the need for PHEVs is growing

as time goes by, it is important to build up an integrated source to charge the

vehicle. Various strategies for charging the PHEVs are described in the literature

[2]. The addition of the charging function into the HEV is the best mechanism

to diminish weight, volume, and cost [3].

The models for integrated chargers along with appropriate charging require-

ments and algorithms are vital to observe for their overall quality. Because of the
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expanded utilization of PHEVs, the demand likewise builds which affects the dis-

tribution system regarding the power factor adjustment and harmonic oscillations

[4]. In this bit, an integrated charger is designed which comprises of a full-bridge

rectifier combined with a higher-order DC filter and a controlled unidirectional

DC-DC buck converter [5, 6] and it is represented in Figure 3.1.

Realizing that the time of charging and the life of the battery are connected

to charger traits, sufficient attention should be given to the charger. Its oper-

ation relies on the components used and the control techniques applied. Here,

the double-stage power conversion (AC-DC/DC-DC) is preferred over the single-

stage conversion (AC-DC) for the high power rating of batteries involving a low

ripple voltage [7]. It also reduces the low-frequency ripples and only contains

inherent ripples. Moreover, the control algorithm has also been taken into con-

sideration which is responsible for attaining the smooth operation under steady

and transient responses [8]. Considering the load requirements, the battery pack

of 240V is used which consists of ten batteries of 24V each.

Nowadays, the majority of the chargers are unidirectional with conventional

charging means which include constant current and constant voltage [9]. Simplic-

ity in the charger control brings ease for a utility to cope up with the overloaded

feeders owing to various EVs. Unidirectional chargers can meet most of the utility

objectives and safety concerns related to bidirectional chargers [10].

With the vehicle parked and the system operating in charging mode, the

vehicle’s controller sends the charging instructions to control the buck converter

and executes the switching operation to charge the battery [11, 12]. The charger

parameters include the Vch, Ich and SoC. Vch is the terminal voltage and Ich

is the current which battery absorbs and later flows to the energy management

system [13]. The battery terminal voltage Vch is governed by dynamic parameters,

SoC, and impedance. The charging current Ich is evaluated by the management

algorithm while monitoring the battery voltage, SoC, and battery temperature
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[14]. The voltage of the charger depends on the SoC function stated as,

S = C

Cnom
(3.1.1)

where S is the state of charge; C is real stored capacity (Ah); Cnom is nominal

capacity (Ah) for the battery.

While plugged-in, the active and reactive powers of the grid can be computed

by equations,

Pgrid(S) = V Icosϕ (S) (3.1.2)

Qgrid(S) = V Isinϕ (S) (3.1.3)

where Pgrid is the grid power, ϕ is the power factor, V is the grid voltage and I

is the grid current.

Taking into account the charger efficiency η, the DC side power of the charger

can be conveyed in form of applied AC side power as,

Pch(S) = ηV Icosϕ (S) (3.1.4)

where Pch is the charger power. In this DC filter, the inductor L0 and resistance

D3

D1 D2
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L

Grid  
Source

D

Full Bridge Rectifier High Pass Filter Buck Converter Battery

x2

x2 ref

TSMC Controller
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PWM
Opt Voltage
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x2

u

RC

R0 L0

C0

Figure 3.1: Model of PHEV’s Integrated Charger
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R0 are coupled in parallel with capacitor C0 in series results in wide-band filtering.

The values of C0 and L0 can be calculated with the formula:

C0 = Qc

2πf1V 2 (1− 1
n2 ) (3.1.5)

L0 = 1
(2πfn)2C0

(3.1.6)

where f1 is fundamental frequency, fn = n ∗ f1 is harmonic frequency, V is grid

voltage, n is order of harmonic, and Qc is reactive power compensation. The

value of resistance is calculated by the equation:

R0 =QL0ω ∀ ( 0.5<Q< 5 ) (3.1.7)

where ω is the angular frequency expressed as 2πf . Resistance is measured for a

particular quality factor Q. To minimize the power loss, the value of R0 should

be small.

Moreover, the buck converter comprises of a diode D, an inductor L, a capac-

itor C for filtering in parallel to resistance R, and a switch S which is operated

by the PWM signal. Conclusively, the ideal state space model of this converter

is obtained by using volt-second and charge balance equations for inductor and

capacitor, written as
dx1
dt

= Vgµ

L
− x2
L

dx2
dt

= x1
C

− Vgµ

RC

 (3.1.8)

where x1 =< IL1 > is the average inductor current, x2 =< Vch > is the output

voltage and µ is the gate signal.

3.1.2 Circuit and Modeling of Hybrid Energy Storage System

The goal of this part is to build a large-signal state-space model from the power

components of the energy storage system considering the circuit nonlinearities.

The developed model equations will be used in the controller design. The overall

arrangement of the model is shown in Figure 3.2.
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3.1.2.1 FC Converter Operation

The FC is not current reversible and connected to a DC-DC boost converter

which regulates the low DC bus voltage to its rated value [15]. This unidirec-

tional converter step-up the FC voltage to the required DC reference voltage for

providing a steady operation. It comprises of a high-frequency inductor L1 hav-

ing internal resistance R1, a diode D1, output voltage filtering capacitor C0 and

a switch S1 of insulated gate bipolar transistor (IGBT) controlled by the input

gate signal µ1.

This unidirectional converter connecting the FC to the DC link prevents it

from damage due to the reverse flow of current. The converter switch S1 has two

states depending upon its position. With the switch S1 ON driven by the gate

signal µ1, the diode will not be conducting as it is reverse biased. The current of

the inductor and source will be the same, and the similar current passes through

S1. Here, the inductor will store the energy, and the current requirement of load

will be met by the capacitor C0. With the switch S1 OFF which is controlled by

Pulse Width Modulation (PWM) of a gate signal, the diode will be conducting as

it is forward biased, and the current of the inductor will be charging the output

capacitor through a diode. The mathematical model of boost converter is written

as:
difc

dt
= −R1

L1
ifc + 1

L1
Vfc − 1−µ1

L1
V0 (3.1.9)

dV 0
dt

= 1−µ1
C0

ifc − i1
C0

(3.1.10)

where ifc is the FC current which is also input current of inductor L1, i1 is the

converter’s output current, Vfc is fuel cell voltage, V0 is the voltage of DC link

and mu1 is the control input for boost operation.

3.1.2.2 Battery Converter Operation

The battery is current reversible and connected to a DC-DC buck-boost [16],

bidirectional converter because the load demand and state of charge can make

the current flow negative or positive. This bidirectional converter comprises of

an inductor L2 with internal resistance R2 and two IGBT switches S2 and S3
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Figure 3.2: Model of HESS

controlled by input gate signals µ2 and µ3.

This converter either functions as a boost converter when S2 is ON and S3 is

OFF during driving modes maintaining the power balance and the battery will

discharge (ibref > 0) or as a buck converter when S2 is OFF and S3 is ON and

the battery will charge (ibref < 0). This can be written in mathematical form in

terms of variable k:

k =

 1, if ibref > 0

0, if ibref < 0

where ibref is battery reference current and used to generate the initial state of

charge for battery. During boost mode, battery current can be expressed as:

dib
dt

= −R2
L2
ib + 1

L2
Vb − 1−µ2

L2
V0 (3.1.11)

i2 = (1−µ2)ib

where ib is battery current and Vb is battery voltage. During buck mode, battery

current can be expressed as:

dib
dt

= −R2
L2
ib + 1

L2
Vb − µ3

L2
V0 (3.1.12)
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i2 = µ3ib

Virtual control’s global model can be given as

µ23 = k(1−µ2)+(1−k)µ3 (3.1.13)

i2 = µ23ib (3.1.14)

where i2 is the output current from buck-boost converter and mu23 is the control

input for buck-boost operation. The mathematical model of battery converter is

written as:
dib
dt

= −R2
L2
ib + 1

L2
Vb − u23

L2
Vo (3.1.15)

3.1.2.3 UC Converter Operation

The UC is also current reversible and connected to the DC link via DC-DC

buck-boost, bidirectional converter. The positive and negative currents flowing

across this storage device allow the two-way transfer of energy which is required

during acceleration and regenerative braking periods. This bidirectional converter

consists of an inductor L3 with internal resistance R3 and two IGBT switches

S4 and S5 controlled by input gate signals µ4 and µ5. To track its reference

current iucref , this converter either operates as a boost converter bringing UC

in discharging mode (iucref > 0) when S4 is ON and S5 is OFF and as a buck

converter bringing UC in charging mode (iucref < 0) when S4 is OFF and S5 is

ON during no-load condition. The variable h defines the mathematical form as

h=

 1, if iucref > 0

0, if iucref < 0

where iucref is the UC reference current and produce the initial SoC for UC.

During boost mode, UC current can be expressed as:

diuc

dt
= −R3

L3
iuc + 1

L3
Vuc − 1−µ4

L3
V0 (3.1.16)
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i3 = (1−µ4)iuc

where iuc is the UC current and Vuc is the UC voltage. µ4 is control input during

boost operation. During buck mode, UC current can be expressed as:

diuc

dt
= −R3

L3
iuc + 1

L3
Vuc − µ5

L3
V0 (3.1.17)

i3 = µ5iuc

where µ5 is control input during buck operation. Virtual control’s global model

can be written as

µ45 = h(1−µ4)+(1−h)µ5 (3.1.18)

i3 = µ45iuc (3.1.19)

where i3 is the output current from buck-boost converter and mu45 is the control

input for buck-boost operation.. The mathematical model of UC converter is

written as:
diuc

dt
= −R3

L3
iuc + 1

L3
Vuc − µ45

L3
V0 (3.1.20)

3.1.2.4 Global Modeling

The global model for HESS is obtained by applying Kirchhoff’s current law

which gives the output current (io) from all power converters as

i1 = i0 − i2 − i3 (3.1.21)

Substituting the value of i2 and i3 from equation (3.1.14) and (3.1.19) gives

i1 = i0 −µ23ib −µ45iuc (3.1.22)

Substituting the value of i1 in output voltage equation (3.1.10) yields

dV 0
dt

= 1
C0

[(1−µ1)ifc +µ23ib +µ45iuc − i0] (3.1.23)
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Using the following average values x1 =< ifc >,x2 =< ib >,x3 =< iuc >,x4 =<

V0 >, the overall system becomes:

ẋ1 = dx1
dt

=− R1
L1
x1 + 1

L1
Vfc − 1−µ1

L1
x4

ẋ2 = dx2
dt

=− R2
L2
x2 + 1

L2
Vb − µ23

L2
x4

ẋ3 = dx3
dt

=− R3
L3
x3 + 1

L3
Vuc − µ45

L3
x4

ẋ4 = dx4
dt

= 1
C0

[
(1−µ1)ifc +µ23ib +µ45iuc − i0

]


(3.1.24)

3.2 Energy Management Strategy of Hybrid Power

Sources
The energy management algorithm should meet the following objectives:

• Maintains efficient power distribution according to the load demands.

• Reduces stress from HESS by using power sources in parallel.

• Controls the working of energy storage devices (battery, UC) in definite

limits of the SoC.

The working of the energy management strategy for PHEV is shown in Figure

3.3 and described as follows.

1. In the driving mode (SoC > 15%), the HESS will supply a sufficient charge

to the move, for instance,

• During start-up conditions, the battery will deliver power to load since

FC has a slow start-up response and UC has rapid self-discharging.

• During low load conditions or constant load, the FC system generates

the required load power at optimum efficiency. Excess energy can be

utilized to charge the battery (SoCBAT < 40%).

• During high load conditions, the FC and the battery meet the power

requirements because FC suffers from the fuel starvation phenomenon.
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• During peak load conditions, like acceleration, air conditioning, or on-

board [17] electric load, UC will discharge itself to supply large power

instantly. UC also solves the problem during FC’s short-time power

interruptions.

• During transient load conditions, as regenerative braking and decel-

eration, (SoCUC < 75%) UC will cater the problem by storing excess

energy. FC alone cannot meet the load demand due to the cold start-

up and late response.

2. In parking mode (SoC < 15%), the battery is charged using the grid elec-

tricity as the vehicle is deficient of the charge. When it’s SoC reaches 85%,

it is disconnected from being overcharged. However, a charging station or

any utility cannot charge UC directly because it has low storage capacity

[18].

3. To avoid overcharging and undercharging of battery and UC, the state of

charge must be monitored and controlled [19]. Following equations are used

for calculating the SoC of battery and UC:

SoCbp = SoCbint
− 1

3600Cb

∫
ibdt (3.2.1)

SoCucp = SoCucint − 1
3600Cuc

∫
iucdt (3.2.2)

where SoCbp and SoCucp are the present state of charge, SoCbint
and SoCucint

shows the initial state of charge, Cb and Cuc represents the nominal capacities of

battery and UC, respectively.

3.3 Nonlinear Controller Design and Stability Analy-

sis
In this section, a controller has been designed for integrated charger and HESS

to efficiently distribute power.
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Figure 3.3: Flow Chart of State of Charge

3.3.1 Control Design of Integrated Charger

Terminal sliding mode based controller is designed for integrated charger. To

ensure the DC link voltage regulation, the buck converter should be operated

properly [13]. A TSMC based strategy is represented in this section. Its core

objective is to ensure the stable working of the charger which can be done by

defining the tracking error variables for current and voltage of integrated charge
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as
e1 = x1 −x1ref

e2 = x2 −x2ref

 (3.3.1)

where x1ref = ILref is the inductor’s reference current and x2ref = Vchref is the

charger’s reference voltage to DC link. Besides, the buck converter lacks the

non-minimal behavior [20], the x2 state will be directly tracked to its desired

reference. So, taking the time derivative of e2 from equation (3.3.1) and using

the equation (3.1.8), we get

ė2 = ẋ2 − ẋ2ref = x1
C

− Vgµ

RC
− ẋ2ref (3.3.2)

Defining terminal sliding mode surface as:

s2 = e2 +k2(
∫ t

−0
e2dt)

p2
q2 (3.3.3)

Taking time derivative of equation (3.3.3) yields

ṡ2 = ė2 +k2
p2
q2
e2(

∫ t

−0
e2dt)

p2
q2

−1
(3.3.4)

Replacing the value of error derivative from equation (3.3.2) in (3.3.4), gives

ṡ2 = x1
C

− Vgµ

RC
− ẋ2ref +k2

p2
q2
e2(

∫ t

−0
e2dt)

p2
q2

−1
(3.3.5)

To ensure Lyapunov stability theory, which demands V̇ ≤ 0, and dynamic errors

convergence to 0, the constraint parameters of the nonlinear controller can be

designed as follow:

ṡ2 = −ρ2sgn(s2) (3.3.6)

where ρ2 is a positive gain with sgn as signum function.

sgn(x) =


x

|x| , x ̸= 0

0, x= 0
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By comparing the equation (3.3.5) and (3.3.6), we have;

−ρ2sgn(s2) = x1
C

− Vgµ

RC
− ẋ2ref +k2

p2
q2
e2(

∫ t

−0
e2dt)

p2
q2

−1
(3.3.7)

The controller µ can be obtained by rearranging equation (3.3.7) as,

µ= −RC

Vg

ρ2sgn(s2)+ x1
C

− ẋ2ref +k2
p2
q2
e2(

∫ t

−0
e2dt)

p2
q2

−1
 (3.3.8)

The control law for the buck converter of the charger is obtained. Now, the

following part is to obtain the nonlinear control signals for HESS.

3.3.2 Control Design for Hybrid Energy Storage System

The nonlinear controller design should meet the following objectives:

• Accurate regulation of DC bus voltage and PHEV charging voltage for

steady and transient load demands.

• Enforce the efficient and rapid tracking of HESS currents to their desired

reference current.

• The whole PHEV energy system should be asymptotically stable for its

required reference values by monitoring the SoC.

Power Distribution Strategy for HESS

From the defined control objectives, the DC bus is enforced to track the

reference voltage V0ref of 400V. But the boost converter has a non-minimum

phase feature [20, 21]. So, an indirect design approach is applied to handle this

challenge by regulating the output voltage through input current. Thus, the

input inductor current ifc tracks the given reference current ifcref by following

the power conservation principle of power input and power output (PIPO) [22].

Relationship of ifcref with V0ref is given as follows:

Pfcref = λ
(
P0ref −Pbref −Pucref

)
(3.3.9)
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where P0ref is output power of HESS, Pfcref is power of FC, Pbref is power of

battery and Pucref is power of UC.

ifcref = λ

[
(V0ref ∗ i0)− (Vb ∗ ibref )− (Vuc ∗ iucref )

Vfc

]
(3.3.10)

where λ≥ 1 is an ideality factor, considered for all the losses i.e. switching losses

of converters and equivalent series resistance losses of inductors.

Errors

To achieve the control objectives and stable operation of the HESS, all errors

should converge to 0. Thus, the error variables cab be defined as follow

ei = xi −xiref , ∀ i= 1,2,3,4. (3.3.11)

To identify the dynamics of errors, take the derivative of equation (3.3.11) as

ėi = ẋi − ẋiref , ∀ i= 1,2,3,4. (3.3.12)

Putting the values of ẋi from equation (3.1.24) in (3.3.12) gives;

ė1 = −R1
L1
x1 + 1

L1
Vfc − 1−µ1

L1
x4 − ẋ1ref

ė2 = −R2
L2
x2 + 1

L2
Vb − µ23

L2
x4 − ẋ2ref

ė3 = −R3
L3
x3 + 1

L3
Vuc − µ45

L3
x4 − ẋ3ref

ė4 = 1
C0

[
(1−µ1)ifc +µ23ib +µ45iuc − i0

]
− ẋ4ref


(3.3.13)

where x1ref = ifcref ,x2ref = ibref ,x3ref = iucref defines the FC, battery and UC

reference currents and x4ref = V0ref defines the DC reference voltage.

3.3.2.1 Terminal Sliding Mode Controller Design

In this frame, TSMC based control strategy is presented to ensure the system

stability and fast response towards the varying load conditions [23]. TSMC is

different from other nonlinear control techniques as it does not involve the loop
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of outer voltage or inner current [24]. Hence, the terminal sliding mode surface

can be defined as:

si = ei +ki(
∫ t

−0
eidt)

pi
qi
, ∀ i= 1,2,3,4. (3.3.14)

where ki∀ i is design parameter with positive values and pi
qi

∀ i should be between

1 − 2. Sliding surface is improved by adding integral part to achieve steady

response and controller robustness. Time derivative of equation (3.3.14) is;

ṡi = ėi +ki
pi

qi
ei(

∫ t

−0
eidt)

pi
qi

−1
, ∀ i= 1,2,3,4. (3.3.15)

Substituting the values of error derivatives from equation (3.3.13) gives

ṡ1 =− R1
L1

x1 + 1
L1

Vfc − 1−µ1
L1

x4 − ẋ1ref +k1
p1
q1

e1(
∫ t

−0
e1dt)

p1
q1

−1

ṡ2 =− R2
L2

x2 + 1
L2

Vb − µ23
L2

x4 − ẋ2ref +k2
p2
q2

e2(
∫ t

−0
e2dt)

p2
q2

−1

ṡ3 =− R3
L3

x3 + 1
L3

Vuc − µ45
L3

x4 − ẋ3ref +k3
p3
q3

e3(
∫ t

−0
e3dt)

p3
q3

−1

ṡ4 = 1
C0

[(1−µ1)ifc +µ23ib +µ45iuc − i0]− ẋ4ref +k4
p4
q4

e4

(
∫ t

−0
e4dt)

p4
q4

−1



(3.3.16)

To ensure the theory of Lyapunov stability for controller, which demands V̇ ≤ 0

and errors to converge to 0 [25], the constraint parameters can be considered as

follow,

ṡi = −ρisgn(si), ∀ i= 1,2,3,4. (3.3.17)
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where ρi∀ i is a positive gain. By comparing the equations (3.3.16) and (3.3.17),
we get;

−ρ1sgn(s1) =− R1
L1

x1 + 1
L1

Vfc − 1−µ1
L1

x4 − ẋ1ref +k1
p1
q1

e1

(
∫ t

−0
e1dt)

p1
q1

−1

−ρ2sgn(s2) =− R2
L2

x2 + 1
L2

Vb − µ23
L2

x4 − ẋ2ref +k2
p2
q2

e2

(
∫ t

−0
e2dt)

p2
q2

−1

−ρ3sgn(s3) =− R3
L3

x3 + 1
L3

Vuc − µ45
L3

x4 − ẋ3ref +k3
p3
q3

e3

(
∫ t

−0
e3dt)

p3
q3

−1

−ρ4sgn(s4) = 1
C0

[(1−µ1)ifc +µ23ib +µ45iuc − i0]− ẋ4ref +k4
p4
q4

e4

(
∫ t

−0
e4dt)

p4
q4

−1



(3.3.18)

The control laws µ1, µ23, µ45 and the desired value ẋ4ref can be obtained by
rearranging the equation (3.3.18) as

µ1 = 1− L1
x4

[ρ1sgn(s1)− R1
L1

x1 + 1
L1

Vfc − ẋ1ref +k1
p1
q1

e1(
∫ t

−0
e1dt)

p1
q1

−1
] (3.3.19)

µ23 = L2
x4

[ρ2sgn(s2)− R2
L2

x2 + 1
L2

Vb − ẋ2ref +k2
p2
q2

e2(
∫ t

−0
e2dt)

p2
q2

−1
] (3.3.20)

µ45 = L3
x4

[ρ3sgn(s3)− R3
L3

x3 + 1
L3

Vuc − ẋ3ref +k3
p3
q3

e3(
∫ t

−0
e3dt)

p3
q3

−1
] (3.3.21)

ẋ4ref = ρ4sgn(s4)+ 1
C0

[(1−µ1)ifc +µ23ib +µ45iuc −i0]+k4
p4
q4

e4(
∫ t

−0
e4dt)

p4
q4

−1
(3.3.22)

where ẋ4ref defines the V̇0ref . Hence, the application of TSMC gives the con-

trol laws for HESS which send the duty cycle bounded between 0-1 to power

converters.

Now, various nonlinear control techniques are presented to compare the work-

ing of proposed model.
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3.3.2.2 Synergetic Nonlinear Controller Design

The proper selection of the macrovariables ensures that the synergetic control

method provides promising features such as global asymptotic stability, insensi-

tivity of parameters, and noise suppression [26, 27]. The concepts of the synergetic

and SMC are related but both are different. Macrovariables for reference current

tracking of FC, battery and UC are considered as follows:

ψi = aiei, ∀ i= 1,2,3,4 (3.3.23)

where ai ∀ i are constant with positive values. The dynamical evolution of

macrovariables is taken as;

Tiψ̇i +ψi = 0, ∀ i= 1,2,3,4. (3.3.24)

where Ti ∀ i is rate of convergence which ensure the variables convergence to zero

exponentially. Taking time derivative of equation (3.3.23) yields

ψ̇i = aiėi, ∀ i= 1,2,3,4. (3.3.25)

Substituting the value of ψ̇i from equation (3.3.25) in (3.3.24) gives

Tiaiėi +ψi = 0, ∀ i= 1,2,3,4. (3.3.26)

Substituting the values of error dynamics from equation (3.3.13) in (3.3.26) yields

T1a1(−R1
L1
x1 + 1

L1
Vfc − 1−µ1

L1
x4 − ẋ1ref )+ψ1 = 0

T2a2(−R2
L2
x2 + 1

L2
Vb − µ23

L2
x4 − ẋ2ref )+ψ2 = 0

T3a3(−R3
L3
x3 + 1

L3
Vuc − µ45

L3
x4 − ẋ3ref )+ψ3 = 0

T4a4( 1
C0

[(1−µ1)ifc +µ23ib +µ45iuc − i0]− ẋ4ref )+ψ4 = 0


(3.3.27)
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Solving equation (3.3.27) for the control laws µ1, µ23, µ45 and ẋ4ref yields

µ1 = 1+ L1
x4

[
− ψ1
T1a1

+ ẋ1ref + R1
L1
x1 − 1

L1
Vfc

]
(3.3.28)

µ23 = −L2
x4

[
− ψ2
T2a2

+ ẋ2ref + R2
L2
x2 − 1

L2
Vb

]
(3.3.29)

µ45 = −L3
x4

[
− ψ3
T3a3

+ ẋ3ref + R3
L3
x3 − 1

L3
Vuc

]
(3.3.30)

ẋ4ref = ψ4
T4a4

+ 1
C0

[
(1−µ1)ifc +µ23ib +µ45iuc − i0

]
(3.3.31)

where ẋ4ref defines the V̇0ref . These are the control laws obtained from the

synergetic controller for current tracking of FC, battery and UC and DC bus

regulation.

3.3.2.3 Backstepping Nonlinear Controller Design

The closed loop stability can be analyzed by checking that the control laws

stabilizes the error dynamics to zero [28, 29]. This ensure the Lyapunov stability

theory. Thus, Lyapunov candidate function (LCF) for FC operation considering

the first error e1 can be written as:

V1 = 1
2
e1

2 (3.3.32)

Takin the time derivative of V1 gives

V̇1 = e1ė1 (3.3.33)

Substituting the value of ė1 from equation (3.3.13) in (3.3.33) yields

V̇1 = e1(−R1
L1
x1 + 1

L1
Vfc − 1−µ1

L1
x4 − ẋ1ref ) (3.3.34)

To stabilize the equation we should have V̇ ≤ 0 [30], so the derivative of ė1 for

FC is:

−K1e1 = −R1
L1
x1 + 1

L1
Vfc − 1−µ1

L1
x4 − ẋ1ref (3.3.35)
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where K1 is a positive gain. Solving the equation (3.3.35) for x4
L1

results in

x4
L1

= 1
1−µ1

(K1e1 − R1
L1
x1 + 1

L1
Vfc − ẋ1ref ) (3.3.36)

Let β is the virtual control, such that β = x4
L1

, gives

β = 1
1−µ1

(K1e1 − R1
L1
x1 + 1

L1
Vfc − ẋ1ref ) (3.3.37)

Hence defining another error as:

e1p = x4
L1

−β (3.3.38)

Substituting the value of x4
L1

from (3.3.36) in the expression of ė1 from equation

(3.3.13), gives

ė1 = −R1
L1
x1 + 1

L1
Vfc − (1−µ1)β− (1−µ1)e1p − ẋ1ref (3.3.39)

It can be simplified by using the equation (3.3.35)

ė1 = −K1e1 − (1−µ1)e1p (3.3.40)

Using the equation (3.3.40) in (3.3.33) yields

V̇1 = −K1e1
2 − (1−µ1)e1e1p (3.3.41)

Time derivative of equation (3.3.37) is taken for easier analysis and by applying

the quotient rule and simplifying we get

β̇ = µ̇1
(1−µ1)

β+ 1
(1−µ1)

Ω(e1e1p) (3.3.42)

where

Ω(e1e1p) = (K1ė1 − R1
L1
ẋ1 − ẍ1ref ) (3.3.43)
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Taking time derivative of equation (3.3.38) result in

ė1p = ẋ4
L1

− β̇ (3.3.44)

Let the composite LCF of the system be

Vec = V1 + 1
2
e1p

2 (3.3.45)

Taking time derivative;

V̇ec = V̇1 + e1pė1p (3.3.46)

Using equation (3.3.41) in (3.3.46) and solving it gives

V̇ec = −K1e1
2 − e1p((1−µ1)e1 − ė1p) (3.3.47)

For V̇ec to be negative definite, put;

(1−µ1)e1 − ė1p =K1pe1p (3.3.48)

where K1p is a positive gain. Equation (3.3.47) becomes

V̇ec = −K1e1
2 −K1pe1p

2 (3.3.49)

This shows that V̇ec ≤ 0 and errors e1 and e1p will exponentially decay to zero

and track the objectives.

Substituting the value of ė1p from equation (3.3.44) in (3.3.48) gives

(1−µ1)e1 − ( ẋ4
L1

− β̇) =K1pe1p (3.3.50)

Substituting the value of β̇ from equation (3.3.42) and solving it for µ̇1, we have

µ̇1 = (1−µ1)
β

[
K1pe1p − (1−µ1)e1 + ẋ4

L1
− 1

(1−µ1)
Ω(e1e1p)

]
(3.3.51)

69



Chapter 3: Methodology

So far, we have the control law to track ifc current and V0 bus voltage to their

respective references. Now, we proceed to obtain the control laws for battery and

UC so that their reference currents can be tracked.

The LCF for battery operation considering the second error e2 can be written

as:

Ve2 = 1
2
e2

2 (3.3.52)

Taking the time derivative of Ve2 gives

V̇e2 = e2ė2 (3.3.53)

Replacing the value of ė2 from equation (3.3.13) in (3.3.53) results in

V̇e2 = e2(−R2
L2
x2 + 1

L2
Vb − µ23

L2
x4 − ẋ2ref ) (3.3.54)

In order to make V̇ ≤ 0, we put

−K2e2 = −R2
L2
x2 + 1

L2
Vb − µ23

L2
x4 − ẋ2ref (3.3.55)

where K2 is a positive gain. Solving the equation (3.3.55) for control law µ23

yields

µ23 = −L2
x4

(K2e2 − R2
L2
x2 + 1

L2
Vb − ẋ2ref ) (3.3.56)

Now, designing the control law for UC, the LCF can be considered as

Ve3 = 1
2
e3

2 (3.3.57)

Taking the time derivative of equation (3.3.57)

V̇e3 = e3ė3 (3.3.58)
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Substituting the value of ė3 from equation (3.3.13) in (3.3.58), we get

V̇e3 = e3(−R3
L3
x3 + 1

L3
Vuc − µ45

L3
x4 − ẋ3ref ) (3.3.59)

So as to acheive V̇ ≤ 0, we put

−K3e3 = −R3
L3
x3 + 1

L3
Vuc − µ45

L3
x4 − ẋ3ref (3.3.60)

where K3 is a positive gain. Solving the equation (3.3.60) for control law µ45

gives

µ45 = −L3
x4

(K3e3 − R3
L3
x3 + 1

L3
Vuc − ẋ3ref ) (3.3.61)

Hence the required control laws for tracking the FC, battery, and UC currents are

obtained using the Backstepping technique. The design of various nonlinear con-

trol strategies has been proposed for this topology. Now, they will be compared

by simulations.
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3.4 Summary
This chapter examines the performance of the proposed system by analyzing

the electrical circuit and mathematical models. The dynamic models for differ-

ent components of PHEV comprising of integrated charger, fuel cell, battery, and

ultracapacitor are given. These mathematical models are used for designing non-

linear controllers. Firstly, high-level control is employed using the energy man-

agement system which examines the state of charge for storage devices. Then, the

nonlinear controller based on terminal sliding mode control is designed for the

integrated charger. Following this, different nonlinear controllers are designed

for hybrid energy storage systems. The proposed TSMC controller, synergetic

controller, and backstepping controller are explained in detail. This chapter pro-

vides the base for simulating the proposed system and nonlinear controller on

MATLAB/Simulink and then performing the CHIL experiments.
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Chapter 4

Results and Discussion

4.1 MATLAB Simulation Results
The verification of the whole proposed system is done by simulating it with

the help of MATLAB/Simulink software. Tables A.1, A.2, and A.3 show the

design parameters used in the simulations where the charger specifications are

given in Table A.1, the description of HESS parameters is given in Table A.2,

and the controller parameters for TSMC obtained from trial-and-error methods

are given in Table A.3. The whole PHEV system is proved stable by ensuring

the Lyapunov stability theory and controller parameters to be positive. The

results of complete PHEV topology are presented in Figures 4.1-4.8 comprised of

integrated charger voltage and HESS output obtained from proposed controllers.

The comparison techniques are Lyapunov, synergetic, backstepping, and SMC.

The simulation time chosen according to the Extra Urban Driving Cycle (EUDC)

load profile is 400s for reference currents tracking and regulation of 400V DC bus

voltage reference.

4.1.1 Integrated Charger Controller Results

In the proposed system of integrated charger for PHEV, the charging volt-

age is selected as 24V while keeping in mind the battery characteristics. The

demand for power balancing circuits increases with the increase of the voltage ca-

pacity of a storage unit. The proposed TSMC proved to be most effective when
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compared with other nonlinear controllers like Lyapunov, synergetic, backstep-

ping, and SMC as shown in Figure 4.1. It is evident from the results that the

backstepping controller shows the high peaks or overshoots in the start around

the reference value and SMC and other techniques show the slow time response.

Therefore, the proposed TSMC controller exhibits the finest simulation results

with no overshoots or undershoots for the stabilized and satisfactory performance

of the integrated charger. The SoC of battery and UC is constantly monitored

and maintained with the help of an energy management algorithm to obtain its

objectives. It reduces the stress of storage devices, enhances their life span, and

reduces the battery charging time.
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Figure 4.1: Charging voltage of Integrated Charger

4.1.2 HESS Controller Results

The proposed TSMC controller has been verified for the EUDC load profile

to observe the steady and transient responses. As shown in Figure 4.2, the range

of load variation is between 40A and -80A. The results for showing the tracking

behavior of FC, battery, and UC currents for different points are given in Figures

4.3, 4.4, and 4.5, respectively. All the energy sources (FC, battery, and UC) are

effectively working in definite bounds for smooth tracking of the references [1].

During low load demands (at 25s), the FC discharges to sustain the balance. At

105s, the UC starts to charge by deceleration. During the high loads (at 190s), the

primary and auxiliary sources discharge themselves to satisfy the load demands.

During transient loads (at 220s), the FC works well within safe limits because
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UC caters for the problem by charging from regenerative braking and bringing it

back to normal. During the peak load, the battery and UC discharge themselves.

The reference DC bus voltage is set at 400V for tracking purposes. The success

of the proposed TSMC controller is examined and found to be suitable for this

tracking [2]. The results for the desired tracking are obtained within 0.15s, while

in comparison the backstepping displays consistent spikes, more overshoots, and

undershoots in each step [3]. SMC controller shows steady-state error, slow time

response, and chattering which leads to bad vehicle performance. The TSMC

controller ensures robust behavior and fast dynamic response during load varia-

tions as shown in Figure 4.6. The charge and discharge profile for battery and

UC are well-suited with their respective SoC (shown in Figure 4.7 and 4.8) as

directed by the energy management algorithm. The overall effective performance

is ensured by the efficient tracking of all the parameters.
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Figure 4.6: Simulation results for comparison of DC bus voltage
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Figure 4.7: Battery State of Charge

Figure 4.8: UC State of Charge

4.2 Experimental Results for HESS Verification
The performance of the proposed system is verified by simulation results in

MATLAB/Simulink and validated by real-time CHIL experiments. The execution

of experimental analysis presents the dominance and robustness of the proposed

controller. The CHIL setup shown in Figure 4.9 ensures the pre-assessment of an

application beforehand of the real-world execution. The real-time setup comprises

of hardware and a software system [4].

• The hardware implements the control laws using a host-PC with MAT-

LAB, micro-controllers MS320F2837xD Delfino, and an interface of Delfino

support (TI C2000) for the embedded code.

• The software moderates the computational complication by using a simu-

lated plant model on MATLAB/Simulink.
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The entire process is implemented by converting the plant model of HESS to

the executable codes of MATLAB/Simulink. Then, this code is burned onto the

micro-controllers for PWM signals generation intended for converter switching.

Lastly, the results of FC, battery, and UC currents and DC bus voltage obtained

from hardware in the loop are compared with the simulations. They are shown

in Figures 4.10-4.13. The results displayed on the screen validate the real-time

application of the proposed controller. FC and UC show the absolute tracking

like the simulated results which verify the bounded tracking. Battery and DC

bus voltage show the minute oscillations and spikes where there is step varia-

tion when executed experimentally. This is owing to the discretization of the

MATLAB/Simulink model of the continuous signal, the real-time dynamic im-

pact occurs in the form of noise and signals distortion. The CHIL response is

considered satisfactory while observing that variations are within safe limits. It

is also kept in mind that the simulation environment is ideal with no noise effect

for oscillations to occur in comparison to CHIL.

Real-time Controller

Control Desk

Figure 4.9: CHIL Setup using Delfino MS320F2837xD LaunchPad and Implementation
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Figure 4.10: Comparison of simulated and CHIL results for fuel cell current
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4.3 Summary
This chapter verifies the whole proposed system (integrated charger and HESS)

by simulating it with the help of MATLAB/Simulink software. The simulations

are done for the EUDC load profile. The system is proved globally stable by

ensuring the Lyapunov stability theory, DC bus voltage regulation of 400V, and

HESS current tracking. The proposed TSMC proved to be most effective when

compared with other nonlinear controllers like Lyapunov, synergetic, backstep-

ping, and SMC.

The backstepping controller shows the high peaks or overshoots and SMC shows

steady-state error, and chattering [5] and other techniques show the slow time re-

sponse. But the proposed TSMC controller exhibits the finest simulation results

with no overshoots or undershoots and fast dynamic response for the stabilized

and satisfactory performance of the system. Also, the objectives of the energy

management system for keeping the energy balance are met by monitoring the

state of charge. While maintaining the SoC within its specified ranges, the ro-

bustness of the proposed controller is achieved [6].

Moreover, the performance of the proposed system is validated by real-time CHIL

experiments by using micro-controllers MS320F2837xD Delfino, and an interface

of Delfino support (TI C2000). DC bus voltage and currents show the minute

oscillations and spikes. This is due to the discretization of the continuous signal

which occurs in the form of noise and signals distortion. The CHIL response is

considered satisfactory while observing that variations are within safe limits.
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Chapter 5

Conclusion and Future Work

5.1 Conclusion
This work concerns the design and analysis of TSMC based nonlinear con-

troller for PHEV comprising of integrated charger and HESS. By considering

the new topology for the integrated charger, battery life and performance are

enhanced. The objective of designing the nonlinear controller for regulation of

charger voltage and DC link voltage is achieved together with the current tracking

of HESS to their desired references. It also ensures efficient power distribution by

monitoring and maintaining the SoC through an energy management algorithm.

The demonstration of the proposed TSMC controller has been evaluated under

different modes of energy management by simulating it on MATLAB/Simulink.

Its comparison with synergetic and backstepping controllers indicates that it de-

livers superior performance than synergetic and backstepping. In addition to

that, Lyapunov stability analysis is executed to confirm the asymptotic stabil-

ity of the PHEV. Lastly, a real-time CHIL experiment has been conducted to

authenticate the proposed controller operation. The CHIL results specify that

the desired objectives for the proposed controller are accomplished despite the

variable load conditions and reduces the steady-state and transient errors.
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5.2 Future Work
• The implementation of actual PHEV in the laboratory to examine the func-

tioning of the proposed technique

• Artificial intelligence (AI) or neural network-based techniques can be de-

signed.

• Development of an interactive GUI interface can be done.

• Smart control algorithms can be designed for different control layer.

• Various multi-input multi-output converter topologies can be constructed.

• We can use long-term real-time data for validation of PHEV by using the

different load profiles.

• Advanced hardware in loop controllers can be deployed like dSPACE.
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Appendix A

System Parameters

Table A.1: Parameters of Integrated Charger
Description Unit and Value
AC Grid Voltage 220V
Frequency 50Hz
Resistance R0,R 20Ω,15mΩ
Inductance L0,L 4.2mH,10mH
Capacitance C0,C 50µF ,1mF

Table A.2: Parameters of Energy Storage System
Description Unit and Value
Fuel Cell PEMFC, 266V, 20kW
Battery Li-ion, 240V, 30Ah
Ultracapacitor 205V, 2700F

Table A.3: Parameters of Simulated PHEV
Description Unit and Value

DC-DC Converters
Switching Frequency 100kHz
Series Resistance R1,R2,R3 20mΩ
Inductance L1,L2,L3 100mH
Output Capacitor C0 15mF

Control System
Gains of Controller ρ1,ρ2=1000,ρ3,ρ4=2000

Gains of Sliding Surface
k1,k2=0.1,k3,k4=0.3,
p1,p2,p3,p4=3,
q1,q2,q3,q4=2
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