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Abstract

Nowadays, the world’s biggest concern is environmental pollution, decrease of
fossil fuel reserves, and the depletion of conventional energy resources. Internal
combustion engine (ICE) vehicles use conventional fossil fuels and are one of the
major contributors of environmental pollution. Hybrid electric vehicles (HEVs)
can play a vital role to cater for these issues because they use renewable energy
resources that doesn’t pollute the atmosphere. Plug-in hybrid electric vehicles
(PHEV) have attracted vehicle manufacturers and consumers because of their abil-
ity to charge battery bank using an external charger. This study proposes a hybrid
energy storage system (HESS) for PHEV that utilizes fuel cell (FC) as a primary
source, with battery and supercapacitor as auxiliary sources. Primary source is
connected to a DC-DC boost converter whereas both the secondary sources are
connected to DC-DC buck-boost converters. All the sources are connected to a
DC bus via these DC converters. In addition, the DC bus is coupled with DC-AC
inverter followed by a motor to drive the PHEV. Initially, a mathematical model of
DC-DC converter is derived. Nonlinear adaptive supertwisting sliding mode con-
troller (AST-SMC) is then designed for the HESS of PHEV. The external charger
contains an AC source and a full-bridge rectifier, followed by a DC-DC buck con-

verter to charge the battery. Adaptive parameter update laws are also designed

xi
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such that the AST-SMC controller keeps updating itself with time-varying param-
eters to retain its good performance for a long time. Simulation of the system is
performed using MATLAB/Simulink and results are compared with state of the art
controllers. Hardware in loop (HIL) testing is used for experimental validation of
the system. The results show that the proposed HESS with AST-SMC controller
performs well and remains stable under all load requirements of extra urban drive

cycle (EUDC).
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Chapter 1

Introduction

1.1 Background and Motivation

Renewable energy resources are the best alternative to get clean, cost-effective
and perpetual energy. For this, it is important to effectively utilize multiple energy
sources [1]. ICE vehicles use conventional fuels. Issue with these fossil fuel
vehicles is harmful emissions, declining fossil fuel reserves, and high running
cost. HEVs can play a vital role in solving all these problems [2].

Electric vehicles (EVs) have multiple types such as HEVs, battery electric ve-
hicles (BEVs), FC hybrid electric vehicles (FHEVs) and PHEVs. Proton-exchange
membrane (PEM) FC is considered a good alternative as it has high efficiency,
low temperature, high energy density and zero tailpipe emissions [3], [4] and [5].
HEVs require long driving range and high-power performance but due to chemi-
cal reaction of hydrogen with oxygen, PEM FC manifests slow transient and slow
startup characteristics. In rapid acceleration and high load conditions, the FC gives

limited power response [6], [7]. To cater for the limited power response, PEM FC



1.2. PROBLEM STATEMENT

is integrated with a battery. FC and battery are high power density sources [8]-
[9]. Combination of multiple energy resources is known as HESS. Effectively
utilizing these resources’ balances power and energy density [6]- [10].

FC and battery hybridization is inexpensive, compact, and reliable. By inte-
grating supercapacitor to HESS, PEM FC based HEV gets the ability to cater for
high dynamical response and increase the lifetime of power sources [11] and [12].
In general, FC is used as a primary source in the HEV which provides constant
load power demand. Excess energy produced by FC and regenerative braking
is stored in the energy storage devices. Battery and supercapacitor are used to
provide high power demand and high dynamic response. However, to avoid over-
charging and discharging, the batteries operate in limited state of charge (SoC)
range. Supercapacitor is low energy density source and has less backup time [10].

To increase the lifetime of batteries and avoid limited operation, PHEVs have
an advanced feature to charge the batteries using electric grid stations which also
helps vehicles to take long drive trip and cover long distances [13]. PHEVs con-
sist of AC-DC boost converter followed by bridge rectifier and a DC-DC buck

converter connected to the battery terminals [13].

1.2 Problem statement

Various control methods and strategies have been applied to the HESS of PHEVs.
The dynamical model of the PHEVs based HESS is developed by [14]. The en-
ergy management system consisting of power sources and power converter has
a nonlinear behavior; therefore nonlinear control is proposed [14]. Various con-

trollers are applied on the battery and supercapacitor based PHEVs [15]- [16].



1.3. PROPOSED APPROACH

FC, battery and supercapacitor-based PHEVs are also proposed in the literature,
and few nonlinear controllers are applied but have steady state error, more settling
time and chattering phenomenon [17]. Most of the designs use constant values of
parameters (i.e., resistors, capacitors, and inductors). The values of these parame-
ters are prone to change with time because of wear and tear, production faults and

disturbances [18].

1.3 Proposed approach

In this research, a nonlinear AST-SMC controller is designed for controlling the
HESS of FC, battery and supercapacitor-based PHEV and G2V charger. Simula-
tion of this work is done using MATLAB/Simulink software. AST-SMC is robust
to parametric variations and external disturbances because the adaptive controller
keeps updating itself according to changes in parametric values [18]. The presence
of a higher-order derivative in the controller ensures rapid convergence to the slid-
ing manifold in a finite time and goes to the reference point (zero) asymptotically.
The proposed AST-SMC algorithm for HESS of PHEVs has faster convergence,
less steady-state error and less rise time [17]. Finally, HIL has been done using
Delfino C2000 microcontroller (MCU) for checking the real-time validation of
the proposed controller. Fig. 1.1 shows the general architecture of the proposed

PHEV. The control strategy of the PHEV is divided into two major levels.

1.3.1 Low-level control

This level includes the control of power DC-DC converters, DC to AC inverter,

the flow of current in both directions, DC bus voltage and G2V charger voltage

3
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Figure 1.1: Plugin hybrid electric vehicle block diagram

regulation.

1.3.2 High-level control

This control level is for the overall system operation, which ensures the stability

of the whole system while monitoring the SoC.

1.4 Contribution

The contribution of the research work is to design a nonlinear controller for the
PHEV containing FC, battery and SC sources and G2V charger, which enhance
the stability of the system. Adaptation of the unknown parameters of the HESS.
the adaptation of the unknown parameters makes the controller more robust against
the disturbances. Furthermore, DC bus voltage regulation of the PHEV and cater
the chattering phenomena associated with the SMC. To the best of our knowledge,

this work has not been discussed in the literature. The key features of this work



1.5. THESIS LAYOUT

have the following contributions:

1. Adaptive, robust and fast AST-SMC based nonlinear controller is utilized

for energy management of PHEV.

2. Adaptive grid to vehicle charging system is proposed such that the charger
keeps working efficiently even if there are parametric variations and uncer-

tainties.

3. DC link voltage regulation and current tracking is achieved in the presence

of load variations of EUDC.

4. Adaptive update laws are derived for PHEVs to keep updating the controller

to cater for the parametric variations and uncertainties.

5. The designed HESS controller is able to update its parameters by monitor-

ing the wear and tear ensuring good performance for a long time duration.

1.5 Thesis layout

This thesis is arranged as follows: in chapter 2, a literature review in the domain
of hybrid electric vehicles has been done. In which different linear and nonlinear
control strategies are elaborated in detail. Chapter 3 describes the mathematical
modeling of the G2V charger, HESS, and state-space model of the PHEV. Chap-
ter 4 presents the Methodology of the proposed PHEV model. In this energy
management algorithm and proposed nonlinear control is designed. Chapter 5 ex-
plains simulation as well as experiential results with detailed discussions. Finally,

chapter 6 presents the conclusion and future work which can be done.



Chapter 2

Literature Review

2.1 Classification of HEVs

For over one century, traditional ICE have existed. ICE vehicles companies have
increased their production due to rise in personal cars usage and this increased
issues such as these vehicles are not environmental friendly and they produces
green house gases and the depletion of fossil fuels. Transformation companies,
government bodies and researches are stimulated to find the aforementioned is-
sues. They proposed the HEV, these vehicles are fuel elective and uses renewable
sources. These sources are economical and are pollution free. EVs are categorized

into three major types as follow:
1. Hybrid electric vehicles
2. Battery electric vehicles

3. PLug-in hybrid electric vehicles



2.1. CLASSIFICATION OF HEVS

2.1.1 Hybrid electric vehicles

HEV combines battery powered electric and ICE and sometimes it consist of fuel
cell, battery and supercapacitor as sources to track the motor [19]. Battery and
supercapacitor are being charged by the ICE or fuel cell during low load driving
condition and regenerative breaking of vehicles. SC store energy while the vehicle
is deceleration. Fuel efficiency is increased by 25% by using battery in HEV

compared to ICE vehicles.

2.1.2 Battery electric vehicles

Battery electric vehicles (BEVs) have no internal combustion motor, it is pure
electric vehicles which uses only battery as a source to track the motor, therefore it
is also called pure battery vehicles [20]. Battery vehicle needs to be charged after
covering limited driving range and then it must be charged using charger connect
to gird. Since these vehicles are purely electric and accommodates the driving
range of 80 to 100 miles. Battery electric vehicles are environmental friendly
vehicles they do not produces harmful emissions and green house gases. However,
some grid stations are not based on renewable energy resources therefore, they use
fossil fuels to produce the electricity and charges the batteries and produces green

house gases. BEVs requirs large battery size and capacity (e.g., 25 to 35kWh).

2.1.3 Plug-in hybrid electric vehicles

Both PHEV and HEV have almost same features and sources. The sources of
PHEV can be FC, Battery and SC. FC is used as main source in PHEV and

battery and SC are used as energy storage source and used as auxiliary sources.



2.2. CONTROL TECHNIQUE REVIEW

These sources are connected to power control units [13]. PHEV has external G2V
charger to charge the batteries, when they are discharged. Due to inclusion of
G2V charger into the HEVs the lifespan of batteries are increased. Since FC is
used as main source to drive the motor of PHEYV, so the vehicles can be driven to

long distance range compare to BEV [21].

2.2 Control technique review

Various control techniques are applied on PHEV including linear and nonlinear
control techniques. All these control techniques are used to regulate the DC bus
voltage at 400 volt and ensures the stability of the systems [11]. Commonly used

linear and nonlinear controller are presented here.

2.2.1 PI/PID controller

Linear controller has been used in almost every controlling plant because this con-
troller is easy to understand and simple to implement. The controller gain tuning
makes it robust which provides optimum operation [22]. PI and PID combination
is used in different system according to the requirement of system [23]. However,
these linear controller can not handle nonlinearities and becomes outdated with

the passage of time and gives slow response.

2.2.2 Lyapunov redesign controller

This is basic nonlinear control technique, which track the sources currents and

DC bus voltage to their reference points. Design and implementation of lyapunov



2.2. CONTROL TECHNIQUE REVIEW

redesign is easy but it has high steady state error and settling time. Asymptotic

stability of the system can not be achieved. [24]

2.2.3 Synergetic controller

This nonlinear controller resembles the sliding mode control because synergetic
controller uses macro-variables as sliding surface. These macro-variables incor-
porates tracking errors which can be one or more depending upon the state model
of the system. Asymptotic stability of the system can be ensured by designing the
stable macro-variables. This nonlinear control technique gives better results than
SMC with no chattering phenomena. It has less settling time but has steady state

error and difficult to design [25-27].

2.2.4 Backstepping controller

Backstepping (BS) is recursive Lyapnov-based technique which ensures the closed
loop stability of the system model. Feedback control law and Lyapunov function
selection is systematic. BS can only be implemented to the strict feedback form
model, if the model is not in this form then we first change the model into strict
feedback form and then apply BS. It does not show robustness to external distur-

bances and varying load conditions [28].

2.2.5 Sliding mode controller

SMC is one of the well known nonlinear controllers which is robust to external
disturbances, parametric variations and it is easy to implement. In this technique

essential feature is the selection of sliding manifold of the system model. The
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control law and sliding surface guides the system state to reach to sliding manifold
and remain there. The problem with SMC is it suffers from the steady state error

and chattering issue, which make he controller less efficient [2,29].

2.2.6 Integral and double integral SMC

Integral Sliding mode control (ISMC) and double integral sliding mode control
(DISMC) is variant of traditional SMC. In ISMC and DISMC adds integral and
double integral terms to the sliding surface of the system model. This integral

terms help to decrease the transient as well as steady state error [2].

2.2.7 Terminal Sliding mode controller

Terminal sliding mode control (TSMC) shows robustness against nonlinear un-
certainties and perturbations. In TMSC the system states trajectories go to the
reference point in a finite time [16]. This control technique reduces the chattering

issue and steady state error.

2.2.8 Adaptive Nonlinear Controller

In this technique, unknown parameters used in the nonlinear dynamical systems
are adapted by using adaptive control laws. This make the control generic and
be used in any atmosphere because it can cater internal as well as external dis-
turbances. This also adapt the parametric variation and then adjust the values of
parameters. Adaptive controllers have fast convergence to their reference points
[15,16]. Table ?? shows some recent linear and nonlinear controller papers liter-

ature review.

10



2.2. CONTROL TECHNIQUE REVIEW

Table 2.1: Linear and nonlinear controllers literature review

ergy Storage
System

Sr. Paper Year Journal Technique Outcome

No.

1 A Lyapunov- 2016 Proceedings Lyapunov Very basic tech-
based power of 2015 IEEE niques. Easy to
management International design and imple-
for a fuel Renewable ment. Asymptotic
cell hybrid and Sustain- stability cannot be
power source able  Energy achieved.
for  electric Conference
vehicle

2 Synergetic 2016 International  Synergetic  In synergetic con-
Control  for Conference troller a set of
HIV Infection on Control, macro variables
System of Automation are designed. This
CD4+T Cells And Systems controller  provides

stability ~ character-
istics like  global
stability, handling all
kind of noise and pa-
rameters insensitivity
for smooth operation.
It is not complicated
but cannot handle the
sudden transients.

3 Backstepping 2016 4th Inter- Backstepping FC and battery cur-
control  and national rents are adequately
energy man- Symposium regulated to their ref-
agement On Environ- erences. But back-
of hybrid ment Friendly stepping is not ro-
DC source Energies And bust and does not
based electric Applications give finite time con-
vehicle vergence.

4 Sliding Mode 2012 IFAC Pro- SMC Nonlinear dynamical
Control of ceedings model is used to ob-
Fuel Cell Volumes tain this controller us-
and  Super- (IFAC Papers ing the defined slid-
capacitor Online) ing surface for fast
Hybrid  En- response, but it has

chattering issues.

11



2.2. CONTROL TECHNIQUE REVIEW

Sr. Paper Year Journal Technique Outcome

No.

5 Power Split 2012 IEEE Backstepping Backstepping sliding
of Fuel SMC model controller is
Cell/Ultracapacitor used to enable the
Hybrid Power nonlinear system to
System by maintain the stable re-
Backstepping sponse under vary-
Sliding Mode ing dynamics while
Control adapting to load vari-

ations. It is rela-
tively robust but com-
plicated and does not
give finite-time con-
vergence.

6 Robust speed 2016 Journal of the Fuzzy FOFPD and FOFPI
control of Franklin Insti- controllers partic-
hybrid electric tute ularly handles the
vehicle using system variations
fractional with time and model
order fuzzy uncertainties.  This
PD and PI is validated to be
controllers the robust nonlinear
in cascade controllers compared
control loop to FPI/FPD.

7 Design and 2018 Proceedings PID and PID controller is not
implemen- of the IEEE Fuzzy perfect for the non-
tation of National linear control system
conventional Aerospace but it can be accept-
(PID) and Electronics able. Designing this
modern Conference, controller is less com-
(Fuzzy logic) NAECON plicated as compare
controllers to FLC but FLC gives
for an en- a fast response for
ergy storage applications like this
system of system. The compu-
hybrid electric tational time of FLC
vehicles is very high.

12



2.2. CONTROL TECHNIQUE REVIEW

Sr. Paper Year Journal Technique Outcome

No.

8 Adaptive 2018 4th IEEE Adaptive The tracing of the
power man- Uttar Pradesh neural PID  drive cycles gives less
agement  of Section  In- error contribution in
hybrid electric ternational the output. Which
vehicle with Conference simply enhances the
neural based on Electrical, performance of the
PID controller Computer and vehicle and afterward

Electronics increases the overall
efficiency of the vehi-
cle. Rule-Based logic
is more.

9 Model predic- 2018 International =~ MPC By providing the
tive  control Conference predicted speed,
for hybrid on Control, MPC reduces fuel
electric  ve- Automation consumption and
hicles  with and Systems improves the fuel
linear param- economy at high
eter  varying speed.  Training of
model system requires a

long time.

10 Output Volt- 2019 IEEE Access  Lyapunov This nonlinear con-
age Regula- redesign troller  helps  to
tion of FC-UC and Integral remove the steady
Based Hy- Backstep- state error which
brid Electric ping is present in sim-
Vehicle  Us- ple/conventional
ing  Integral backstepping  con-
Backstepping troller.

Control

13



2.2. CONTROL TECHNIQUE REVIEW

Sr. Paper Year Journal Technique Outcome

No.

11 Design of 2020 Journal of ITSMC The terminal sliding
integral  ter- Electrical mode can let the
minal sliding Power and errors of reference
mode con- Energy  Sys- and actual values
troller for the tems approach zero in a
hybrid AC/DC limited time. It is
microgrids robust and shows
involving re- a fast dynamic re-
newables and sponse. It reduced
energy storage chattering which has
systems been observed in the

case of conventional
SMC.

12 Multistage 2020 Journal of En- Adaptive Adaptive terminal
adaptive non- ergy Storage Terminal SMC controller
linear control SMC model parameters
of battery are tuned using a
ultracapacitor genetic algorithm
based plugin (GA), the controller
hybrid electric adapts the unknown
vehicles parameters of the

system giving fast
and robust response
and good tracking
performance.

13 Barrier 2018 Automatica Barrier First-order  systems
function- SMC whose  disturbance

based adaptive
sliding mode
control

is bounded with an
unknown boundary.
It ensures the conver-
gence of the output
variable and main-
tains it in a predefined
neighborhood of zero
independent of the
upper bound of the
disturbance, without
overestimating  the
control gain.

14



Chapter 3

Mathematical Modeling

3.1 Hybrid Energy Storage System Modelling

In this chapter, we present mathematical model of the proposed HESS comprising

of a PEM FC, supercapacitor, battery and grid to vehicle (G2V) charger.

3.1.1 Grid to vehicle charger modeling

PHEVs need an external charger to quickly charge the vehicle battery. Multiple
types of chargers are proposed in the literature [30]. An external G2V charger re-
duces weight and cost of PHEV because an external charger is present at a shared
charging station.

Mathematical modeling and MATLAB simulations are used to demonstrate
the charging performance of G2V PHEV chargers. Rapidly increasing PHEV's and
G2V charging stations can result in power factor (PF) adjustment issues and har-
monic oscillations [31]. Conventional chargers are unidirectional and use constant

voltage (CV) and constant current (CC) charging methods [32]. As compared to

15



3.1. HYBRID ENERGY STORAGE SYSTEM MODELLING

bidirectional chargers, unidirectional G2V chargers are more popular because of
their safety ratings [33].

The proposed storage system consists of ten batteries of 24 volts each. All bat-
teries are connected in parallel to make a battery pack of 240 volts. Charging time
and battery lifespan are important characteristics for measuring G2V charger per-
formance. Charger design depends on the components used and control algorithm
applied for efficient charging. The control algorithm ensures smooth charging and
rapid transient response [34].

The proposed system is similar to [35] in which a buck converter is used to
charge the battery when vehicle is parked at the charging station. Fig. 3.1 shows
full bridge rectifier for converting AC-DC followed by resistor-capacitor (RC) fil-
ter and a buck converter [36]- [37]. Single-stage AC-DC conversion results in
multiple low-frequency ripples in the DC current. Whereas, two-stage power con-
verter for converting AC-DC and then DC-DC results in a small ripple. Therefore,
two stage scheme is used to charge batteries having high power rating [38]. SoC

function shows the level of charge of the battery relative to its capacity:

SoC =

(3.1)

nom

where C is real capacity (Ah) and C,,, is nominal stored capacity (Ah) of the
battery.

SoC and impedance govern the charging voltage of battery V. Charging cur-
rent I, is governed by energy management algorithm that monitors voltage, SoC

and temperature of the battery [39]. Following equations show active and reactive

16



3.1. HYBRID ENERGY STORAGE SYSTEM MODELLING

power of the grid when it is connected to G2V charger for charging the battery:

P=Vlicos6 (3.2)

Q = VIsin® (3.3)

where P denotes the active power, Q denotes the reactive power, 6 denotes phase
angle, V denotes grid voltage and I is the grid current.
Charging power P can be represented in terms of charging source efficiency n

as:

P =mnVIcosO (3.4)

L
<
L

1
1
I >
A D, ==, mgé&m
1
1
1
1

~

Figure 3.1: PHEV G2V charger model

The DC-DC buck converter consists of a diode D, inductor L, capacitor C,

resistance R and a switch S. Inductor volt second and capacitor charge balance

17



3.1. HYBRID ENERGY STORAGE SYSTEM MODELLING

equations are used to derive the state space model of the buck converter used in

V2G charger given as:
x V
(3.5)
oo Vel X1
" RC ' C

where x| is the average inductor current < I7; >, x, is the average output voltage
< V., > and u is the control input.

The parameters L, C and RC used in eq. (3.5) are difficult to calculate. These
parameters vary slowly with time and for using them in the design procedure of

the adaptive controller, we make following replacements:

0 = — (3.6)

where 0;, 6, and 65 are time-varying parameters. Substituting the time-varying
parameters from eq. (3.6) to HESS model eq. (3.5), the G2V charger modeling
can be presented as:

X = 91Vg‘u — 01x> a7)

Xy = 6x1 — 93Vgu

In model (3.7), the G2V charger model is obviously MIMO nonlinear system, so

a nonlinear controller is required.

18



3.1. HYBRID ENERGY STORAGE SYSTEM MODELLING

3.1.2 Hybrid energy storage system modeling:

In this section, the mathematical model of HESS is presented. Fig. 3.2 shows the
model of HESS for the PHEV. This includes DC-DC converters when connected
to FC, battery and supercapacitor. The proposed system consists of inductors L1,
Ly, L3 with resistors Ry, Ry, R3, a diode Dy, capacitor Cy and switches Sy, S», S3,

S4, S5 of IGBT controlled by the input gate signals u1, up3, and uys.

FC operation

FC is connected to DC-DC boost converter that connects the FC to DC bus. It
consists of switch Sy, with two states, which decides operating modes of the con-
verter [15]. Following mathematical model of the boost converter can be obtained

by applying Kirchhoff Voltage law:

dife 1

o~ 1, Ve Rifpe= (1 —u)Vo) (3.8)
dvg 1. .
d—to = o lirel —w) =] (3.9)

where i, represents input current of the inductor, i; represents output current of
the converter, V. represents the voltage of FC, u; represents the control input and
Vo represents the output voltage of converter.

Battery operation

Battery is connected to DC-DC buck-boost converter that connects the battery to

DC bus. It consists of switches S, and S3 [15].
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3.1. HYBRID ENERGY STORAGE SYSTEM MODELLING
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Figure 3.2: Circuit diagram of HESS of PHEV

When S3 is OFF (i, > 0) and S is ON, the converter works as a boost con-
verter in discharging mode. When S3 is ON (i, < 0) and S, is OFF, the converter
works as a buck converter in charging mode. During discharging, the mathemati-
cal model of the converter is expressed as:

di 1 )
d—t” = LR £V = (1= 1)V, (3.10)
where u, is control input, battery current is represented by i, and battery voltage

is represented by Vj,. During charging, the mathematical model of the converter
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3.1. HYBRID ENERGY STORAGE SYSTEM MODELLING

can be expressed as:

di, 1
— = —|—Ryip +V, —usV, 3.11
I Lz[ 2ip + Vi —uzVy) (3.11)

where u3 is control input, i, is the output current from buck-boost converter. For

the combine equation of buck-boost converter in terms of variable G is defined as:

G 1, if ipef >0 (Boost)

0, if ipref <O (Buck)

where iy, s is the reference current of the battery. Combined mathematical model

of battery converter can be obtained as:

uzng(l—uz)—l—(l—G)ug, (3.12)

Hence, the global battery model can be written as:

di, 1
— = —[—Ryip, +V, — V 3.13
o Lz[ 2ip + Vi — up3V,] (3.13)

The output current equation will be written as:

i» = un3ip (3.14)

Supercapacitor operation

Supercapacitor is connected to DC-DC buck-boost converter that connects the

battery to the DC bus. Since the battery UC current flows in both directions so it
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3.1. HYBRID ENERGY STORAGE SYSTEM MODELLING

has both charging and discharging properties. Combined equations for charging

and discharging can be obtained in the same manner. Defining variable G as:

G L, if iscref >0 (Boost)

0, if iscrer <0 (Buck)

where iy r 18 the reference current of the supercapacitor. Combined mathe-

matical model of battery converter can be obtained as:

u45:G(1—u4)+(1—G)u5 (3.15)

Hence, the global model of the battery is written as:

digc
dt

1 :
= 173 [_R?)lsc + Ve — u45V0] (3.16)
The output current equation will be written as:
I3 = Uysigc (3.17)

HESS global modelling

From fig. 3.2 one can find the output current (i,) equation using Kirchhoff current

law (KCL).

ip =11 +ip+13. (3.18)
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3.1. HYBRID ENERGY STORAGE SYSTEM MODELLING

Substituting values of i, and i3 from eq. (3.14) and eq. (3.17) in eq. (3.18):

i1 = ip — Up3ip — Uasisc (3.19)

Substituting the value of i| from eq. (3.9) in eq. (3.19) gives:

av 1 ) . . .
d_to = C—O[(l —u1)ife+ u3ip + ussise — io) (3.20)

State space model

For controller design, the average control model is used by averaging it for one
time period and replacing < iy. >, <1ip >, < iy > and <V, > by x1, x2, x3 and

x4 respectively, we get:

i Rl + 1 v 1—u1 )
X =— —x1 4+ —Vp. — x
1 Ll 1 Ll fc Ll 4
R 1
L, Ly Ly
(3.21)
: Rs 1y s
X3 —=— —X — Ve — —X
: L3 . L3 > L3 4
) 1 ‘
Xg =—[(1 —u1)x1 + uz3x2 + ug5x3 — o] /

Co

The parameters R, Ry, R3, Li, Ly, L3 and C used in eq. (3.21) are difficult to
get precisely in practice. Considering these parameters as time-varying and in-

corporating them in the design procedure of the adaptive controller, the unknown
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3.1. HYBRID ENERGY STORAGE SYSTEM MODELLING

parameters in the HESS model can be defined as follows:

11 1)
91:_:_:_
Li L, L;
R, R, R;
=L ="2_33 3.22
T L L L3> (3.22)
1
0 = —
3 Co )

Substituting the time-varying parameters from eq. (3.22) in eq. (3.21), the HESS

modeling can be simplified as:

X1 =—0x1 — (1 —u1)91X4—|—91X1

Xy =— 6x2 —u2301x4 + 61x2
(3.23)

X3 =— 6x3 —ug501x4 + 01x3

X4 =03[(1 — ur)x1 + uzsx2 + ugsx3 — i) |

The eq. (3.23) shows that HESS is MIMO nonlinear system, so it is necessary to

design an effective nonlinear control strategy.

24



Chapter 4

Methodology

4.1 Energy Management Algorithm for Plugin Hy-

brid Electric Vehicle

Fig. 4.1 shows the energy management algorithm of the PHEV for an efficient
management of energy sources. The proposed energy management algorithm is

designed by keeping in view following requirements:
« Efficient distribution of power according to load requirements.
* Equal utilization of all power sources such that none of them is over-loaded.

* Smart management of power such that the SoC of the battery and the super-

capacitor stay within safe limits for extended operation.

Keeping in view the SoC of power sources and load variations, following two
modes of operation are defined:

1. During parking mode (SoC < 15%), the vehicle battery will be charged
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ELECTRIC VEHICLE
Start
heck S0C
Parking Mode |« of Battery Driving Mode
(SOC=15)
Y l
. Monitor Battery
Charging Battery soc
. = Ves Charge Battery
<_
Stop Charging S0C<=4 (From Load )
Mo
Vv
Continue Charging Monitor UC SOC

Charge UC (From
regenerative Breaking)

ldle Condition

Figure 4.1: Flow chart of battery and supercapacitor state of charge

using proposed G2V charger until the battery is charged to 90% of its maximum
capacity. When the battery reaches 90%, the charging will be stopped.

2. During driving mode (SoC > 15%), the SoC of vehicle battery will be con-
tinuously monitored. FC and battery will supply the required load. Here battery
will be used for the normal load and the supercapacitor for the transient load con-
ditions. If the SoC of the battery is less than 45%, then battery will be charged

from the load. If the battery SoC is more than or equal to 45%, controller will
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4.2. CONTROLLER DESIGN AND STABILITY ANALYSIS

monitor the SoC of supercapacitor. If supercapacitor SoC is less than 90%, the
supercapacitor will be charged using excess energy from FC, battery and regen-
erative braking. The SoC of the battery and the UC are represented by following

equations:

1
SOCb = SOCb,‘ - m/lbdt (41)

1 :
SOCSC = SOCYC,‘ — m /lscdl (42)

where SoC}, 1s the present state of charge of the battery, SoC;. is the present state
of charge of the SC, SoCy, is initial state of charge of battery, SoCj,, is the initial
state of charge of the supercapacitor; Cj and Cy. are the capacities of battery and

supercapacitor respectively.

4.2 Controller Design and stability analysis

To achieve the control objectives, AST-SMC based controller is designed for

charger system and energy management system of the PHEV.

4.2.1 Controller design of charger

For ensuring the DC bus regulation of PHEV, the DC-DC buck converter is used
to provide fast charging and increased safety. For designing AST-SMC based

charger, following current and voltage errors are defined to track the values to the
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4.2. CONTROLLER DESIGN AND STABILITY ANALYSIS

desired reference points:

€1 = X1 — Xlref

4.3)
€2 = X2 —X2ref

where Xy, f=I1rer and x,0=Vyer. Iprer and Vy.r are the references of inductor
current and output voltage respectively. Due to non-minimum phase behaviour of
buck converter, x; state tracks the reference value directly. Taking time derivative

of eq. (4.3), and substituting the value of X, from eq. (3.7), we get:

Defining the following sliding surface of AST-SMC to get the control law p of

the charger:

Sy = Cren 4.5)

where ¢; is gain parameter of the sliding surface of AST-SMC having positive

constant value. Taking time derivative of the sliding surface eq. (4.5), we get:

Sy = Cp€7 (4.6)

Substituting the value of ¢, from eq. (4.4) in eq. (4.6) yields:

$2 = €2[02x1 — O3Vl — Xpef] 4.7)
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4.2. CONTROLLER DESIGN AND STABILITY ANALYSIS

To ensure the finite time convergence of the AST-SMC controller, the correspond-
ing adaptive estimation errors 61, 6, and 65 are defined for 01, 6, and 65 respec-

tively as:

3\

é] = él — 6
éz = ég — 6 (4.8)
é3 = é3 — 93)

Consider Lyapunov candidate function (LCF) is defined for the asymptotic stabil-

ity of the controller given as:

1 1 - 1 .
V=-s2+—07+— 6? 4.9
272y 22y ] (49)

where 95 and 73 are the gain parameters of adaptive law. Taking time derivative of

eq. (4.9), we get:
. R Y
V=s$+—6,60,+— 0503 (4.10)
N |2
Substituting the value of s, from eq. (4.7) into eq. (4.10):

. 1 -~ = 1 - =
V = s002[6hx1 — 63V, u —eref] + ﬁ 6, 6, + % 65 65 4.11)

To obtain the adaptive control incorporated with AST-SMC, eq. (4.11) be-
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4.2. CONTROLLER DESIGN AND STABILITY ANALYSIS

comes:
1 =
— 0 —s702x1)
o (4.12)
+ 63(— 63 +S2C2vg,u)
)2}

V = s0¢2(0hx1 — B3Vt — arer) + 63 (

Keeping in view the boundedness of time-varying parameters, following adaptive

parameter update laws are defined:

éz = ylproj(éz,szcle) (4.13)
05 = —1proj(6y,s2c2vg1t) (4.14)

Note that a priori information about boundedness of uncertain slowly-varying pa-
rameters is required in sliding mode control. Keeping in view the boundedness of

slowly varying parameters, following Proj, operator is defined:

0 if6 = Oandt >0

Projs =< 0 if6 = Bpaxand 7 <0

T otherwise

where Qpnax is the upper bound of 0. Proj, stands for projection operator which
guarantees boundedness of the estimated parameters by projecting them to bound
intervals [40]- [41]. For the asymptotic stability of charging source using AST-

SMC controller, taking s, that meets the stability constraint requirements and
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4.2. CONTROLLER DESIGN AND STABILITY ANALYSIS

equating it with eq. (4.7), gives:

Sy = a1|s1|ﬁsgn(%) —a /sgn(%)dt S
(4.15)

= c2[0ox) — B3Vt — Koyt

Note that |s; |ﬁ ensures the convergence of the system to the sliding manifold
and ¢; is used for reducing the chattering effect. a; and a, are positive gains. sgn

is signum function defined below:

sgn(x) =

o =k
= =
[N
(@) (@]

Supertwisting sliding mode algorithm with saturation function for reduced chat-

tering can be introduced as:

S
L =a1|s1|ﬁsgn<¢—ll>+u

. s
:az/s n—dt
H 8 o1

Solving eq. (4.15) for u, we get:

1 a K} a K}
= (st Psgn(H) +2 [sgn(Shya
0V, 2 o o 1 4.16)

+62x1 —%2ref]

For the stability analysis, substituting the values of éz, 53 and U into eq. (4.12)

gives:
S1

V = —soa1ls; ]sgn(%) —szaz/sgn(a)dt <0
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4.2. CONTROLLER DESIGN AND STABILITY ANALYSIS

Lyapunov stability analysis shows that the proposed controller is asymptotic sta-

ble.

4.2.2 Control design of energy management system of PHEV

AST-SMC controller is designed for the PHEV to give regulated DC bus voltage
and accurate charging voltage for all possible (low speed, high speed, steady and
transient) loads. The designed controller should be able to track the source cur-
rents and DC bus voltage to the desired values in efficient and effective way. It
should also be able to monitor the SoC of battery and supercapacitor. Stability 1s
also a requirement in the controller design.

To ensure the DC bus voltage regulation of PHEV, the DC-DC buck converter
should cater for parametric variations and model uncertainties. The boost con-
verter shows a non-minimum phase behaviour. Output voltage of the converter is
regulated indirectly by regulating the input current. The inductor input current iz,
tracks the desired reference current iz, r according to the law of conservation of

energy [42]. Output power is represented by the following equation:
Py = Pfc+ Py + Py 4.17)

where By is output power, Py, is fuel cell power, P, is battery power and Py is
the supercapacitor power. Rearranging output power equation (40), the reference

power for FC can be obtained as:

Preres =& (Rouy = Pucry = Py ) 4.18)
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where A is identity factor and its value must be greater than 1. Rearranging output

power equation (45), the reference current for FC can be obtained as:

(VQ k i()) — (Vuc X iuc) — (Vb * ib)

4.1
Vi (4.19)

ifcref =1

For designing the AST-SMC, the following current and voltage errors are de-

fined to track the values to the desired reference points:

€ = Xi — Xiref, Vi= 1,2,3,4. (4.20)

For the regulation of the DC bus voltage of energy management system, the error

terms must go to zero. Taking time derivative of eq. (4.20) gives:

.
€1 = X1 —Xpef

€2 = X2 — Xref “21)
€3 = X3 —Xpef

€4 = X4 — Xref |

Substituting the values of x|, x», x3 and x4 from eq. (3.23) in eq. (4.21) gives:

é1 = —06rx; — (1 —u1)91X4+ 01x — Xlref

€y = —0rx2 —u301x4 + 01x2 — Xopef
(4.22)

€63 = —0rx3 — uy50 x4 + 01 x3 _x3ref

éq = 03((1 —u1)x1 +uz3x2 + uasxs —io — Xaref) |

Defining the sliding surface of AST-SMC to get the control laws u, uz3 and uys
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of PHEV as:

si=cie; Yi=1,2,3,4 (4.23)

where ¢; is gain parameter of the sliding surface of AST-SMC having positive

constant value. Taking time derivative of the sliding surface eq. (4.23), we get:

$1=C1€1; $2 = C2€2; §3 = C3€3; S4 = C3é4 (4.24)

Now substituting the values of é1, é;, é3 and é4 from eq. (4.22) in eq. (4.24), we

get:

S1 =] [—92)61 — (1 — u1)61x4 + 01x; _xlref]
§y = C2[—92X2 —u301x4 + 01x2 _XZref]
83 = ¢3[—62x3 — uy501x4 + 01X3 — X3/ 7] (4.25)

S4 = c4[(1 —u1)63x1 + u2303x2 + u4563x3 — B3ip

_x4ref]

To ensure the finite time convergence of the AST-SMC controller, the correspond-
ing adaptive estimation errors él, 6, and 65 are defined for 01, 6, and 65 respec-

tively as:

)

6, =6, — 6,
8 =6,—6, (4.26)
é3:é3—93

J
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Following Lyapunov candidate function is defined for the asymptotic stability of

the controller:

1 1~ 1~ 1 «
V=_(st+s3+s3+si+— 65+ — 67+ — 67) (4.27)
2 N » »

where 7, P, and ;3 are the gain parameters of adaptive law. Taking time

derivative of eq. (4.27) gives:

- . . . oS A
V = 51851 + 528 + 5383 + 85484+ — 01 6;
. yll . (4.28)
+— éz 6+ — é3 0;
)23 P&}
Substituting the values of sy, §», §3 and s4 from eq. (4.25) in eq. (4.28) yields:

\
V= Slcl[—ele - (1 — u1)91X4 + 01x; _xlref]

+5202[—602x2 — u2301x4 + 012 — X2y 7]
+5303[—60rx3 — ug501 x4 + 013 —X3,ef] (4.29)

+saca[(1 —up)03x1 + ur303x7 + uygs563x3 — G300

1 ~ ~ 1 ~ 2 1 ~ 2
—Xdref|l +— 0161 +— 60, 6,+— 050
dref] GOt GO0 65
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Incorporating the adaptive control estimators from eq. (4.26) in the eq. (4.29):

\

V= S1C1[—éle + éle — él<1 — ul)X4

+ él(l — ul)X4 + élxl — élxl _xlref]
+S2C2[—ézx2 + ézXz — é1u23X4 + élu23X4
+é1x2 — él)Cz — eref] +s53¢3 [—éz)@ + é2X3
. B A B (4.30)
—O1usasxs + Ougsxg + 01x3 — 01x3 —X307]

+S4C4[(1 — ul)ég,xl — (l — ul) é3X1 +u2393x2

—u23 03x7 + ugs603x3 — ugs B3x3 — B3i, + 630,

1 -~ x 1 ~ % 1 -~ =
—X4pefl+— 0160 +— 60, 6,b+— 630
dref] yy D10t 02642665

J

Rearranging the V in eq. (4.30) gives:

V = 51C1 [—éle — (1 — ul)é1X4 + élxl _xlref]
5262~ 022 — 23 01x4 + 012 — Ko f] + 53636223
—U45 él)C4 + é1X3 _x3ref] + S4C4[(1 - ul)égxl

A A A . ) ~ 1 x
+up3603x0 + 14503x3 — 631, _x4ref] + 0, (E 0,

+s1c1((1—up)xg +x1) 4+ s202Up3x4 — S2C2X0+ 4.31)

~ 1 =z
s3¢3(ugsxq —x3)) + 62(% 0+

S1C1X] + $2C2X0 + $202X7)
~ 1

+ 93(% él — S4C4(1 — ul)xl — §4C4U23X)

—8$4C4U45X3 + S4C4lp) )

Keeping in view the boundedness of time-varying parameters, following adap-
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tive parameter update laws are defined:

3\

01 = 11proj(Br,—sic1(1—ur)xa — sic1xy
—82CoU3X4 + S2C2 XD — S3C3U45X4 + S3C3X3)
0> = Yoproj(6r, —sic1x1 — 20232 — 52¢2%2)
é3 = }/3pr0j(93, S4C4(1 — ul)xl + sqcqU3X)

+S4C4U45X3 — S4C4i0) J

(4.32)

To ensure asymptotic stability of energy management system of PHEV using

AST-SMC controller, we use the s7, s>, s3 and s4 in eq. (4.31) and perform fol-

lowing substitutions:

S S )
—a1|s1|asgn(¢—11) —ay /sgn((P—ll)dt

= [_éle — (1 — ul)é1X4 + é]xl _xlref],

S S
—a3|salPsgn(2) — a4 / sen(“2)dt
[0)) [0

= C2[— 62 — up301x4 + O1X2 — Xrep),

s s
—a5|S3|7sgn(¢—33) —ag /sgn((z)—z)dt

=3[ = 02x3 — ug501x4 + 0123 — X3ref]

(4.33)

where a1, ay, a3, a4, as, and ag are positive gains, |s1|%, |sz|ﬁ, and |s3|” ensure

the convergence of system to the sliding manifold and are used to minimize the

chattering effect.
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Table 4.1: Parameters of G2V charger

G2V Voltage 220V
Frequency 50Hz
Resistance Ry, R 20Q, 15mQ

Capacitance Cy, C | SOuF, ImF
Inductance Ly, L | 4.2mH, 10mH

Table 4.2: Specification of power sources

PEM Fuel Cell 350V, 20kW
Li-ion Battery | 230VDC, 30Ah
Supercapacitor | 205VDC, 2700F

Solving eq. (4.33) for uy, urz and uys, we get:

)+ — - /sgn((p1

—0yx1 + 01x1 + %10 f]

aq
e /sgn<¢1>

—0yx7 + 012 — X2 ]

1 .a; S1 a6/
= sen(— )+ sen
B g (¢1) gn(=1)dr

)dt

B
- st Psen )

[ ISdﬁsgn(

Ugs =

ul}

0203+ 0133 — X3 0] J

)

(4.34)

Substituting the value of él, éz, and é3, and uy, up3 and uys from eq. (4.32) and

eq. (4.34) respectively into eq. (4.31), It can be seen that V < 0 which means the

system meets the asymptotic stability property.
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Table 4.3: PHEV simulation parameters

DC converters parameters

Switching Frequency 100kHz
Inductance L1, Ly, L3 100mH
Resistance Ry, R>, R3 20mQ

15mF

Capacitance Cy

Gain parameters values

Variables and values

Proposed nonlinear controller
Cl1 = 0.01

AST-SMC controller cr=0.1
c3= 0.1

c4=0.1
ai = 1000
az, a4, ag = 10
az, as = 100
01, 92, 93, 04 =0.8
o, B,y=0.6

39



Chapter 5

Results and Discussions

In this section, the simulation results of the proposed AST-SMC controller for
HESS of FC, supercapacitor and battery based PHEV are presented. The proposed
controller is also compared with state of the art controllers. Simulation results of
the proposed G2V charger are also presented using MATLAB/Simulink software.

Finally, the simulation results are validated by comparing them with HIL results.

5.0.1 MATLAB simulation results

Tables 4.1, 4.2 and 4.3 show the model parameters used for performing simula-
tions. Table 4.1 details the specifications of the G2V charger. Table 4.2 presents
the parametric values of the HESS. Table 4.3 shows the nonlinear control design
parameters followed by the values of adaptive gains for the proposed control sys-
tem. The simulation results are presented in figs.. (5.1)-(5.9).

The proposed AST-SMC controller is tested using extra urban driving cycle
(EUDC) load profile [11] in which load current varies with varying speed and

loads of EUDC. Load current variations are between —80A and 40A as shown in
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fig. (5.1). Figs. (5.2)-(5.4) show the current tracking for FC, supercapacitor and
battery respectively. As FC has low power density, it is used for constant and
low load conditions. During high load requirements, all three sources are used
to keep up with the increasing demands of the PHEV. During load transients, su-
percapacitor is used to rapidly provide the required energy for a short duration.
These figures show that the proposed AST-SMC controller successfully tracks all
the reference currents. Fig. (5.5) shows that the proposed controller tracks the
desired DC bus voltage (400 Volts). Fig. (5.6) shows that the proposed AST-SMC
controller performs better than Lyapunov redesign, synergetic and SMC based
controllers as they take some time to reach the desired voltage. The proposed
controller settles to the desired value within negligible time but SMC has chatter-
ing problem. The proposed controller has zero steady state error but Lyapunov
based controller has some steady state error. Figs. (5.7) and (5.8) show the error
and input signals respectively. Fig. (5.9) shows that the proposed G2V charger
performs well and keeps the battery voltage to the desired value of 24 volts. It
is clear that the proposed charger has faster response and safer operation. Over-
shoot of the proposed charger can be further reduced by using filters and signal

processing techniques.

5.0.2 AST-SMC controller hard in loop results:

For further verification of the proposed AST-SMC controller, the proposed scheme
is implemented on real-time HIL controller. Fig. (5.10) shows the experimental
setup consisting of MS320F2837xD dual-core delfino microcontroller, personal

computer, and MATLAB/Simulink software.
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Figure 5.2: Fuel cell tracking current

The plant model of PHEV has been simulated in MATLAB/Simulink and then
converted to executable code for performing the HIL. After this, the executed code
is burnt into the dual-core delfino microcontroller for the generation of pulse width
modulation for switching of the DC-DC converter. The plant has been simulated
for 50s time to facilitate the EUDC speed profile of the vehicle. The matlab simu-

lation results are then compared with HIL results to check the performance of the
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controller in real-time application.

Fig. (5.11) shows HIL results for DC bus voltage response. Few oscillations
are observed in the figure, but the overall performance of the controller is up to
the mark. It can be seen that the DC bus voltage is maintained and regulated at

400 volts.
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Chapter 6

Conclusion and Future Work

6.1 Conclusion

In this research, AST-SMC is proposed for the regulation of DC bus voltage of
the FC, battery and supercapacitor based PHEV. FC is the primary power source
whereas battery and supercapacitor are the auxiliary sources. A G2V charger is
proposed for faster and safer charging of PHEV. AST-SMC is used to regulate
G2V charger voltage, DC bus voltage of HESS, and to maintain the power bal-
ance among the sources. Lyapunov stability analysis shows that the proposed
system is asymptotically stable in the presence of load variations and parametric
uncertainties. Proposed controller is compared with Lyapunov redesign, syner-
getic controller, and conventional sliding mode controller. Comparative analysis
shows that proposed controller is more robust to parametric variations and model
uncertainties. Real-time validation of the proposed controller, is performed using
HIL simulation. Results show that the proposed controller regulates the DC bus

voltage under all load conditions and has a good transient response.
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6.2. FUTURE WORK

6.2 Future Work

In future, the Hybrid energy storage system can be improved by adding more
power sources. The energy management system could be refined using artifi-
cial intelligence (Al), artificial neural network (ANN) and advance nonlinear con-
troller. To optimize parameters used in the energy management system can be
optimized using different optimization algorithms. Size of the DC-DC converters
can be reduced to reduce the size and cost of the over all system. Additionally,

actual implementation of PHEV can be done in laboratory.
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