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Abstract

Hybrid electric vehicles are gaining popularity due to exponential decrease in oil and natural

gas resources. In order to prevent the terrible consequences of greenhouse gas emissions and

global warming, it is crucial to utilize renewable energy sources.The field of clean energy gener-

ation and efficient utilization is experiencing significant growth in research. The hybrid energy

storage system (HESS) of the proposed hybrid electric vehicle consists of fuel cell (FC), bat-

tery, supercapacitor (SC)and a photovoltaic(PV), which are connected to the DC bus through

the DC-DC power converters. The DC bus is subsequently linked to an inverter,Space Vector

Pulse Width Modulation (SVPWM) technique has been used for three phase Voltage Source

Inverter to control electric motor of the vehicle. In rough driving circumstances the behaviour

of components such as energy sources, induction motors, and power processing blocks signif-

icantly deviates from their typical behavior due to non linear nature of vehicle model. Barrier

function based adaptive sliding mode controller has been used to ensure the finite- time conver-

gence of the output variable even when the upper bound of the disturbances is unknown. The

performance of the proposed barrier function-based adaptive sliding mode controller technique

is analyzed via simulations on MATLAB/Simulink,. The proposed strategy has been validated

through real time hardware-in-the-loop (HIL) experiments using C2000 Delfino Microcontroller

F28379D Launchpad.
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CHAPTER 1

Introduction and Motivation

The accelerating depletion of conventional energy resources, particularly fossil fuels, is a major

contributor to the world’s ongoing environmental challenges. The large increase in gasoline use

hastens the breakdown of the ozone layer, resulting in a variety of negative climatic impacts. As

a result of these issues, the international community has decided to shift towards environmen-

tally sustainable energy sources.[15]This advancement has piqued the curiosity of researchers

in power transmission and hybrid energy storage systems.The transport industry has made sig-

nificant contributions to world progress. Conventional automobiles that are powered by internal

combustion engines (ICEs) are dependent on fossil fuels, which results in problems such as pol-

lutants and the expense of petroleum.Dr. Ferdinand Porsche introduced the first hybrid electric

vehicle in 1898 in to address these concerns.[9]

Electric vehicles (EVs) are a potential alternative to conventional automobiles that aim to con-

serve energy and reduce petroleum usage. EVs are also environment friendly, with no emissions,

and produce less noise. Researchers are currently facing the issues of lowering costs while im-

proving the durability and general performance of electric vehicles. Energy-efficient vehicles

(EVs) require high-power and energy-density energy storage devices (ESDs) to improve effi-

ciency and range. Storage devices with a high power density have the capacity to charge and

discharge quickly.[10] The advantage of high energy density electric vehicles (EVs) is their

ability to drive long distances. Supercapacitors (SCs) have a high power density and a long

lifespan, but they also have higher energy expenditures and a lower energy density. Batteries,

on the other hand, have a high energy density, but at the expense of a shorter lifespan and lower

power density.

Presently, the vehicular environment is extraordinarily dynamic. It is necessary for a vehicle to

perform frequent start-stop, rapid acceleration, and uphill-downhill manoeuvres. Automobiles
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CHAPTER 1: INTRODUCTION AND MOTIVATION

are subjected to frequent instances of starting and stoping, in addition to sudden surges in ve-

locity. The subsequent torque and speed requirements of the vehicle demonstrate a significant

level of unpredictability. The lack of steady-state operation among the vehicle’s components

is brought about by the acceleration and deceleration of auxiliary loads, which result in abrupt

changes in load torque. Nonlinearities are anticipated to exert a substantial influence on the op-

eration of hybrid electric vehicle (HEV) components, such as traction motors, power converters,

and energy sources, due to the dynamic operating conditions.

Since its inception, the AC asynchronous motor, also known as the induction motor, has become

the most widely used electrical motor and has amassed considerable notoriety. An important

advantage of induction motors is their capability to function independently of any connections

between the stationary and rotating components.[3] The indirect vector control of an induction

motor depends on the self-inductance of the rotor Lr, rotor resistance Rr, and mutual inductance

Lm.The resistance of the rotor is significantly influenced by the machine’s temperature, whereas

the inductances vary in response to both temperature and machine saturation.Rotor flux and

torque performance will deteriorate due to any discrepancy between the parameters; this degra-

dation will manifest as steady-state error and transient performance degradation. Therefore, it is

crucial to consistently modify the controller parameters. The resultant HEV system is therefore

a complex nonlinear system, which makes the design of the controller a difficult task..

1.1 Problem Statement and Contribution

The mathematical models of hybrid electric vehicles (HEVs) exhibit significant dynamical and

nonlinear characteristics. Consequently, the utilization of nonlinear controllers may offer supe-

rior performance compared to their linear equivalents. This is due to the ability of nonlinear con-

trollers to effectively address the inherent non-linearities and parametric variations/uncertainties

present within the system.

The non-linear nature of induction motors renders linear controllers, such as the PI controller,

ineffective in achieving optimal performance. Nevertheless, fixed gain controllers exhibit a

high degree of sensitivity to variations in parameters, load disturbances, and other external fac-

tors. To solve these problems, intelligent controller such as sliding mode controller (SMC) and

BFASMC are proposed for sensor-less vector control. SMC is a robust control because the

feedback input with high gain cancels the nonlinearities, parameter uncertainties and external

disturbances. However, one of the drawbacks of this controller is the chattering phenomenon

2



CHAPTER 1: INTRODUCTION AND MOTIVATION

that arises due to the discontinuous nature of the control action. The BFASMC is proposed

as a solution to address the issue of chattering and enhance the process of gain selection.The

advantages of adaptive barrier function based sliding mode controller are as follows:

• To implement the robust indirect vector control of induction motor.

• To devise a system model that does not involve integral terms in order to reduce compu-

tational complexities.

• Gain of the adaptive barrier function based sliding mode controller is not overestimated

which helps in minimizing chattering effect.

• Its performance is robust and efficient with zero steady-state error.

• Finite-time convergence to a predefined neighborhood of zero irrespective of knowledge

of upper bound of disturbance.

This study is intended to demonstrate the following points:

• Mathematical modeling of HESS and induction motor

• HESS comprises of four energy sources: fuel cell, battery, supercapacitor, and PV panel

to meet energy demands.

• Indirect field oriented control of induction motor.

• Comparison of SMC and adaptive barrier function based sliding mode controller is per-

formed using simulation and as well as experimental for DC bus voltage and speed track-

ing of induction motor for load disturbances.

3



CHAPTER 2

Literature Review

Various energy management strategies for HESS of HEVs are suggested in the literature. A

multiobjective optimisation approach for the energy management of hybrid electric vehicles,

utilising the Radau pseudospectral method, was suggested in reference [4]. It offers a depend-

able and rapid method for optimising multiple objectives in order to manage the energy of HESS

in electric vehicles. A Markov driving pattern recognizer-based multi-mode predictive energy

management system for fuel cell hybrid electric vehicles was developed in [13]. This method

has increased the fuel cell system’s durability and decreased its fuel consumption. An energy

optimisation strategy for HESS of EVs with two or more ESDs was proposed in [17] . It en-

hances energy source performance, fuel economy, and longevity, all of which are critical for the

energy management system of electric vehicles. Adaptive EMS based on model predictive con-

trol has been suggested for plug-in hybrid electric vehicles in [22], but velocity prediction only

employs a deep neural network. A model of driver behaviour must be developed for intelligent

EMS in PHEVs.

The implementation of rule-intersecting deep reinforcement learning-based EMS for HEVs was

discussed in [7]. It improves fuel economy and stabilises the energy management system, but

requires a substantial quantity of memory for optimal operation. A multi-neural network-based

predictive EMS for multi-mode plug-in HEVs was proposed in [11], but battery degradation,

which could increase the economic potential of PHEVs, was not accounted for. A study [5] de-

veloped a reinforcement learning-based stochastic model predictive control system for energy

management in plug-in HEVs. This system improved fuel economy but requires further devel-

opment in terms of performance. An energy management system for HEVs based on a real-time

bi-adaptive controller was proposed in [19]. The system reduced power losses, temperature, and

battery fatigue, but it was not physically implemented.

4



CHAPTER 2: LITERATURE REVIEW

Dynamic programming and optimal EMS based on a receding horizon for HEVs has been im-

plemented in [14], but it required redundant memory and recursive function calls. [12] proposes

a control-based perturbation observer that is robust for the HESS of EVs. A proposal for a HESS

of EVs using fuzzy logic-based EMS was made in [21], but it is contingent on human knowledge

and its rules must be routinely updated. A battery and superconducting magnetic hybrid energy

storage system for energy management, as well as an intelligent EMS based on driving pattern

recognition, have been implemented in reference [6]. In [18] a HESS of EV utilising pulse

width modulation was developed. Although pulse width modulation is an effective technique, it

is complicated and costly. An HESS for EVs based on machine learning methods was developed

in [16], which reduced the operational cost of an electric vehicle. However, the performance of

the proposed EMS has not been validated in that study. A sliding mode control-based HESS for

HEVs was proposed in [9]. Peak values and steady-state error in DC bus voltage are, however,

substantial when the load changes. Additionally, integral elements result in a slower system.

The HESS of electric vehicles was developed utilising adaptive terminal sliding mode control in

[20] . However, the study does not take into account the specific characteristics of the vehicles.

Field orientation was a concept introduced by F. Blaschke in 1972 with the intention of imbuing

an induction motor with attributes akin to those of a DC motor. He utilised a decoupled control

strategy, which he termed trans-vector control, to regulate the torque and flux within the motor.

The stator current components along the d and q axes are autonomously regulated in a vector

control scheme. The q component regulates the torque, while the d component governs the flux

linkage. On the basis of the rotor flux angle acquisition, the VC strategy is divided into two

groups: Direct Vector Control (DVC) and Indirect Vector Control (IVC).The DVC strategy di-

rectly measured the flux angle of the rotor, whereas the IVC scheme estimates the angle.

In high-performance applications, indirect field-oriented techniques are now widely used to

control induction motor drives. [8]The decoupling of torque and flux control of the induction

motor is ensured using field-oriented techniques; furthermore, the induction motor can be lin-

early controlled as if it were a separately excited D.C. motor. Nevertheless, the uncertainties

continue to impact the control performance of the resultant linear system. These uncertainties

typically consist of unforeseeable fluctuations in parameters, disturbances caused by external

loads, unmodeled and nonlinear dynamics, and so forth. Consequently, numerous investigations

have been conducted on motor drives to ensure optimal performance amidst fluctuations in pa-

rameters and external load disturbances. These investigations have encompassed various control

strategies, including adaptive control,nonlinear control, and variable structure system control.

5



CHAPTER 3

Methodology

3.1 System Model

This section offers a brief summary of the main elements of a Hybrid Electric Vehicle (HEV),

which include the hybrid energy storage system, power converters, inverter, and three-phase

induction motor. Furthermore, the HESS (Hybrid Energy Storage System) has four separate

energy sources: the fuel cell, super-capacitor, PV, and battery.

3.1.1 Fuel Cell

The fuel cell (FC) is an environmentally-friendly energy source with exceptional efficiency. The

energy is generated through a chemical process involving hydrogen and oxygen in the presence

of an electrolyte. The DC-DC boost converter is used to connect the FC voltage to the DC

bus, increasing its voltage. This converter utilises a high-frequency inductor L1 with internal

resistance R1, a single insulated gate bipolar transistor (IGBT), and a filtering capacitor C. In

order to overcome the limits of fuel cells, other sources are utilized in conjunction with them.

This integration improves the distance that may be driven and reduces the strain on each separate

power source. As a result, the longevity of the sources is also extended.

3.1.2 Battery

A rechargeable device, known as the battery, is responsible for storing low-speed energy gen-

erated during deceleration mode and regenerative braking.The battery provides a continuous

power supply under a steady load. The battery is connected to a DC-DC buck-boost converter

6



CHAPTER 3: METHODOLOGY

Figure 3.1: Block diagram of proposed system

to adjust the battery voltage to meet the voltage level of the DC bus, either by increasing or

decreasing it. The converter consists of multiple components, namely resistor R2, inductor L2,

two IGBT switches (S2 and S3), and two diodes (D2 and D3).

3.1.3 Super-Capacitor

The super-capacitor (SC) is a capacitor with a high capacitance. Super-capacitors are well-

suited for integration into hybrid electric vehicles (HEVs) because of their exceptional power

density, compact dimensions, rapid charging capability, and capacity to efficiently capture the

maximum amount of regenerative energy. Super-capacitors exhibit a significantly extended

lifespan compared to batteries, with an estimated 1 million recharge cycles. A bidirectional

DC–DC buck-boost converter has been utilised for power regulation. This converter consists of

a resistor R3, an inductor L3, two IGBTs with switches S4 and S5, and two diodes D4 and D5.

3.1.4 PV

The installation of PV panels is done in the configuration of strings, with each string consisting

of 15 panels. Each individual panel has a power output of 65W. The panels are arranged in a

way that enables their combined output to reach 1.35 kilowatts.

The energy output of PV panels is directly affected by temperature and solar radiation. Photo-

voltaic (PV) systems are a renewable and eco-friendly means of generating electricity without

7



CHAPTER 3: METHODOLOGY

any associated costs. The PV panel is connected to a DC-DC boost converter to raise the PV

voltage to match the DC bus voltage. The converter consists of various components, specifically

resistor R4, inductor L4, capacitance C2, IGBT switch S6, and diode D6.

3.1.5 Inverter

Space Vector Modulation (SVM) was originally developed as a vector-based alternative to Pulse

Width Modulation (PWM) for three phase inverters. The inverter output voltage is regulated by

utilising the space vector idea, derived from the spinning field of the induction motor. The three

phase qualities in this modulation approach are converted into their corresponding two phase

quantities in either a fixed frame or a frame that rotates synchronously. The magnitude of the

reference vector can be ascertained based on the two-phase components and then employed

to modulate the output of the inverter. The space vector PWM (SVPWM) approach is highly

efficient for variable frequency drive applications.This technique is quite advanced and requires

a significant amount of computer power. It optimises the utilisation of the direct current input

voltage and minimises the presence of harmonic distortion in the output voltages or currents that

are supplied to the phases of an alternating current motor.

3.1.6 Induction Motor

Difficult driving conditions require a motor that can efficiently operate under different load re-

quirements. Choosing the right motor for an electric vehicle is crucial as it has a substantial

influence on the vehicle’s overall performance. Previous study has shown that electric motors

have faster acceleration and greater torque precision than internal combustion engines. Multiple

commercially available electric motor types include DC motors, induction motors, brush-less

permanent magnet motors, and switching reluctance motors. However, induction motors have

demonstrated greater suitability in automobile technology compared to the other available so-

lutions. Hybrid electric vehicles favour these motors above others due to their robustness, cost

effectiveness, extended lifespan, easy availability, and wide speed range.

3.2 Mathematical Modeling

Analyzing the performance of a hybrid electric vehicle under different operating conditions

using a mathematical model is possible.The mathematical model has been derived by applying

8
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Figure 3.2: Proposed Model of IVC

9
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fundamental electrical laws and performing averaging across the whole duty cycle.

3.2.1 Mathematical Modeling of HESS

The HESS state-space dynamical model being discussed is defined as follows:

ẏ1 =
v f c

L1
− R1y1

L1
− y5(1−a1)

L1
(3.2.1)

ẏ2 =
vbat

L2
− R2y2

L2
− y5a23

L2
(3.2.2)

ẏ3 =
vsc

L3
− R3y3

L3
− y5a45

L3
(3.2.3)

ẏ4 =
vpv

L4
− R4y4

L4
− y5(1−a6)

L4
(3.2.4)

ẏ5 =
y1(1−a1)

C
+

y2a23

C
+

y3a45

C
+

y4(1−a6)

C
− i0

C
(3.2.5)

The variables y1, y2, y3, y4, and y5 correspond to the FC current, battery current, SC current, PV

current, and DC bus voltage, respectively. The parameters R, C, and L correspond to resistance,

capacitance, and inductance, respectively. The variables v f c, vbat , vsc, vPV , and i0 correspond to

the voltage across the fuel cell (FC), the voltage across the battery, the voltage across the su-

percapacitor, the voltage across the photovoltaic (PV) system, and the current passing through

the load, respectively. The system’s control inputs are represented by the variables a1, a23, a45,

and a6.The PWM duty cycles are utilised to control the operation of the IGBT switches.The

IGBT switches regulate the output of the converter.The switch has two states: one is the ON

position and the other is the OFF position. The duty cycle represents the proportion of time

during one cycle that the switch is in the on state, expressed as a percentage. The control inputs

for achieving the desired output from power converters are determined by the duty cycles of the

converters.

Deriving the global model is challenging due to the utilisation of buck-boost converters in batter-

ies and supercapacitors, which consist of two switches.The battery can function in two separate

modes: charging mode and discharging mode.The control input a23 is defined in the following

manner:

a23 = [S(1−a2)+(1−S)a3] (3.2.6)

The buck-boost converter operates in boost mode when the value of S is 0, and in buck mode

when the value of S is 1. The operational mechanism of a supercapacitor closely resembles that

of a battery. The average control input a45 is precisely specified as:

a45 = [S(1−a4)+(1−S)a5] (3.2.7)

10
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3.2.2 Mathematical Modeling of Induction Motor

In order to analyze a three-phase circuit, the three-phase supply and current for induction motor

modelling are converted to two-phase in the stationary reference frame d-q axis. The voltages

along the stator d-q axis can be expressed in terms of flux linkages [1]: vsd

vsq

= Rs

 isd

isq

+ d
dt

 λsd

λsq

+ωd

 0 −1

1 0

 λsd

λsq

 (3.2.8)

The symbol ωd represents the derivative of the rotor field angle θda with respect to time.

In the equations (3.2.8) mentioned before, each vector consists of two elements. The first el-

ement represents the voltage on the d-axis of the stator, while the second element represents

the voltage on the q-axis of the stator.The stator flux components of the d-axis and q-axis are

denoted as λsd and λsq, respectively, and can be expressed as follows:

λsd = Lsisd +Lmird (3.2.9a)

λsq = Lsisq +Lmirq (3.2.9b)

where Ls = Lls +Lm

By replacing the flux linkage values with inductance values in the stator voltage calculations

described above, we obtain ,

vsd = Rsisd −ωdλsq +Lls
d
dt

isd +Lm
d
dt
(isd + ird) (3.2.10a)

vsq = Rsisq +ωdλsd +Lls
d
dt

isq +Lm
d
dt
(isq + irq) (3.2.10b)

The rotor d-q axis voltages are determined by calculating the associated flux linkages. vrd

vrq

= Rr

 ird

irq

+ d
dt

 λrd

λrq

+ωdA

 0 −1

1 0

 λrd

λrq

 (3.2.11)

where d
dt θdA=ωdA and ωdA=ωsl=ωe-ωr

The first component in the pair is similar to the d-axis, while the second component is similar to

the q-axis [1].The flux connections of the d-q windings can be described as follows in relation

to currents:

λrd = Lrird +Lmisd (3.2.12a)

λrq = Lrirq +Lmisq (3.2.12b)

11
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where Lr = Llr +Lm and Lr is the rotor leakage resistance.

When we substitute the values of flux linkages into the above mentioned rotor voltage equations

in terms of inductances, we obtain:

vrd = Rrird −ωdAλrq +Llr
d
dt

ird +Lm
d
dt
(isd + ird) (3.2.13a)

vrq = Rsirq +ωdAλrd +Llr
d
dt

irq +Lm
d
dt
(isq + irq) (3.2.13b)

where vrd = 0 and vrq = 0 .

The acceleration of the induction motor (IM) can be found by subtracting the load torque from

the electromagnetic torque, which both affect the combined inertia (Jeq) of the motor and the

load torque.
dωmech

dt
=

1
Jeq

(Tem −Tł) (3.2.14)

Equating Tem = pLm
2 (isqird−isd irq) in above equation we get:

dωmech

dt
=

pLm(isqird−isd irq )

2 −Tl.

Jeq
(3.2.15)

The following equation provides the rotor’s mechanical speed in radians per second:

ωmech =
2
p

wm (3.2.16)

3.3 Indirect Field Oriented Control

Two vector control methods that are similar to one another are IVC and DVC.The method used

to calculate the rotor field angle is the main difference between the two.The direct FOC mea-

sures the orientation of the air-gap flux using a search coil, a hall-effect sensor, or other tech-

niques.However, because special motor modifications are required to install the flux sensors,

using sensors is expensive. Moreover, one cannot sense the rotor flux directly. Calculating the

rotor flux from a directly received signal may be imprecise at low speeds due to variations in

flux level and temperature, as well as the dominance of the stator resistance voltage drop in

the stator voltage equation. The flux angle is obtained by estimating techniques in the indirect

method.This method uses machine parameters to estimate the field angle.The sum of the rotor

and slip speeds is the flux linkage speed.

θe =
∫

ωedt =
∫
(ωr +ωsl)dt = (θr +θsl) (3.3.1)

12
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The equations governing the rotor circuit are as follows:

d
dt

λrd +
Rr

Lr
λrd −

Lm

Lr
ßsdRr −ωslλrd = 0 (3.3.2)

d
dt

λqr +
Rr

Lr
λrq −

Lm

Lr
ßsqRr −ωslλrq = 0 (3.3.3)

During the vector control procedure, the d-axis is precisely aligned with the rotor flux linkage

space vector to ensure that the q-axis is devoid of any rotor flux linkage.

λrq(t) = 0 (3.3.4)

Replacing λrq in Eq. (12b) to zero,

irq =−Lm

Lr
isq (3.3.5)

The constant alignment of the d-axis with λ⃗r, results in λrq being zero, similarly guarantees that
d
dt λrq isalsozero. Lr

Rr

d
dt λr +λr = Lm(3.3.6) In a squirrel-cage rotor with vrq = 0,

ωsl =−Rr

λr
irq (3.3.7)

Substituting value of irq from eq.14 we get:

ωsl =
LmRr

λrLr
isq (3.3.8)

The developed electromechanical torque is defined as:

Tem =
3
2

p
2

Lm

Lr
λrisq (3.3.9)
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Controller Design

Because of the dynamic system’s non-minimum phase behaviour, it is challenging to control the

DC bus voltage at the DC bus to the necessary level. A phenomenon known as "non-minimum

phase behaviour" occurs when the system deviates in the opposite direction for a while before

finally converging in the correct direction. Moreover, there are intrinsic physical restrictions

that place limits on the controllable state for these non-minimum phase systems.

To run the system as quickly as possible, either the non-minimum phase behaviour is minimized

or a control mechanism is created to offset this behaviour. Here is how an indirect methodology

based on the power balance equation is put into practice.

Pin = Pout (4.0.1)

Pf c +Pbat +Psc +Ppv = Pout (4.0.2)

Where Pf c,Pbat ,Psc and Ppv represent powers of FC,battery,SC and PV respectively.Solving equa-

tion(27) to get x1re f we have,

x1re f = ω(
Pout −Pbat −Psc −Ppv

v f c

)
(4.0.3)

where ω is a constant that represents various power losses, such as power loss due to induc-

tances.

4.1 Sliding mode controller

SMC, a non-linear variable structure control technique, aids in achieving system trajectory sta-

bility.A controller is created to help the system reach its target value by guiding the model to-

14
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wards the drawn sliding surface.A system state with a starting value reaches the sliding surface

by the use of control law, and after that, the state reaches the intended value.

4.1.1 SMC for HESS

In order to track all states to their intended values, the following error words are defined:

e1 = y1 − y1re f (4.1.1)

e2 = y2 − y2re f (4.1.2)

e3 = y3 − y3re f (4.1.3)

e4 = y4 − y4re f (4.1.4)

y1re f ,y2re f ,y3re f and y4re f are the refernce values of FC,battery,SC and PV currents,Taking time

derivative of error terms: ẏ1,ẏ2,ẏ3 and ẏ4 from Eqs.(29)-(32),we get:

ė1 = ẏ1 − ẏ1re f (4.1.5)

ė2 = ẏ2 − ẏ2re f (4.1.6)

ė3 = ẏ3 − ẏ3re f (4.1.7)

ė4 = ẏ4 − ẏ4re f (4.1.8)

Putting values of ẏ1,ẏ2,ẏ3 and ẏ4 from Eqs.(1)-(4),we get:

ė1 =
v f c

L1
− R1y1

L1
− y5(1−a1)

L1
− ẏ1re f (4.1.9)

ė2 =
vbat

L2
− R2y2

L2
− y5a23

L2
− ẏ2re f (4.1.10)

ė3 =
vsc

L3
− R3y3

L3
− y5a45

L3
− ẏ3re f (4.1.11)

ė4 =
vpv

L4
− R4y4

L4
− y5(1−a6)

L4
− ẏ4re f (4.1.12)

In general sliding surface for MIMO system is defined as:

S = [S1,S2, ...,Sn]
T (4.1.13)
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For the corresponding control inputs, four sliding surfaces S1, S2, S3, and S4 are defined as

follows:

S1 = c1e1 (4.1.14)

S2 = c2e2 (4.1.15)

S3 = c3e3 (4.1.16)

S4 = c4e4 (4.1.17)

where c1, c2, c3 and c4 are positive constants. Taking time derivative of Eqs. (42)-(45) and

substituting the values of ė1 , ė2 , ė3 and ė4 from Eqs. (37)-(40), we get,

Ṡ1 = c1

(
v f c

L1
− R1y1

L1
− y5(1−a1)

L1
− ẏ1re f

)
(4.1.18)

Ṡ2 = c2

(
vbat

L2
− R2y2

L2
− y5a23

L2
− ẏ2re f

)
(4.1.19)

Ṡ3 = c3

(
vsc

L3
− R3y3

L3
− y5a45

L3
− ẏ3re f

)
(4.1.20)

Ṡ4 = c4

(
vpv

L4
− R4y4

L4
− y5(1−a6)

L4
− ẏ4re f

)
(4.1.21)

In order to perform stability analysis and to determine the desired dynamics of the damping

term,consider following Lyapunov candidate function

V =
S2

1
2
+

S2
2

2
+

S2
3

2
+

S2
4

2
(4.1.22)

V̇ = S1Ṡ1 +S2Ṡ2 +S3Ṡ3 +S4Ṡ4 (4.1.23)

Putting the values of Ṡ1 , Ṡ2 , Ṡ3 and Ṡ4 from Eqs. (38)-(41) in above Eq. (43), we get,
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V̇ = S1

[
c1

(
v f c

L1
− R1y1

L1
− y5(1−a1)

L1
− ẏ1re f

)]

+ S2

[
c2

(
vbat

L2
− R2y2

L2
− y5a23

L2
− ẏ2re f

)]

+ S3

[
c3

(
vsc

L3
− R3y3

L3
− y5a45

L3
− ẏ3re f

)]

+ S4

[
c4

(
vpv

L4
− R4y4

L4
− y5(1−a6)

L4
− ẏ4re f

)]
(4.1.24)

To meet the Lyapunov stability criterion, which requires

V̇ ≤ 0,consider, the following constraints,

−A1|S1|α sign
(

S1
ρ1

)
=

c1v f c

L1
− c1R1y1

L1
− c1y5(1−a1)

L1

− c1ẏ1re f

(4.1.25)

−A2|S2|β sign
(

S2
ρ2

)
=

c2vbat

L2
− c2R2y2

L2
− c2y5a23

L2

− c2ẏ2re f

(4.1.26)

−A3|S3|γ sign
(

S3
ρ3

)
=

c3vsc

L3
− c3R3y3

L3
− c3y5a45

L2

− c3ẏ3re f

(4.1.27)

−A4|S4|ζ sign
(

S4
ρ4

)
=

c4vpv

L4
− c4R4y4

L4
− c4y5(1−a6)

L4

− c4ẏ4re f

(4.1.28)

we considered ṡi = −Ai|Si|ζ sign
(

Si
ρi

)
This is the Sliding Mode Control (SMC) technique’s

reaching law.It accelerates the rate of convergence when the system state is far from the switch-

ing manifold and is known as the power rate reaching law.where the constant design parameters

A1, A2, A3, and A4 (controller gains) have positive values.

Sα
i , Sβ

i , Sγ

i The system’s convergence to the sliding surfaces is ensured by ,|Si|ζ . Positive con-

stants α , β , γ , and ζ are frequently chosen from the range of 0 to 1.The chattering effect is

lessened by ρ1, ρ2, ρ3, and ρ4.We define the signum function as follows:

sign(y) =


−1, if Si < 0

0, if Si = 0

1, if Si > 0

(4.1.29)
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Where i = 1, 2, 3, 4.Now solving the Eqs for control inputs a1,a23,a45 and a6 we get:

a1 =
L1

c1y5

[
c1R1y1

L1
−

c1v f c

L1
+

c1y5

L1
+ c1ẏ1re f

−A1|S1|α sign
(

S1
ρ1

)] (4.1.30)

a23 =
L2

c2y5

[
− c2R2y2

L2
+

c2vbat

L2
− c2ẏ2re f

+A2|S2|β sign
(

S2
ρ2

)] (4.1.31)

a45 =
L3

c3y5

[
− c3R3y3

L3
+

c3vsc

L3
− c3ẏ3re f

+A3|S3|γ sign
(

S3
ρ3

)] (4.1.32)

a6 =
L4

c4y5

[
c4R4y4

L4
−

c4vpv

L4
+

c4y5

L4
+ c4ẏ4re f

−A4|S4|ζ sign
(

S4
ρ4

)] (4.1.33)

In order to prove stability ,the time derivative of Lyapunov function can be written as follows:

V̇ =−S1A1|S1|α sign
(

S1
ρ1

)
−S2A2|S2|β sign

(
S2
ρ2

)
−S3A3|S3|γ sign

(
S3
ρ3

)
−S4A4|S4|ζ sign

(
S4
ρ4

)
(4.1.34)

By taking into account the properties of the sign(.) function defined in above equation can be

simplified as

V̇ =−S1A1|S1|α sign
(

S1
ρ1

)
−S2A2|S2|β sign

(
S2
ρ2

)
−S3A3|S3|γ sign

(
S3
ρ3

)
−S4A4|S4|ζ sign

(
S4
ρ4

)
≤ 0

(4.1.35)

The sliding mode controller satisfies the stability requirements, which guarantee the stability of

the system and the convergence of errors to zero within a finite amount of time, as shown by a

Lyapunov stability analysis.
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4.1.2 SMC for Induction Motor

The stator d and q axis voltages can be defined as follows:

vsd = Rsisd +σLs
d
dt

ßsd +
Lm

Lr

d
dt

λrd −ωdσLsisq (4.1.36)

vsq = Rsisq +σLs
d
dt

ßsq +ωd
Lm

Lr

d
dt

λrd −ωdσLsisd (4.1.37)

In Eqs. (4.1.36) only the first two terms on the right are due to the d-axis current isd and d
dt ßsd

. Other terms are resulting from λrd and isq may be considered disturbances.Likewise, in Eqs.

(4.1.37), the terms due to λrd and isd can be considered as disturbances. Therefore, these equa-

tions can be rewritten as:

vsd = Rsisd +σLs
d
dt

ßsd (4.1.38)

vsq = Rsisq +σLs
d
dt

ßsq (4.1.39)

PI controllers are implemented in the speed as well as current loops in [1].For speed loop,PI con-

troller gains are calculated with the phase margin of 60 and the open loop crossover frequency of

25 rad/s.In order to calculate the gains associated with the proportional and integral components

of the PI controllers for current loops, it is assumed that the compensation is perfect.Hence, each

channel will result in a block diagram shown. Reference voltages for Vsd and Vsq are calculated

using stator dq-axis reference current,isd ,isq,λrd and ωd .The actual stator voltages Va, Vb, and Vc

are supplied by the power electronics converter,using the stator voltage space vector modulation

technique. The mechanical speed equation of an induction motor is commonly represented as

follows:

˙ωmech1 =
Tem −Tl

Jeq
(4.1.40)

where J is the inertia constant, Tlistheexternalload, pisthepolenumbers,andTem is the gener-

ated torque of an induction motor. putting the value of Tem

˙ωmech =
3
2

p
2

Lm
Lr

λrisq −Tl

Jeq
(4.1.41)

simplifying above equation we get:

˙ωmech = bisq − f (4.1.42)

Where b = 3
2

p
2

Lm
Lr

λr
Jeq

and f = Tl
Jeq

e5 = ωmech −ωmechre f (4.1.43)
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ė5 = ω̇mech − ω̇mechre f (4.1.44)

Putting values of ω̇mech

ė5 = bisq − f − ω̇mechre f (4.1.45)

Then the sliding surface can be defined as:

S5 = c5e5 (4.1.46)

Taking time derivative of above Eq.:

Ṡ1 = c5ė5 (4.1.47)

Replacing the value of ė5 from Eqs. (77), we get:

Ṡ5 = c5

(
bisq − f − ω̇mechre f

)
(4.1.48)

Lyapunov candidate function is given as follows:

V =
S2

5
2

(4.1.49)

V̇ = S5Ṡ5 (4.1.50)

Putting the values of Ṡ1

V̇ = S5

[
c5

(
bisq − f − ω̇mechre f

)]
(4.1.51)

To prove stability of the system ,Ṡ1 can be replaced by following parameters

Ṡ5 =−A5|S5|δ sign
(

S5
0.5

)
(4.1.52)

To meet condition of V̇ ≤ 0 , consider the following constraints,

c5bisq − c5 f − c5ω̇mechre f =−A5|S5|δ sign
(

S5
0.5

)
(4.1.53)

Nothe control input isq, we obtain:

isq =
1

c5b

(
−A5|S5|δ sign

(
A5
0.5

)
+ c5 f + c5ω̇mechre f

)
(4.1.54)

V̇ =−S5A5|S5|δ sign
(

S1
ρ1

)
(4.1.55)

V̇ =−S5A5|S5|δ sign
(

S1
ρ1

)
≤ 0 (4.1.56)
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4.2 Barrier Function based Adaptive Sliding mode controller

ẏ(t) = u(t)+δ (t) (4.2.1)

where δ (t) is the system’s disturbance.The function δ (t) is a bounded function with an unknown

upper bound, i.e. |δ (t)| ≤ δmax.However, there is a positive bound δmax whose exact value is

unknown. The output of the system is represented by y(t)inmathbbR. A first-order sliding mode

controller is necessary to achieve system stability, which is represented as:

u(t) =−A(t)sign(y) (4.2.2)

Sliding mode control ensures finite-time convergence and closed-loop insensitivity to distur-

bances. Understanding the top bound of disturbances is required to develop first-order sliding

mode controllers (FOSMCs). This limit is frequently unknown. This is a significant barrier in

the installation of FOSMCs, resulting in unwanted chattering.

The first adaptation method is increasing gain until the SM is reached, then fixing it at this value

to maintain an optimal SM for a predetermined period of time.As the number of disturbances

increases, the SM may be lost, necessitating an increase in gain to reclaim it.

However, utilising this technique overestimates FOSMC gain and cannot guarantee that the SM

will not be lost in the future. To overcome this issue, an approach based on rising and reducing

gain has been proposed. This strategy ensures that the sliding variable converges near zero in

finite time while not overestimating the gain. The primary problem with this technique is that

the size of the neighbourhood and convergence time are dependent on the unknown upper bound

of the disturbance, making it impossible to ensure that SM will not be lost for longer values of

time.

The second adaptation strategy uses the comparable control value to estimate disturbances.A

low-pass filtered approximation of the similar control was proposed as a way to implement this

method. During implementation, make sure to select a filter constant that is less than the inverse

of the upper bound of the first derivative of the disturbance.

Furthermore, adaptive SMC based on barrier functions can be used to alleviate both of the

above mentioned problems. Equation (4.2.1) demonstrates that the control rule is a function

of the system’s state and varies with time.To define the barrier functions, two unique ways are

proposed in this study. Consider some fixed φ > 0 then BF is defined as an even continuous

function Ab : x ∈ [−φ ,φ [→ Ab(x) ∈ [b,∞[ strictly growing on [0,φ [
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Figure 4.1: Barrier Function

• Positive definite barrier function(PBF):

Ap,b(x) =
φN

φ −|x|
, Ap,b(0) = N > 0 (4.2.3)

• Positive semi definite barrier function(PSBF):

Ap,b(x) =
|x|

φ −|x|
, Ap,b(0) = 0 (4.2.4)

When φ → 0, then A → 0. When the output variable is in vicinity of origin,i.e., |x|
φ
< 1, then

A ≈ |x|
φ

, and this guarantees the convergence of state x to zero.

4.2.1 Barrier function based ASMC for HESS

Defining errors for stable working of the HESS system,

S1 = y1 − y1re f (4.2.5)

S2 = y2 − y2re f (4.2.6)

S3 = y3 − y3re f (4.2.7)

S4 = y4 − y4re f (4.2.8)

The derivative of above eqs.(4.2.5)-(4.2.8) and subtituting the values of ẏ1,ẏ2,ẏ3 and ẏ4 we ob-

tain,

Ṡ1 =
v f c

L1
− R1y1

L1
− y5(1−a1)

L1
− ẏ1re f +θ1 (4.2.9)

Ṡ2 =
vbat

L2
− R2y2

L2
− y5a23

L2
− ẏ2re f +θ2 (4.2.10)
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Ṡ3 =
vsc

L3
− R3y3

L3
− y5a45

L3
− ẏ3re f +θ3 (4.2.11)

Ṡ4 =
vpv

L4
− R4y4

L4
− y5(1−a6)

L4
− ẏ4re f +θ4 (4.2.12)

In above equations θ1,θ2,θ3 and θ4 are untied bounds, and the controller attempts to adaptively

reduce these factors. The following equations can be obtained by solving eqs.(93)-(96) for

a1,a23,a45, and a6,

a1 =
L1

y5

(
R1y1

L1
−

v f c

L1
+

y5

L1
+ ẏ1re f + Ṡ1

)
(4.2.13)

a23 =
L2

y5

(
− R2y2

L2
+

vbat

L2
− ẏ2re f + Ṡ2

)
(4.2.14)

a45 =
L3

y5

(
− R3y3

L3
+

vsc

L3
− ẏ3re f + Ṡ3

)
(4.2.15)

a6 =
L4

y5

(
R4y4

L4
−

vpv

L4
+

y5

L4
+ ẏ4re f + Ṡ4

)
(4.2.16)

BF for Ṡ1,Ṡ2,Ṡ3 and Ṡ4 can be given as,

Ṡ1 =−A1|S1|sign(S1) (4.2.17)

Ṡ2 =−A2|S2|sign(S2) (4.2.18)

Ṡ3 =−A3|S3|sign(S3) (4.2.19)

Ṡ4 =−A4|S4|sign(S4) (4.2.20)

In above eqs.A1,A2,A3, and A4 are adaptive gains. followings eqs. are obtained after solving

above equations„

a1 = 1+
L1
y5

(
y1

R1L1
−

v f c

L1
+ ẏ1ref −A1|S1|sign(S1)

)
(4.2.21)

a23 =
L2
y5

(
− y2

R2L2
+

vbat

L2
− ẏ2ref +A2|S2|sign(S2)

)
(4.2.22)

a45 =
L3
y5

(
− y3

R3L3
+

vsc

L3
− ẏ3ref +A3|S3|sign(S3)

)
(4.2.23)
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a6 = 1+
L4
y5

(
y4

R4L4
− vpv

L4
+ ẏ4ref −A4|S4|sign(S4)

)
(4.2.24)

There exists t̄, the smallest root of the equation |S(t)| ≤ φ 2, for any S(0) and φ > 0, such that

for all t ≥ t̄, the inequality |S(t)| < φ holds.Hence, the proposed controller is stable, is also

explained using the Lyapunov stability equations. Following Lyapunov candidate function is

considered for the stability analysis of controller,

V (S(t),A(S(t))) =
1
2

S2(t)+
1
2
(A(S(t))−A(0))2 (4.2.25)

Taking the time derivative of above eq. we get,

V̇ (S(t),A(S(t)))≤−σV
1
2 (S(t),A(S(t))) (4.2.26)

where σ > 0, V
1
2 (S(t),A(S(t)))≥ 0, so eq. (110) can be written as,

V̇ (S(t),A(S(t)))≤ 0 (4.2.27)

4.2.2 Barrier Function based ASMC for Induction Motor

For stable working of induction motor,speed error can be defined as,

s5 = ωmech −ωmechre f (4.2.28)

ṡ5 = ω̇mech − ω̇mechre f (4.2.29)

ṡ5 = bisq − f − ω̇mechre f (4.2.30)

Ṡ5 = bisq − f − ω̇mechre f +θ5 (4.2.31)

isq =
1
b
(Ṡ5 + f + ω̇mechre f ) (4.2.32)

Ṡ5 =−A5|S5|sign(S5) (4.2.33)

isq =
1
b

(
−A5|S5|sign(S5)+ f + ω̇mechre f

)
(4.2.34)

For stability analysis,following Lyapunov candidate function is used which has both output

variable and adaptice gain,

V (S(t),A(S(t))) =
1
2

S2(t)+
1
2
(A(S(t))−A(0))2 (4.2.35)
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Taking the time derivative of above eq. we get,

V̇ (S(t),A(S(t)))≤−ζV
1
2 (S(t),A(S(t))) (4.2.36)

where ζ > 0, V
1
2 (S(t),A(S(t)))≥ 0, so eq. (4.2.36) can be written as,

V̇ (S(t),A(S(t)))≤ 0 (4.2.37)
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Discussion

5.1 Simulation Results

MATLAB/Simulink® (2022a) was used in this section to simulate and evaluate the proposed/designed

controller under various load circumstances.The suggested model’s major purpose is to regulate

the DC bus voltage, control the current flow by creating reference current for the power sources,

and provide precise speed reference tracking.After comparing the error results in Table 5.4-5.5,

it is concluded tha barrier function based adaptive sliding mode controller is seen as superior

to the other controllers.Table 5.1 shows the parameters of the DC-DC converters used in this

study.Similarly Table 5.3 shows Controller parameters used for tuning controllers.

Table 5.1: Parameters of DC-DC convereters

Parameters Values

Inductances L1,L2,L3 and L4 3.3 mH

Resistances R1,R2,R3 and R4 20 mΩ

Capacitances C1 and C2 1.66 mF

constant(ω) 1.0004

5.2 Real Time Results

The MATLAB/Simulink simulations results indicated that BFASMC controller responded effi-

ciently under variable load conditions. The same system and controller’s reaction is now vali-
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Figure 5.1: Comparison plot of DC Bus Voltage (SMC vs BFASMC).

Figure 5.2: Comparative graph of FC current (SMC vs BFASMC).
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Figure 5.3: Comparative graph of Battery current (SMC vs BFASMC).

Figure 5.4: Comparative graph of SC current (SMC vs BFASMC).
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Figure 5.5: Comparative graph of PV current (SMC vs BFASMC).

Figure 5.6: Tracking errors of source currents using SMC.
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Figure 5.7: Tracking errors of source currents using BFASMC.

Figure 5.8: Load current and load torque profile.
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Figure 5.9: Comparative graph of speed (PI vs SMC vs BFASMC).

Figure 5.10: Comparative graph of flux (PI vs SMC vs BFASMC).
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Figure 5.11: PI Result: Response of torque.

Figure 5.12: SMC Result: Response of torque
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Figure 5.13: BFASMC Result: Response of torque.

Figure 5.14: Stepped output of three phase 3-level inverter.
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Table 5.2: Parameters of power sources

Sources Specifications

Fuel cell 350V, 250A, 34KW

Battery 288V, 13.9Ah, Li-ion

Super-capacitor 205V, 2700F

PV 275V, 5A, 1.3KW

Table 5.3: Parameters for SMC and BFASMC

Parameter Values

SMC

A1,A2,A3,A4,A5 3000,2000,1500,1500,1000

c1,c2,c3,c4,c5 5,1,1,1,1

α,β ,γ,ζ ,δ 0.8,0.5,0.5,0.7,0.8

ρ1,ρ2,ρ3,ρ4,ρ5 0.5,0.5,0.5,0.5,0.5

BFASMC

N 3000

φ1,φ2,φ3,φ4,φ5 10000,10000,20000,30000,10000

dated in real-time by establishing the setup of real-time controller hardware in the loop . The

controller of the C2000 Delfino MCU F28379D Launchpad is used to create discrete values for

the plant model’s control laws on MATLAB/Simulink. Furthermore, the findings obtained from

this C-HIL arrangement are compared with those produced from MATLAB/Simulink simula-

tions to validate the controller’s response in the real-time analysis. In Fig.(5.15)-(5.17), it is

shown that the controller operating in real-time produces some oscillations while tracking the

reference values .The reason behind the oscillations is noise produced due to the conversion

of control inputs from PWM to analog. Nonetheless, it can be concluded from this result that

our proposed controller is performing efficiently while tracking the DC bus and speed value to

reference value.
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Figure 5.15: HIL response for DC bus voltage vdc

Figure 5.16: HIL response for speed
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Table 5.4: Performance evaluation of proposed control schemes for DC Bus voltage regulation

Control Strategy ISE IAE ITAE

SMC

e1. 5.119 0.1559 0.1317

e2. 2.166 0.1347 0.2443

e3. 0.6403 0.06613 0.12

e4. 2.385 0.03115 0.04853

BFASMC

e1. 1.385 0.07273 0.08944

e2. 0.1683 0.02004 0.02861

e3. 0.03445 0.01324 0.02032

e4. 0.01089 0.05615 0.09311

Note:IAE integral absolute error, ISE integral square error,ITAE integral time absolute error

Table 5.5: Performance evaluation of proposed control schemes for Induction motor model

Control Strategy ISE IAE ITAE

PI

Speed 4.243 1.176 0.6394

Flux 2.166 0.1347 0.2443

Torqu 0.0008646 0.02326 0.01513

SMC

Speed 0.001994 0.008889 0.004256

BFASMC

Speed 0.0008322 0.004214 0.002193

Note:IAE integral absolute error, ISE integral square error, ITAE integral time absolute error
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Figure 5.17: HIL response for flux
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CHAPTER 6

Conclusion

This research offers the BFASMC technique for DC bus voltage and speed tracking of EV.The

HESS of EV comprised of FC, battery, SC, and PV. The performance of proposed controller

has been evaluated using MATLAB/Simulink under varying load conditions and comparison

has been made with SMC. The Lyapunov stability criteria is used to prove controller’s stability.

The results show that BFASMC outperforms the other tested controller. The primary goal of

the proposed controller is to correctly stabilize and track the DC bus voltage and speed of motor

to the target values. BFASMC does not require knowledge of upper bound of disturbance and

its gain is not over-estimated which reduces chattering. The performance of BFASMC is robust

and efficient, with no steady-state error. Finally, hardware-in-loop studies on C2000 Delfino

platform validate the controller’s feasibility using real-time analysis.[2]

6.1 Future Work

In future different converter topologies and diffrent controllers can be used for dc bus voltage

and speed tracking of induction motor.The variations in speed of induction motor can be stud-

ied under different fault conditions.Different inverter topology can be utilized.Different energy

sources can be used in HESS.One of the upcoming tasks can be hardware prototype.
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