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Abstract

During the latter part of the 20th century there have been changes which may make the electric
vehicle a more attractive proposition. Firstly, there are increasing concerns about the environment,
both in terms of overall emissions of carbon dioxide and also the local emission of exhaust fumes
which help make crowded towns and cities unpleasant to live in. Secondly there have been
technical developments in vehicle design and improvements to rechargeable batteries, motors and

controllers.

Generation of electricity from photovoltaic has obtained worldwide acceptance due to its eco-
friendly nature and abundant availability. However, we also need solar PV to consider the other
electrical systems of the vehicle, the lights, indicators, accessories such as the radio, etc. This
availability is subjected to variation owing to many factors such as in shadow, irradiation,
temperature etc. Therefore, practical measurements of atmospheric temperature and solar
irradiation change are made over several days. the presents evaluation for different control
techniques among the most usual maximum power point tracking (MPPT) algorithms. The
performance between fuzzy logic and PI controllers with P&O algorithm. This comparison will be
made with respect to the amount of energy extracted from photovoltaic (PV), using
MATLAB/SIMULINK, dynamic response, and use of sensors. In the experimental setup, a
digitally controlled boost DC-DC converter based on P&O algorithm for fuzzy logic and PI
controllers, is used to generate PWM pulses for the switches. The main experimental results show
the effect of solar irradiation and temperature for conventional MPPT algorithms and improved
MPPT algorithm using P&O with fuzzy logic controller. The fuzzy logic controller has merits of
its accuracy, reliability, faster dynamic response, and ability to track the global peak power

accurately under change in environmental conditions with almost zero steady state oscillations.

Inverter is substantially an interface between DC source like photovoltaic cell and AC networks.
There are many doable inverter topologies and switching schemes, and each one will have its own
relative benefits and downsides. Efficiency and output current distortion are two necessary factors
governing the selection of inverter system, two inverter switching strategies are explored. These
are the unipolar and bipolar current controlled inverter employing both the SPWM (Sinusoidal
Pulse Width Modulation) and the THPWM (Third Harmonic Pulse Width Modulation) techniques.
The models of these techniques are simulated using MATLAB-Simulink software. Simulation
results are compared with results of an experimental prototype to confirm validity of results. The

results are taken for both static and dynamic loads with different modulation index. Both simulated
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and experimental results are in a good agreement. The results showed that the unipolar switched
inverter offers low current distortion over bipolar switched inverter.

The constant V/F control method is one of the most common speed control methods for Induction
motors (IMs) used in industries. The present thesis studies the V/F control method of induction
motor and improves the motor performance with three proposed techniques. The performance of
induction motor drive with closed-loop V/F control method using different Pulse Width
Modulation (PWM) techniques such as sine triangle Pulse Width Modulation (SPWM), Third-
Harmonic Pulse Width Modulation (THPWM) and Space Vector Pulse Width Modulation
(SVPWM) is investigated using MATLAB/Simulink. Induction motor is modelled in the
synchronous g-d reference frame. The performance of induction motor drive with full load torque
is compared using these techniques for total harmonic distortion (THD), harmonics spectra,
utilization of DC supply voltage, fundamental peak of the output voltage and motor speed. The
dynamic performance of induction motor drive using SVPWM under reference speed and load

torque variations are investigated also.

the presents an adaptive (FLC) design technique for controlling an IM speed drive using fuzzy
Pl control and using only PI controller. which are supplied to SVPWM to generate switching
pulses for the inverter switching of IGBTs because low THD the output of voltage, the approach
a fitness to attain an optimum trajectory planning, the used of fuzzy logic with PI technique to
control the speed of three-phase IM. The use of MATLAB/Simulink to study performance is
evaluated in comparison with PI control scheme and FL-PI control the speed of asynchronous
machine, the mean absolute error (MAE) of the asynchronous motor speed response is used as a
fitness function. The actual velocity of an asynchronous motor is compared with a reference
velocity. The mistake is given through FL-PI and PI control, and their outputs control the focal
ratio of V/f control is applied to control the voltage magnitude of asynchronous motor. The
advantages of V/f control include low-cost because to need speed of IM implementation and the
best choices for variable speed and torque applications an optimal FLC based PI control efficiency
function is also employed to tune and minimize the mean absolute error to improve the
performance of the asynchronous motor in terms of changes in speed and torque. Results obtained
from the fuzzy-PI control are compared with those obtained through PI1 controller to confirm the
expanded controller. Results show that the FL-PI controller is better than the Pl controllers in all
tested cases in terms of damping capability, and transient response under different mechanical
loads and speeds and the FL-PI controller is better than the PI controllers TIM applies constant

speed and mechanical load variations.
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dynamic model of the induction motor in vector control form and characteristic features of the
FOC scheme were presented. Mathematical transformations are carried out using Clarke and Park
transformations to decouple variables and to facilitate the solutions of complicated equations with
time varying coefficients. The simulation of the IFOC scheme is described and the simulation

results are presented.

A dynamic simulation model of electric vehicle (EV) was developed using MATLAB/Simulink.
The EV model has a configurable structure that is suitable to simulation with multiple fidelity
levels. The model has a configurable structure that is suitable to simulation with multiple levels.
The powertrain system model developed using MATLAB/Simulink could also be used as a
generic, modular and flexible vehicle modeling platform to support the integration of powertrain
design and control system optimization.
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CHAPTER

Introduction

1.1 Introduction
The modern society is highly dependent on personal transportation. A large marked within this

area is the passenger car. In 2008 approximately 53 million cars were produced worldwide. The
main type of passenger cars is the internal combustion engine vehicle (ICEV). The increasing
number of ICEVs worldwide entails an increase in pollution of the environment and contributes
to the depletion of the oil resources[1].

The commercial electric vehicles were available by the end of the 19th century. The electric
vehicle (EV) has now entered its third century as a commercially available product and as such it
has been very successful, outlasting many other technical ideas that have come and gone. However,
electric vehicles have not enjoyed the enormous success of internal combustion (IC) engine
vehicles that normally have much longer ranges and are very easy to refuel. Today’s concerns
about the environment, particularly noise and exhaust emissions, coupled to new developments in
batteries and fuel cells may swing the balance back in favor of electric vehicles. It is therefore
important that the principles behind the design of electric vehicles, the relevant technological and
environmental issues are thoroughly understood[2].

Power electronics deals with conversion and control of electrical power in the wide range of
milliwatts to gigawatts with the help of switching mode power semiconductor devices[3]. The
applications of power electronics may include Direct Current (DC) and AC regulated power
supplies, uninterruptible power supply (UPS) systems, electrochemical processes , heating and
lighting control, electronic welding, power line static VAR compensators [SVCs, static VAR
generator, or static synchronous compensator (STATCOM)], active harmonic filters, high voltage
DC (HVDC) systems, photovoltaic (PV) and fuel cell (FC) power conversion, solid state DC and
AC circuit breakers, high-frequency heating, and motor drives. Motor drives area may include
applications in computers and peripherals, solid state starters for motors, transportation

(electric/hybrid electric vehicles (EV/HEV), subway, etc.), home appliances, paper and textile
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mills, wind generation system, air-conditioning and heat pumps, rolling and cement mills, machine
tools and robotics, pumps and compressors, ship propulsion, etc. In addition to applications in
energy systems and industrial automation, power electronics is now playing a significant role in
global energy conservation that is indirectly helping in the environmental pollution control, i.e.,
solving the global warming problem[4].

Over the past decades DC machines were used extensively for variable speed applications due to
the decoupled control of torque and flux that can be achieved by armature and field current control
respectively. DC drives are advantageous in many aspects as in delivering high starting torque,
ease of control and nonlinear performance. But due to the major drawbacks of DC machine such
as presence of mechanical commutator and brush assembly, DC machine drives have become
obsolete today in industrial applications, the robustness, less expensive, the better performance
and the ease of maintenance make the asynchronous motor advantageous in many industrial
applications or general applications. IMs are the most widely used motors in domestic appliances,
industrial control, and automation. Hence, they are often called the workhorse of the motion
industry. It is available from several watts single phase small motor designs, IMs evolved to tens
thousands of horse power (746 Watts/HP) driven by three phase mains voltages [5].

There are two types of rotor windings, are wounded rotor and squirrel-cage rotor. The Squirrel
Cage Induction Motors (SCIM) are more widely used than all the rest of the electric motors as
they have all the advantages of Alternating Current (AC) motors and are cheaper in cost as
compared to Slip Ring Induction motors (SRIM); require less maintenance and rugged
construction. Because of the absence of slip rings, brushes maintenance duration and cost
associated with the wear and tear of brushes are minimized. Due to these advantages, the IMs
have been the execution element of most of the electrical drive system for all related aspects:
starting, braking, speed change and speed reversal etc. [5].

Industrial drive applications are generally classified into constant speed and variable speed drives.
Traditionally AC machines have been used in constant speed applications, whereas DC machines
were preferred for variable speed drives. DC machines have the disadvantages of higher cost and
maintenance problems with commutators and brushes. Commutators and brushes do not permit a
machine to operate in dirty and explosive environment. An AC machine overcomes the drawback
of DC machines. Although currently, the majority of variable speed drive applications use DC
machines, they are progressively being replaced by AC drives. When power is supplied to an IMs,
it runs at its rated speed. However, many applications need variable speed operations. For example,
an electric vehicle (EV) may use different speeds for each speed cycle. Historically, mechanical

gear systems were used to obtained variable speed. Recently, power electronics and control
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systems have matured to allow these components to be used for motor control in place of
mechanical gears[6].

The growing energy demand is coupled with the possibility of lower supply of conventional
fuels[7]. Moreover, with growing concerns about environmental conservation, the electrical
energy from solar (PV) cells fed lighting in electric vehicle is currently regarded as a natural energy
source that is more useful. This is due to that it is free, abundant, clean, distributed over the Earth,
and contribute as a primary factor of all other processes of energy production. The used MPPT
techniques are important to extract the maximum power available in solar PV[8]. Therefore, the
operating current and voltage which maximize power output will be varied with environmental
conditions, the perturbation and observation P&O, the IC methods based on fixed iteration step
size are simple and have good performances. Therefore, they are characterized by slow
convergence, oscillations in the PV power around the MPP, operation failure under rapidly
changing atmospheric temperature, and irradiation conditions. Using small perturbation step size
will result in reduced oscillations, but the speed of tracking MPPT remains slower. To acquire a
fast response speed and to overcome the aforementioned drawbacks, a modified MPPT algorithms
with variable step size have been the subject of many investigations. Generally, the conventional
(IC) MPPT algorithm uses a fixed step size and oscillation can be reduced to track the (MPP)[9],
[10].

1.2 Thesis Objectives

The thesis objectives are summarized as follows:

1. Mechanical analysis of an electric vehicle using MATLAB/Simulink.

2. Performance comparison of fuzzy logic and pi controllers based on MPPT algorithms for
PV systems.

3. Comparison and Performance Analysis of Unipolar and Bipolar Digitally-Controlled
Single-Phase Inverters.

4. Modeling V/F control method of three phase IM with different PWM techniques as
SPWM, THPWM and SVPWM with the help of MATLAB/Simulink.

5. Introducing a FL-PIC to improve the performance of VV/F control for three phases IM using
MATLAB/Simulink.

6. A comparative analysis of scalar v/f and vector control with pi of induction motor drive.

7. Design and dynamics modeling for electric vehicle.

1.3 Thesis Contents

To achieve the above objectives, the presented thesis is organized in nine chapters in additions to

the list of references and appendixes, the chapters are organized as follows:
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Chapter 1 is titled "Introduction”. It demonstrates electric vehicle and power electronics
technology and its application. presents a comparison between DC an AC machine, solar (PV)
cells fed lighting of electric vehicle is currently important to extract the maximum power available
in solar PV and introduces summary about each chapter and its contents.

Chapter 2 is titled "literature Review". It introduces mechanical analysis of an EV is presented to
determine the forces acting on it when driving and modeling of three phase induction motor, based
on battery is sized in its capacity to provide enough energy to last a typical drive period in a day.

Chapter 3 is titled " Performance Comparison of Fuzzy Logic and P1 Controllers Based on MPPT
Algorithms for PV systems". A novel maximum power point tracking technique based on FL-
MPPT PV system has been presented, which has the ability to track the MPP when there are big
fluctuations of irradiation. The advantages and disadvantages of the FL-MPPT and P&O-MPPT
have been discussed. The designed membership functions of FL the controller where tuned based
on modified a P&O algorithm to incorporate the advantages of the PI-MPPT and the FL-MPPT as
well as to eliminate their drawbacks. A MATLAB-SIMULINK model for the PV system was
developed. The P&O-MPPT, FL-MPPT, PI-MPPT and proposed method were simulated, being

then compared, according to their common features.

Chapter 4 is titled " Comparison and Performance Analysis of Unipolar and Bipolar Digitally-
Controlled Single-Phase Inverters”. A comparison between unipolar and bipolar PWM techniques
is introduced employing SPWM and THPWM with various modulation ratio. The comparison
between the presented four topologies is presented for static and dynamic loads. The models of
these topologies are implemented by simulations and an experimental prototype. For static load,
SPWM technique with unipolar switching gives the least THD whereas SPWM technique with
bipolar switching gives THD less than THPWM technique with unipolar switching. For dynamic
load, also SPWM technique with unipolar switching gives the least THD whereas THPWM

technique with unipolar switching gives THD less than SPWM technique with bipolar switching.

Chapter 5 is titled " Comparative Evaluation of PWM Techniques with P1 based on V/F Control
for Inverter-Fed Induction Motor in electric vehicle". A comparison PWM techniques with Pl for
three-phase inverter-fed IM. Space-vector Modulation Technique is most popular and of much
importance among all the PWM techniques for three-phase inverter-fed induction motor. The
simulation and experimental results reveal that SVPWM gives 15% increase in the fundamental
output with better quality i.e. lesser THD compared to SPWM or THPWM. This can be observed
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in the comparison made between the three techniques for different modulation ratio. PWM
techniques comprising SPWM, THPWM, and SVPWM are implemented in
MATLAB/SIMULINK software and also an experimental prototype is implemented.

Chapter 6 is titled " presents an adaptive (FLC) design technique for controlling an IM speed
drive using fuzzy PI control and using only PI controller. which are supplied to SVPWM to
generate switching pulses for the inverter switching of IGBTs because low THD the output of
voltage, the approach a fitness to attain an optimum trajectory planning, the used of fuzzy logic
with PI technique to control the speed of three-phase IM. The use of MATLAB/Simulink to study
performance is evaluated in comparison with PI control scheme and FL-PI control the speed of
asynchronous machine, the mean absolute error (MAE) of the asynchronous motor speed response
is used as a fitness function. The actual velocity of an asynchronous motor is compared with a
reference velocity. The mistake is given through FL-PI and PI control, and their outputs control
the focal ratio of V/f control is applied to control the voltage magnitude of asynchronous motor.
The advantages of V/f control include low-cost because to need speed of IM implementation and
the best choices for variable speed and torque applications an optimal FLC based PI control
efficiency function is also employed to tune and minimize the mean absolute error to improve the
performance of the asynchronous motor in terms of changes in speed and torque. Results obtained
from the fuzzy-PI control are compared with those obtained through PI controller to confirm the
expanded controller. Results show that the FL-PI controller is better than the PI controllers in all
tested cases in terms of damping capability, and transient response under different mechanical
loads and speeds and the FL-PI controller is better than the PI controllers TIM applies constant

speed and mechanical load variations.

Chapter 7 is titled " A Comparative Analysis of Scalar V/F and Vector Control with Pl of
Induction Motor Drive". Fast response of vector control makes it better than other method of speed
control of induction motor. By using this method, we attend maximum response in minimum time.
By result analysis change in load torque speed attend reference speed in minimum time, by
comprise with scalar control method this method is fast accurate and control variable speed of
induction motor. We can control speed by varying parameters of motor, load torque, load limit
value. Its sharp and accurate function of flux and speed control. By redefining the maximum torque
and acceleration limit parameters the rise time could also be modified easily. The degraded
performance for a sampling time Scalar control is simple to implement, but the inherent coupling
effect (that is both the flux and the torque are functions of voltage or current and frequency) gives

sluggish response and the system is prone to instability because of a high order system effect. If
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the torque is increased by incrementing the slip or frequency the flux tends to decrease and this
flux variation is very slow. The flux decrease is then compensated by the flux control loop, which

has a large time constant.

Chapter 8 is titled " Design and Dynamics Modeling for Electric Vehicle". The methodology for
designing the propulsion and driving system using the Simulink program has been presented. The
analyzed driving system was divided into functional components: engine, gearbox and powertrain
with rubber wheels. For each component, key features and model limitations were identified. The
basic formulas and the mathematical relationships used in modeling have been demonstrated.
Mathematical formulas are written in a parametric manner using coefficients. The coefficients
values are given for the calculation of the propulsion engine, the driving wheels and the dynamic
effects on the vehicle. The equations described above allow for quick analysis of the output when

changing certain coefficients.
Chapter 9is titled " Conclusions and Suggestions for Future Work". It reports the main conclusion

that can be drawn from the thesis as a whole and summarizes the proposed future research work

in the area of control techniques of induction motor drive for solar powered electric vehicles.
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Literature Review

2.1 Mechanical Analysis of an Electric Vehicle
With all vehicles the prediction of performance and range is important. Computers allow us to do

this reasonably easily. Above all, computer-based methods allow us to quickly experiment with
aspects of the vehicle, such as motor power, battery type and size, weight and so on, and see how
the changes affect the performance and range. The first parameter we will model is vehicle
performance. By performance we mean acceleration and top speed, an area where electric vehicles
have a reputation of being very poor. It is necessary that any electric vehicle has a performance
that allows it, at the very least, to blend safely with ordinary city traffic. Many would argue that
the performance should be at least as good as current IC engine vehicles if large scale sales are to
be achieved. The first step in vehicle performance modelling is to produce an equation for the
tractive effort. This is the force propelling the vehicle forward, transmitted to the ground through
the drive wheels[11].

2.1.1 Tractive Effort
In this section a mechanical analysis of an EV is presented to determine the forces acting on it

when driving. The analysis also applies for an ICEV. In figure 2.1. The initial testing is conducted
in accordance with the scenario. Analysis of electric vehicle is required to get the suitable size of
the induction motor and battery source. First step is the modeling to make an equation of tractive
effort to determine how much load on the electric vehicle to a flat road condition. The tractive
effort on electric vehicle include rolling resistance force, aerodynamic drag, hill climbing force
and acceleration force should be studied further. The rolling resistance force is thrust into the front
of the electric vehicle[12]. This is equal to the transmitting wheel to be through a street like Fig
2.1 a diagram displaying the forces acting on a rear-wheel driven EV driving uphill is seen. The
forces acting against the direction of motion of the EV are the gravity (mg - sin (0 road)), the
aerodynamic drag Faqand the rolling resistance force Frr. The force acting in direction of the motion

is the traction force F..
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Fig 2.1:The forces acting on a vehicle moving along a slope

2.1.2 Rolling Resistance Force
The rolling resistance is primarily due to the friction of the vehicle tire on the road. Friction in

bearings and the gearing system also play their part[13]. The rolling resistance is approximately
constant, and hardly depends on vehicle speed. It is proportional to vehicle weight. The equation
IS:

Frr= Hrrmg (2.1)

where: Fr  Rolling Resistance [N]

M Rolling resistance coefficient [—]

m  Mass of EV [kg]

g Gravitational acceleration constant [m/s?]

where Uy is the coefficient of rolling resistance. The main factors controlling i are the type of tire
and the tire pressure. Any cyclist will know this very well; the free-wheeling performance of a
bicycle becomes much better if the tires are pumped up to a high pressure, though the ride may be
less comfortable. Typical values of . are 0.015 for a radial ply tire, down to about 0.005 for tires
developed especially for electric vehicles. the rolling resistance force is primarily caused by hysteresis
inthe tire material whendriving on a hard road surface. Infigure 2.2 the pressure distribution of the contact

area between the tires and the road is seen at standstill on a leveled road[14].
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Aty

Wiy
Fig 2.2: The pressure distribution of the contact area between tire and road at standstill on a

leveled hard road surface

2.1.3 Aerodynamic Drag
This part of the force is due to the friction of the vehicle body moving through the air. It is a

function of the frontal area, shape, protrusions such as side mirrors, ducts and air passages,

spoilers, and many other factors. The formula for this component is:

Fa = p Ar Cd v2 (2.2)
where: Faa  Aerodynamic drag [N]
p Density of air [kg/m?]

At  Frontal area of the EV [m?]
Cd Aerodynamic drag coefficient [—]

\ Velocity of the EV [m/s]
The drag coefficient Cd can be reduced by good vehicle design. A typical value for a saloon car is
0.3, but some electric vehicle designs have achieved values as low as 0.19. There is greater
opportunity for reducing Cd in electric vehicle design because there is more flexibility in the

location of the major components[15].

2.1.4 Hill Climbing Force
The force needed to drive the vehicle up a slope is the most straightforward to find as shown fig

2.1. Itis simply the component of the vehicle weight that acts along the slope. By simple resolution
of forces, we see that:
Fne = mg SiN(Oroad) (2.3)

where: Fre  Hill climbing [N]
m  Mass of EV [kg]
g Gravitational acceleration constant [m/s?]
Sin(Oread)  Gradient of the road
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If the weight of the vehicle is assumed to be equally distributed on all four wheels, the entire rolling
resistance force is found using equation (2.1) by applying the entire weight of the vehicle (mg

sin(Oroad)) instead of just the weight on the rear wheels[11].

2.1.5 Acceleration Force
If the velocity of the vehicle is changing, then clearly a force will need to be applied in addition to

the forces shown in Figure 2.1. This force will provide the linear acceleration of the vehicle, and
is given by the well-known equation derived from Newton’s second law,
Fa=ma (2.4)

where: Fa  Acceleration force [N]
m  Mass of EV [kg]

a  Acceleration [m/s?]

However, for a more accurate picture of the force needed to accelerate the vehicle we should also
consider the force needed to make the rotating parts turn faster. In other words, we need to consider
rotational acceleration as well as linear acceleration. The main issue here is the electric motor, not
necessarily because of its particularly high moment of inertia, but because of its higher angular
speeds[15].

gear ratio =G

tyre
tractive effort = Fie

Fig 2.3:A simple arrangement for connecting a motor to a drive wheel

Referring to Figure 2.3, clearly the axle torque Fier, where r is the radius of the tire, and Fy is the
tractive effort delivered by the powertrain. If G is the gear ratio of the system connecting the motor
to the axle, and T is the motor torque, the vehicle moves with angular speed then the angular
acceleration is required. Angular acceleration force is the force required by the wheels to make
angular acceleration (Fwa), as follow:
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p
Foa =132 (2.5)
where: Feoa Angular acceleration force [N]
I moment of inertia
a  Acceleration [m/s?]
r  Radius of the tire [m]
G Gear ratio
We must note that in these simple equations we have assumed that the gear system is 100%
efficient, it causes no losses. Since the system will usually be very simple, the efficiency is often
very high[16].

2.1.6 Total Tractive Effort
The total tractive effort is the sum of rolling resistance force, aerodynamic drag, hill climbing

force, linear acceleration forces and angular acceleration force as follow:
F= Frr +Fag + Fnc + Fa + Foa (2.6)

where:

Fyr is the rolling resistance force, given by equation (2.1).

Fad Is the aerodynamic drag, given by equation (2.2).

Fnc is the hill climbing force, given by equation (2.3).

Fa is the force required to give linear acceleration given by equation (2.4).

Fwa 1S the force required to give angular acceleration to the rotating motor, given by

equation (2.5).

The estimated of energy is required to be determine the battery capacity according to need. The
needed energy of electric vehicle is:

P=FexV (2.7)
where v is the speed of vehicle[17][18].

2.2 Modeling of Induction Motor

The proper modeling for induction machine is a key to apply the most efficient AC power supply
drive to the stator windings. Mathematical modeling allows the engineer to select the best suited
mathematical coordinate system transformations. These coordinate transformations are outlined in
this section[19].
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2.2.1 Three Phase Induction Machines
The equivalent circuit model of three phase AC machines is shown in Fig. 2.4 where the three

phases of the stator and the rotor are both modeled by inductive components and appropriate AC
voltage sources[20]. The stator three phase input voltages are given in equations (2.8) as well as
the induced rotor three phase voltages which are given in equations (2.9).
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-
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Fig 2.4: Idealized circuit model of three phase induction machine, showing the rotating
stator magnetic field and the mechanically rotating rotor.

The magnetically induced stator three phase voltages in the stator coils are:

dA
Vas = las Ras + dtas
dAp
Vbs = Ips Ras + FS
dA
Ves = Ies Ras + dtcs
(2.8)
The magnetically induced rotor three phase voltages in the rotor coils are:
dA
Var = Lar Rar + Tar
d Ay
Vor = Ips Rar + Tr
dA
Ver = Ier Rar + dtcr
(2.9)
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In the above equation the s subscript denotes variables and parameters associated with the stator
circuits and the r subscript denotes variable and parameters associated with the rotor circuits. The

flux linkages may be expressed as

)\Sabc] _ [LS Lsr] [is abc]
Arabc] ~ [Lg Lr]li. abc

(2.10)
The winding inductance
— 1 1 -
Lls + Lms - E Lms - E Lms
1 1
Ls=| — E Lins Lis+Lns — E Lms
1 1
- E Lms - E Lms Lls + Lms_
(2.11)
i 1 1
Llr + Lmr - E Lmr - E Lmr
1 1
LI‘ =| — E Lmr Llr + Lmr - E Lmr
1 1
| E Lmr - E Lmr Llr + Lmr_
(2.12)
2T 21\
cos(6,) Cos (9r + ?> Cos (Gr - ?)
2m 2m
Lsr = [Lys]™ = Lgr [ Cos <6r — ?) cos(6,) Cos (er + ?>
2T 2T
Cos (Gr + ?) Cos (9r - ?> cos(0,)
(2.13)

In the above inductance equations, Lis and Lms are, respectively. The leakage and magnetizing
inductance of the stator winding; Lirand Lmr are for the rotor winding. The inductance L is the
amplitude of the mutual inductance between stator and rotor windings.

The three-phase induction machine is therefore, represented in circuit form by employing the six
independent and distinct stator and rotor equations in (2.8) and (2.9), respectively. The flux linkage
that enters into the air gap region, has two parts and the mutual inductance between the rotor and
stator is depending on the rotor position, so it is depended on the rotor angle (8r). That means the
rotor and stator equations are depending on each other (mutual coupling). To make the dynamic
IM model easier, clever mathematical transformations or mappings between coordinate systems

are used, which is explained in the next section[21].
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2.2.2 Machine Model in Arbitrary Reference Frames
There are three main reference frames of motion, which could be used to model the three-phase

induction machine in its three main regions of operation. These are the stationary reference frame
for startup, the synchronous reference frame for equilibrium motion, and the rotor reference frame
for changing speeds by acceleration or deceleration. The two commonly employed coordinate
transformations with induction machine are the stationary and the synchronous reference frame.
These mathematical transformations, which are known as Park Transformation [22], can facilitate
understanding of the variation of the mutual inductance between the stator and the rotor under
differing rotation conditions[20].

Referring to Fig. 2.5 and deriving the equations for three phase induction machines in arbitrary
reference frame with the speed w; in the same direction of rotor rotation. This arbitrary frame can
then be specified as stationary or synchronous. When w = 0, this means the reference frame does
not move (stationary) and this transformation is commonly used in Adjustable Speed Drives.
Similarly, when the reference frame is revolving in the synchronous speed, the reference frame
can be represented in synchronous reference frame. This is a representation used to simulate power
system components. By applying rotating coordinate transformations to the stator and rotor
voltages, current and flux linkage equations, which are represented in equations (2.8) -(2.13)
respectively, those equations can be represented in simpler form by proper choice of reference
frames[23].

fq f,
fa| = Tqao(®) |fp
fO fc

(2.14)

O-axis

by

as-axis

/ cr d-axis

Fig 2.5: Relationship between ABC and qdo arbitrary coordinate reference frames.
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Where f can be stator or rotor voltage, current as well as a flux linkage of the stator or rotor of
the induction machine, located in the air gap region between stator and rotor. Tqdo (0) is the

associated torque transformation matrix.

[ 2T 210\ T
cos(0) Cos (9 — ?> Cos (6 + ?)
2 2m 2T
Tqd0(6) = 3 sin(B) sin (9 - ?) sin (e + ?>
1 1 1
2 2
(2.15)
The inverse of the transformation matrix obtained by matrix methods is:
cos(0) sin(0) 1
[ cos 1
-1 lCOS(G—z—ﬁ) sin(e—z—n) 1|
[quo(e)] = | 3 3 |
| 2T 2T |
[Cos (9 + ?) Cos (e + ?> 1J
(2.16)

2.2.2.1 The qdo stationary reference frame equations applicable for motor start up conditions
In summary we list below the various voltages in the stator and rotor as well as the flux linkages

which determine the various shaft torques in the" stationary qdo reference frame".
vi. = —S. + RIS
qs Wy, l-pqs sigs
Vi = iqﬁ + RIS
ds Wy, ds s'ds
p :
Vos = — + Rgi
oS Wb lI‘JOS S*0sS
p ' Wy s 1o
Vélsr = W_bl-pqsr - W_blpdr + Rr 1qu
w .
! r !
Vir = dSr - _qjélsr + er 1dSr
b Wp
p .
! ! !/ !/
Vor = — + R 1
or Wb L|JOI‘ r ‘or

(2.17)

Flux linkage equations in Matrix Notification
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USs| s + Xm 0 0 X, 0 0 1[1as]
Ul 0 Xps+%m 0 0 Xm 0 |{13s
s _ 0 0 XL 0 0 0 fios
I I 0 0 x5 +xn 0 0 {lirs
o 0 Xm 0 0 X +%, O irs
pol Lo 0 0 0 0 X ir |
(2.18)
The torque Equations is given as follows
3 p 1 '
Tem 22 W_(lpqsrl dr qr) N.M
3p 1 :
Tem =3 5w (Waslas — Waslas) N.-M
3 p 1 I
Tem =35 wr * X (Bl — 1315) N.M
(2.19)

2.2.2.2  The qdo synchronous reference frame equations applicable for near synchronous
equilibrium motor operation
For comparison we list below the various voltages in the stator and rotor as well as the flux linkages

which determine the various shaft torques in the “synchronous rotating gdo rotating reference

frame".
LI
qs — Wy, LIJqs Wi, lqus slgs
P P .

Vas = — Wgs + — Wgs + Rslg

ds Wy, LIst Wy, lljds s'ds

p .
Vos = W_blIJos + Rgigs

Vle — —LIJ’e _ We Wy lIJ’e + Rr ile
qr W, qr Wy, dr r ‘qr

Ve = qule _ We Wy 'e L R/ jre
dr W, dr Wy, qr r ‘dr
p .
o I AR
Vor = W_Lpor + Rr 1or
b

(2.20)

Flux linkage equations in Matrix Notification
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S| [Xus + Xm 0 0 X, 0 0 1[1Gs
P 0 Xs+x,; O 0 Xm 0 |{i&,
Yos| 0 0 XLs 0 0 0 llips
Ve | *m 0 0 Xy +xp 0 0 1ig:
q;éer 0 Xm 0 0 Xip T X;m E) ire
L|"OI' - 0 0 0 0 0 Xlr -12)1'
(2.21)
The torque Equations is given as follows
3p 1 ’
Tem = 232 W_b( qerldr dr qr) N.M
3 p 1 :
Tem = 22 w_ (qjds IIJSS ceis) N.M
3 1 ,
Tem =5 & s xm (18618 — 15615 ) N.M
(2.22)

It can be noticed that the equations (2.17)- (2.22), which represent the differential equations for
the dynamic simulation for three phase induction machines transformed to stationary and
synchronous reference frames, have the term y which is simply the multiplication of the flux

linkage A by the rated angular speed wp.
Y =Wp A (2.23)
X=wpL (2.24)

There is also the superscript s to indicate that the equation is represented in stationary reference

frame and the superscript e for the synchronous reference frame[24].

2.3 Analysis of Various Methods for Speed Control of Induction
Motor

The various methods of speed control of 3 — ¢ induction motor are as the following [24]:
Pole Changing.

Variable Supply Voltage Control.

Variable Rotor Resistance Control.

Variable Supply Frequency Control.

Constant V/F control.

Slip Recovery.

N o g bk~ w D

Vector Control.
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However, we shall not be analyzing the pole changing and the variable supply frequency methods
as these are very rarely used. Also slip recovery and vector control shall not be analyzing.
2.3.1 Variable Rotor Resistance

This method is applicable only to the wound rotor motor as external resistance can be added to it
through the slip rings. The torque-speed characteristics are shown in Fig. 2.6 below.
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Fig 2.6: Torque-speed characteristics of a 3 — ¢ IM with variable rotor resistance.

External resistances can be connected in the rotor circuit during starting. This increases the starting
torque and reduces the starting current. By making use of appropriate value of resistors, the
maximum torque can be made to appear during starting. This can be used in applications requiring
high starting torque. Once the motor is started, the external resistance can be cut out to obtain high

torque throughout the accelerating range. As external resistances are connected, most of the I°R
loss is dissipated through them thus the rotor temperature rise during starting is limited.

2.3.2 Variable Stator Voltage

The torque developed by an IM varies as square of the voltage applied to its stator terminals. Thus,
by varying the applied voltage, the electromagnetic torque developed by the motor can be varied.
This method is generally used for small squirrel-cage motors where cost is an important criterion

and efficiency is not. However, this method has rather limited range of speed control. The torque-
speed characteristics are shown in Fig. 2.7 below.
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Fig 2.7: Torque-speed characteristics of a 3 — ¢ IM with variable stator voltage.

As the supply voltage is decreased, the value of maximum torque also decreases, However, it still
occurs at the same slip as earlier. Even the starting torque and the overall torque reduce. Therefor
the machine is highly underutilized. Therefor this method of speed control has very limited
applications.

2.3.3 Constant V/F Control

We vary the stator voltage in such a way that the flux remains constant by simultaneously varying

the supply frequency in such a way that the ratio V /F remains constant. The torque-speed
characteristics are shown in Fig. 2.8 below.
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Fig 2.8: Torque-speed characteristics of a 3 — ¢ IM with constant VV/F method.
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At the base speed, the voltage and frequency reach the rated values. We can drive the motor beyond
the base speed by increasing the frequency further. However, the applied voltage cannot be
increased beyond the rated voltage. Therefore, only the frequency can be increased, which results
in the reduction of torque. Above the speed the factors governing torque become complex. The IM
draws the rated current and delivers the rated torque at the base speed.
When the load is increased, while running at base speed, the speed drops and slip increases. The
motor can take up to 2.5 times rated torque with around 20% drop in speed. Any further increase
of load on the shaft can stall the motor. The torque developed by the motor is directly proportional
to the magnetic field produced by the stator. So, the voltage applied to the stator is directly
proportional to the product of the stator flux and angular velocity. This makes the flux produced
by the stator proportional to the ratio of applied voltage and frequency of supply. By varying the
frequency, the speed of the motor can be varied. Therefore, by varying the voltage and frequency
by the same ratio, flux and hence the torque can be kept constant throughout the speed range. This
makes constant V /F the most common speed control of the IM. The equations (2.25) and (2.26)
shows the relationship between the voltage and torque versus frequency.
V=¢2nf (2.25)
o=1 (2.26)
The voltage and frequency being increased up to the base speed. At the base speed, the voltage
and frequency reach the rated values. We can drive the motor beyond base speed by increasing the
frequency further. However, the voltage applied cannot be increased the rated voltage. Therefore,
only the frequency can be increased, which results in the field weakening and torque available is
being reduced. Above base speed, the factors governing torque become complex, since friction
and windage losses increase significantly at highest speeds. Hence, the torque curve becomes

nonlinear with respect to speed or frequency[25].

2.2 Electric Vehicle impacts and performance
There is clearly a wide range of input parameters that can be used for the models, and there is an

equally wide range of output variables that the models can measure. The model outputs can be
broadly categorized as economic, environmental, grid performance, and renewable energy-related.
Some key findings for the first three categories of outputs will be briefly discussed in this section
before a more thorough and comprehensive review of studies that focused on the integration of

renewable energy into the electricity system is conducted[26].
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2.4.1 Economic Impacts
The economic impacts of EVs are generally examined from two perspectives: that of a vehicle

owner, and that of the electricity system. The lifecycle economics of EVs are expected to improve
with better battery technology and mass production. Currently, BEVs cost more than traditional
ICEVs[27]. However, the fuel and operating costs of EVs are much lower than ICEVs, due to the
high efficiency of an electric motor. estimate that the payback time for a BEV, in comparison to a
cheaper ICEV, is currently 20 years, but it should drop to less than five years by 2030. estimate
that the total lifetime costs of ownership for all vehicle types will converge by 2030[28].

2.4.2 Environmental Impacts
CO2 emissions are the most commonly measured output used to assess the environmental impacts

of switching to EVs[29]. find that the use of EVs decreases CO2 emissions compared to ICEVs
even if there is no wind energy present in the generation mix. There is debate over what emissions
intensity (CO2e/kWh) should be assigned to the electricity used by electric vehicles when
charging. Most studies use the average grid intensity to reflect a situation in which EVs are widely
adopted and should be considered as part of the everyday demand profile, in which the emissions
of the marginal generating unit are assigned to EV electricity. In most markets, especially at times
of peak demand, this will be a natural gas or coal power plant which will lead to larger carbon
emissions from EVs. However, even studies that utilize the marginal mix in different regions find
a net carbon benefit in comparison to the use of ICEVs[30]. In general, it can be seen that EVs
reduce total CO2 emissions even in electricity systems with a high fraction of fossil fuel
generation, due to the high efficiency of an electric motor in comparison to an internal combustion

engine[31].

2.4.3 Grid Impacts

Electric vehicles affect the performance, efficiency, and required capacity of the electric grid,
especially if vehicle charging is unconstrained. The found that peak loads will increase under a
simple charging strategy, requiring extra investment in generation and transmission capacity.
When the vehicles use a smart charging plan, studies indicate that EVs levelized the overall load,
make better use of baseload units, and require no extra installed capacity[32]. Other impacts of
EVs on the distribution grid include increased wear on transformers, transmission bottlenecks and
power quality issues; these and other more technical issues are thoroughly reviewed. There are
conflicting findings on the effect of EVs on distribution networks. They suggest that network
reinforcements, embedded generation and EV charge management strategies are needed to safely

integrate large numbers of EVs into distribution networks [33].
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2.5 Vehicles and Energy Source

An electric vehicle will be defined, as any vehicle in which some or all of the driving energy is
supplied through electricity from a battery. In a conventional internal combustion engine vehicle
(ICEV), gasoline or diesel fuel is combusted to create mechanical energy that provides the power
to move the vehicle forward. A number of EV technologies are currently in use or under
development [34]. A hybrid electric vehicle (HEV) has a small electric battery that supplies
electricity to the drivetrain in order to optimize the operating efficiency of the combustion engine.
The battery in an HEV can be charged by the engine or through captured kinetic braking energy
from a process called regenerative braking. HEVs are more fuel efficient than ICEVs, but
ultimately the vehicle is fully powered by liquid fuels. A plug-in hybrid electric vehicle (PHEV)
is similar in concept to an HEV, but with a larger battery and a grid connection. The grid
connection allows the battery to be charged with electricity and the larger battery size enables the
car to drive a significant distance in all- electric mode. A battery electric vehicle (BEV) is fully
powered by grid electricity stored in a large onboard battery. EVs use energy much more efficiently
than ICEVs; a traditional ICEV fuel efficiency is 15-18%, while a BEV can be as high as 60—-70%
efficient. The battery of an electric vehicle can be recharged from the grid with varying measures
of external control, labeled here as charge plans. A simple, or unconstrained, charge plan is a
system in which the vehicle immediately begins recharging as soon as it is connected to the grid.
A delayed charge plan offsets the battery charging by a set amount of time, for example three
hours. Nighttime charge plans delay charging to occur over the course of the night when electricity

prices are lowest, with the battery fully charged for use in the morning[35].

2.5.1 Solar Energy
The literature on solar energy and EVs is much more diverse than the previously reviewed studies

that integrate PV system and batteries vehicles. Electricity from solar PV can be produced
anywhere; this provides more interesting methods to directly integrate energy production and use
in EVs. A few representative studies of these varying approaches are discussed [35].

2.5.2 Battery for Electric Vehicle
The high voltage battery is the main power source for the electric motor drive. The battery is sized

in its capacity to provide enough energy to last a typical drive period in a day. However, depending
on the road conditions and the gradients encountered, the charge may not last that long. Hence, a
need to re-charging the battery during the day may arise. It is critical for the control system to
operate the vehicle and the motor drive system in the most efficient way possible to ensure highest
mileage per battery charge. Rechargeable battery technology involves chemistry and physics.

Lithium lon type battery has emerged as the leading type in most portable devices. However, for
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larger systems like the vehicles, Li-ion is also desirable due to its relatively high energy density.

An Wh/Kg for various battery types is shown in Fig 2.9 for comparison purposes[36].
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Fig 2.9: Wh/Kg for various battery types.

The fuel economy and all-electric range (AER) of hybrid electric vehicles (HEVs) are highly
dependent on the on- board energy-storage system (ESS) of the vehicle. Energy-storage devices
charge during low power demands and discharge during high power demands, acting as catalysts

to provide energy boost. Batteries are the primary energy-storage devices in ground vehicles[37].

2.5.2.1 Lead-Acid Batteries
The spongy lead works as the negative active material of the battery, lead oxide is the positive

active material, and diluted sulfuric acid is the electrolyte. For discharging, both positive and
negative materials are transformed into lead sulfate[38]. The lead—acid battery presents several
advantages for HEV applications. They are available in production volumes today, yielding a
comparatively low-cost power source. In addition, lead-acid battery technology is a mature
technique due to its wide use over the past 50 years. However, the lead—acid battery is not suitable
for discharges over 20% of its rated capacity. When operated at a deep rate of state of charge
(SOC), the battery would have a limited life cycle. The energy and power density of the battery is
low due to the weight of lead collectors. Research efforts have found that energy density can be

improved by using lighter noncorrosive collectors [36]

2.5.2.2 Lithium-lon Batteries
The lithium-ion battery has been proven to have excellent performance in portable electronics and

medical devices [39]. The lithium-ion battery has high energy density, has good high- temperature

performance, and is recyclable. The positive electrode is made of an oxidized cobalt material, and
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the negative electrode is made of a carbon material. The lithium salt in an organic solvent is used
as the electrolyte. The promising aspects of the Li-ion batteries include low memory effect, high
specific power of 300 W/kg, high specific energy of 100 Wh/kg, and long battery life of 1000
cycles. These excellent characteristics give the lithium-ion battery a high possibility of replacing

NiMH as next-generation batteries for vehicles[40].

2.5.2.3 Nickel-Cadmium (Ni-Cd) Batteries
Nickel-cadmium batteries have a long lifetime and can be fully discharged without damage. The

specific energy of Ni—Cd batteries is around 55 Wh/kg. These batteries can be recycled, but
cadmium is a kind of heavy metal that could cause environ- mental pollution if not properly
disposed of. Another drawback of Ni—Cd batteries is the cost[41], [42].

2.6 conclusion
It introduces mechanical analysis of an EV is presented to determine the forces acting on it when

driving and modeling of three phase induction motor, based on battery is sized in its capacity to
provide enough energy to last a typical drive period in a day. It is critical for the control system
to operate the vehicle and the motor drive system in the most efficient way possible to ensure
highest mileage per battery charge. Rechargeable battery technology involves chemistry and
physics. The lead-acid battery presents several advantages for HEV applications. Nickel-
cadmium batteries have a long lifetime and can be fully discharged without damage. The lithium-
ion battery has been proven to have excellent performance in HEV applications and medical

devices.
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Performance Comparison of Fuzzy Logic and
Pl Controllers Based on MPPT Algorithms
for PV systems

3.1 Introduction
Generation of electricity from photovoltaic has obtained worldwide acceptance due to its eco-

friendly nature and abundant availability. This availability is subjected to variation owing to many
factors such as in shadow, irradiation, temperature etc. Therefore, practical measurements of
atmospheric temperature and solar irradiation change are made over several days. This paper
presents evaluation for different control techniques among the most usual maximum power point
tracking (MPPT) algorithms. The compares the performance between fuzzy logic and PI
controllers with P&O algorithm. This comparison will be made with respect to the amount of
energy extracted from photovoltaic (PV), using MATLAB/SIMULINK, dynamic response, and
use of sensors. In the experimental setup, a digitally controlled boost DC-DC converter based on
P&O algorithm for fuzzy logic and PI controllers, is used to generate PWM pulses for the switches.
The main experimental results show the effect of solar irradiation and temperature for conventional
MPPT algorithms and improved MPPT algorithm using P&O with fuzzy logic controller[8]. The
fuzzy logic controller has merits of its accuracy, reliability, faster dynamic response, and ability
to track the global peak power accurately under change in environmental conditions with almost
zero steady state oscillations. The growing energy demand is coupled with the possibility of lower
supply of conventional fuels. Moreover, with growing concerns about environmental conservation,
the electrical energy from solar (PV) cells is currently regarded as a natural energy source that is
more useful. This is due to that it is free, abundant, clean, distributed over the Earth, and contribute
as a primary factor of all other processes of energy production. The used MPPT techniques are
important to extract the maximum power available in solar PV. Therefore, the operating current

and voltage which maximize power output will be varied with environmental conditions [7], [9].
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The perturbation and observation P&O, the IC methods based on fixed iteration step size are simple
and have good performances. Therefore, they are characterized by slow convergence, oscillations
in the PV power around the MPP, operation failure under rapidly changing atmospheric
temperature, and irradiation conditions. Using small perturbation step size will result in reduced
oscillations, but the speed of tracking MPPT remains slower. To acquire a fast response speed and
to overcome the aforementioned drawbacks, a modified MPPT algorithms with variable step size
have been the subject of many investigations. Generally, the conventional (IC) MPPT algorithm

uses a fixed step size and oscillation can be reduced to track the (MPP) [43], [44].

3.2 Modeling of Photovoltaic Cell

Solar cell is an electrical device that converts the light energy into electricity by the photovoltaic
effect. In ideal PV cell, the efficiency of solar cells depends on many factors, such as the solar
irradiation, the temperature, the spectral characteristics of sunlight, shaded condition, the dirt, and
the output voltage of the PV module, etc. The simplest equivalent PV panel can be modeled as a
current source in parallel with a diode, shunt resistance Rsh and a series resistance Rs as shown in
Fig. 3.1. To increase the output power of the system, PV modules are generally made up using

several PV cells connected in series and/or in parallel[45].

A Ve |5

Q;’ A 4 Ry Vo

0

Fig 3.1: Equivalent Simplified circuit of a photovoltaic cell.

When PV cell is supplied solar irradiance the output current from the solar PV cell can be found
using Kirchhoff's law, Based on Fig. 3.1 the output current of the solar cell can be given by, as
shown in Eq. (3.1):

lo=lph - la— I sh (3.1)
where: Ioh is the current generated by the incident light (it is directly proportional
to the Sun irradiation).

ld is the current through the diode.

Ish is the current through the parallel resistor Rsh.
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where Iph is the light generated current in PV cell and given as in Eq. (3.2):

loh = G {Isc [1+ a (T - Tsto)]} (3.2)
Where: G is the solar irradiance.

Isc isthe PV short circuit current
a isthe temperature coefficient of short circuit current
T  isthe temperature operation.

Tstc is the temperature operation for the PV cell under standard tes
conditions (STC).
And Id is the diode current and given as Eq. (3.3):

Iq = I [ exp (;lkL;) — 1] (3.3)

where Irs IS the reverse saturation current of the diode
V4 is the Voltage across diode
q is the electric charge (1.69 x 10-19 C).
k is the Boltzmann's constant (1.38 x 10-23 J/ K).
n is the diode idealist factor?

The PV panel simulation model is based on the output current of one PV equivalent model, and
its mathematical equation is represented given as Eq. (3.4)

[o = Ipp — Ips - [eq.(VH.RS)/q.k.T - 1] - % (3.4)
Where \/ is the represents the output PV voltage of one PV panel
Ipp is the photocurrent
Is IS the reverse saturation current of the diode
q is the electrical charge (1.6x10—19 C)
n is the p-n junction quality factor
k is the Boltzmann constant (1.38x10-23 J/K)
T

is the temperature (in kelvins).

where lo is the PV output current, and V is the PV output voltage of PV cell. Solar cells are
connected in parallel and series to obtain desired current and voltage respectively for the solar

panel, and then the solar panels are connected in series and/or parallel to give different
configurations of PV array[46], [47].
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Table 3.1: Electrical parameter of the PV module

SYMBOL DISCRETION QUANTITY
Prax Maximum power 250 Watt
Vinpp Voltage at MPP 29.65V
Lnpp Current at MPP 8.47 A

|/ Open circuit voltage 37.22V
Ige Short circuit current 851A
o Temperature coefficient of I, 3.18*1073 A/C®

the PV cell which are given from a typical PV panel MATLAB/SIMULINK and experimental
results. The electrical parameters are listed in Table 3.1.

3.3 Effects of PV Solar on MPP

However, the MPP of a PV panel is not fixed but varies with different factors such as solar

irradiance and temperature. In the following sections, we describe the variation of MPP with
different irradiance and temperature[48].

Fig. 3.2 a: as shown the measurement devices such as solar radiation, temperature measurement,
variable resistance, and PV module
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Fig. 3.3: Experimental results of variation of irradiation and temperatures from 6 am to 6 pm in
Sohag city

Fig. 3.2 b: Experimental prototype using PV solar of electric vehicle.

Experimental measurement devices as shown fig 3.2 a. readings for variation of various irradiation
and temperatures from 6 am to 6 pm in Sohag city, are shown in Fig 3.3. The curves show clearly

the nonlinear characteristics that are strongly influenced by climate changes.

3.3.1 Effects of Solar Irradiance on MPP
There are two key parameters frequently used to characterize a PV cell. Shorting together the

terminals of the cell, the photon generated current will follow out of the cell as a short-circuit
current (lsc). When there is no connection to the PV cell (open-circuit), the photon generated
current is shunted internally by the intrinsic p-n junction diode. This gives the open circuit voltage
(Voc). The PV module or cell manufacturers usually provide the values of these parameters in their
datasheet as shown table 3.1. In a PV cell current is generated by photons and output is constant
under constant temperature and constant incident radiation of light. Varying the irradiation, we
can get different output levels[49].
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Fig. 3.4: I-V and P-V curves of the PV module under various values of irradiation (100, 500,
1000 W/m2).

POWER,W
= I =

VOLTAGEV

Fig. 3.5: Experimental results of variation of irradiation and temperatures from 6 am to 6 pm P-
V power characteristic for different irradiation and temperature levels in Sohag city fig (c).

The PV cell output is both limited by the cell current and the cell voltage, and it can only produce

a power with any combinations of current and voltage on the I-V curve. As in Fig 3.4. the P-V

curve shifts with different irradiance and temperature as in Fig 3.5. Experimental results in Sohag
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city so the MPP also shifts. Now, as the I-V curve of a PV cell changes with different irradiance
so it reveals that the amount of power produced by the PV module varies greatly depending on its
irradiance. It is important to operate the system at the MPP of PV module in order to exploit the

maximum power from the module[50].

3.3.2 Effects of temperature on MPP
I-V characteristic of a PV module varies at various module temperatures. With the increase of

temperature, the 1-V characteristics of a PV cell shifts toward lefts and so the MPP decreases with

increase in temperature as shown fig 3.6.
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Fig. 3.6: IV and PV curves of the PV module under various values of temperature (0, 25, 50, 100
C)
Because of the photovoltaic nature of solar panels, their current-voltage, or IV, curves depend on
temperature and irradiance levels. Therefore, the operating current and voltage which maximize
power output will change with environmental conditions. Therefore, the MPP needs to be located
by a tracking algorithm, which is the heart of MPPT controller. MPPT algorithm tells controller
how to move the operating voltage. Then, it is a MPPT controller’s task to bring the voltage to a
desired level and maintain it. To obtain a stable voltage from an input supply (PV cells) that is
higher and lower than the output, a high efficiency and minimum ripple DC-DC converter required

in the system[51].
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3.4 Maximum Power Point Tracking
For any given set of operational conditions, cells have a single operating point where the values of

the current (1) and voltage (V) of the cell result in a maximum power output. These values
correspond to a particular load resistance, R= V/I, as specified by Ohm’s Law. The power P is
given by P = V*I. From basic circuit theory, the power delivered from or to a device is optimized
where the derivative of the 1-V curve is equal and opposite the 1/V ratio. There is a unique point
on the P-V curve of a PV array called the (MPP), with its location shifting according to weather
conditions. The MPPT technique, in general, the MPPT is an electronic system, the principle of
which is to feed the appropriate duty cycle (D). This is a dynamic quantity which changes
depending on the level of illumination, as well as other factors such as temperature and the age of
the cell. If the resistance is lower or higher than this value, the power drawn will be less than the
maximum available, and thus the cell will not be used as efficiently as it could be. Maximum
power point trackers utilize different types of control circuit or logic to search for this point and

thus to allow the converter circuit to extract the maximum power available from a cell[51], [52].

3.4.1 Power Conversion System
To improve the stability, reliability and quality of the output of PV system generation, a power

conversion system is employed [9]. There are two types for PV power conversion; single stage
and double stage power conversion, Although the single stage-power conversion system is lower
in cost due to its fewer part count, it suffers from several drawbacks such as hot-spots during partial
shading conditions of the PV array and reduced safety. Those issues occurred in grid-connected
PV system due to a large change in DC voltage of PV array. Therefore, the first stage is used to
boost the MPP voltage and the second stage converts this DC power into high quality AC power.
In first stage, a DC-DC boost converter is widely used for the PV generated system due to its high
efficiency and easily adapted MPPT controller. It is used to provide and regulate an appropriate
the output voltage that has level which is considerably more than the input voltage, converter is a
transistor [IGPT or MOSFET], which regulates the amplified processing by a controller. The
MOSFET transistor is usually used for this kind of converter, the voltage gain of the circuit (boost)
is given as in Eq. (3.5) [51]:

G, =2=" (3.5)

v; 1-D
Where V, = output voltage, Vi = input voltage, and D = duty cycle of DC-DC boost converter,
which is converted to a control signal by a gate driver circuit. The principle work of this converter
divides into two states, first, when the MOSFET is switched ON; the current flows through an
inductor (L) in a reverse direction and the inductor stores the energy by generating a magnetic

field, while the output capacitor (C2) transfers its energy to the load or invertor. In state two, when

52



Chapter 3 Performance comparison of..........

the transistor is switched OFF, the energy stored and main source will be in series, which leads to
a higher output voltage. In the grid-connected PV system, the DC-DC boost converter plays a
crucial role in maintaining a constant DC voltage system for a DC-AC inverter[53].

3.5 Methods of MPPT Algorithms

Maximum Power Point Tracking (MPPT) is used to obtain the maximum power from these
systems. In these applications, the load can demand more power than the PV system can deliver.
There are many different approaches to maximizing the power from a PV system, this range from
using simple voltage relationships to more complexes multiple sample-based analysis[5].

There are some conventional methods for MPPT. Seven of them are listed here. These methods
include:

Constant Voltage method

Open Circuit VVoltage method

Short Circuit Current method

Perturb and Observe method

Incremental Conductance method

2 o

Temperature method
7. Temperature Parametric method

the demonstrates that the performance of the classical P&O method under sudden changes of
irradiation is different from that under sudden variation of ambient temperature, so it is very
significant to track the (MPP) for an effective PV system. So, in PV systems a (MPPT) is extremely
needed. In generality PV systems a control algorithm, namely (MPPT)algorithm is utilized to have
the full characteristic of the PV systems. Improvements can be obtained through a digital
controller, transforming the conventional P&O into an adaptive solution once different step sizes

according to the tracking of the MPP are performed[5].

3.5.1 Perturb and Observe Method
The P&O algorithm is widely used for PV-MPPT due to its low cost and simple implementation,

the principle work of this algorithm calculating the PV power by using the sensed values of the
voltage and current of the PV module[12]. These are then compared with the previous power and
voltage, with the direction of the algorithm being adjusted accordingly and the duty cycle of the
boost converter being adjusted as in Eq. (3.6):

Dk+1 = DktAD (3.6)

where Dk and Dk+1 are the previous and next perturbation of duty cycle respectively, and AD is
the constant width of the step size. Basically, if the tendency of change in PV voltage and PV
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power increase regarding to an increase in the duty cycle, the control system moves in the same
direction; otherwise the operating point moves in the opposite direction. The process is continued
until it reaches to the MPP and then it oscillates around the optimal MPP. The probabilities of the
direction P&O-MPPT algorithm are explained in fig 3.7. In general, there are three main issues
facing its operation: a long convergence time, high oscillation around the MPP and a drift problem
associated with irradiance changing rapidly. These issues detailed as follows. Clearly, a large AD

leads to a faster steady state and large oscillations after reaching the MPP[46].
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Fig. 3.7: P-V curve for fast irradiation change from A [ low point] to D or C [ high point] to
problem P&O- MPPT.

Conversely, a small AD results in a slower steady state and smooth fluctuations. Owing to this, the
size of AD is considered a crucial issue that needs controlling in the system. Another drawback is
loss of the right direction of the algorithm when the weather conditions change rapidly. This
phenomenon can happen, as shown in Fig. 3.7. when point A (low point), which represents the
MPP at a low irradiance level, is oscillating between B and BO and then moves to point C or D
(high point) due to rapid increase in the irradiance. As a result, the right direction of algorithm
moves far away from the new MPP, regarding to the principle properties direction of the
conventional P&O-MPPT algorithm[54].

3.6 Control Technique

As explained in the previous section, the MPPT algorithm tells a MPPT controller how to move
the operating voltage. Then, it is a MPPT controller’s task to bring the voltage to a desired level
and maintain it. There are several methods often used for MPPT as shown fig 3.7. fuzzy logic and
P1 control based on P&O method MATLAB Simulink

54



Chapter 3 Performance comparison of..........

IVIVITIGI IO MmVJTR TG ivivovaii

<[] .—-l

— )
' oG

Fig. 3.7: MPPT using fuzzy logic and PI control based on P&O method MATLAB Simulink.

3.6.1 P&O Based on Pl

In this method the controller adjusts the voltage by a small amount from the array and measures
power, if the power increases, further adjustments in the direction are tried until power no longer
increases, this is in addition to exploring the performance of the classical method under fast-
changing or ramp changing of solar irradiation or ambient temperature with small or large steps
irrespective of the location of the initial operating point to the right or left of the MPP. This is
called P&O method[54]. it is the most commonly used MPPT method Hence, this study proposes
a modified P&O MPPT with PI control a checking algorithm is introduced. Even though many
authors have proposed modifications to P&O method in its conventional form; less focus have
been given for P&O particle initialization, P&O with PI controller in MATLAB Simulink the
output power solar PV Improvements can be obtained through a digital controller, transforming
the conventional P&O into an adaptive solution once different step sizes according to the change
distance of the MPP are performed.fig.9 shows a control of boost converter to equal an actual level
using a closed-loop control performing the P&O based on PI controller[45]. But less in efficiency
than fuzzy logic control based on P&O.

3.6.2 P&O Based on Fuzzy Logic
Nowadays, FL control based on an MPPT technique has become a popular method for PV systems

[55]. The structure of FL control includes three stages: fuzzification, fuzzy rules and
defuzzification, the fuzzy logic consist of input variables are converted into linguistic variables
based on many defined membership functions. In next stage, these linguistics variables get
manipulated, according to rules based on the “ifethen” concept that are guided by the desired

behavior of the system. In the last stage, the FL control converts the linguistic variables into
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numerical variables using the output of membership functions. In general, the quantity of
membership functions is considered an important aspect of the design as it determines the speed
and accuracy of the FL system [56].

If the system has more membership functions. The implementation problem becomes over
complex, resulting in an accurate system but with an excessive processing time. In contrast, if the
system has few membership functions, then it is simple and whilst there is a faster processing

system time and there is a high acceptable diversity of outcomes.

Table 3.2: fuzzy rules that are used FL-MPPT

Ae E

NS 7 PS PB
NS NS 7 PS 77
7 Y4 PS PB PS
PS PS PS PS PB
PB PS PB PB PS

input2 -10 -10 inputi

Fig. 3.8: surface of FLC absolute output 3D as a function of the two inputs

The work of the FL-MPPT is to examine the first input, if this value is greater than zero the
incremental change of the duty cycle increases until the MPP is reached, whereas if it is less than
zero then the opposite occurs until the optimal value is reached. The second input is then used to
reduce the oscillation in the duty cycle effectively. The quantity of membership functions of the
FL-MPPT method is divided into five values: negative small (NS), Z, Zero (ZZ), positive small
(PS), and positive big (PB). For example, if the value of the error is NS and changing error also

negative big PB, the predefined rules assign the next variable duty cycle as ZZ, with process
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continuing until the optimal MPP is reached. All the rules of the FL-MPPT algorithm are provided
in Table 3.2. In general, FL- MPPT is considered one of the most efficient controllers for a PV
system due to its smooth fluctuation, and high accuracy in reaching the MPP. In addition, as
mentioned earlier, it does not require training data and thus works on different types[55].

3.7 Comparison Between Pi and Fuzzy Logic Based on P&O

Conventional P&O is modified by the introduction of PI controller to improve its performance and
fuzzy logic to better controller is then compared with the proposed controller. The comparison is
done under both varying temperature and irradiance conditions, mentioned in previous two
subsections. The proposed controller clearly outperforms the modified P&O algorithm. The

comparison of the generated power.
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Fig. 3.9: irradiation and comparison between output voltage used fuzzy logic and P1 under
varying fast change irradiation.
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under varying temperature is display in Fig. 3.11. Similarly, the power generation comparison
under varying irradiance is display in Fig. 3.9. It can be observed that the modified used FL-P&O
has improved its performance when compared with the PI-P&O as is much more robust. But it still
takes considerable amount of time to reach MPP whenever the array is subjected to massive
parameter variations. Moreover, these comparisons also validate the performance of the proposed

controller as it is not only tracking the PV array voltage but also achieving MPPT robustly.

3.8 Conclusion
A novel maximum power point tracking technique based on FL-MPPT PV system has been

presented, which has the ability to track the MPP when there are big fluctuations of irradiation.
The advantages and disadvantages of the FL-MPPT and P&O-MPPT have been discussed. The
designed membership functions of FL the controller where tuned based on modified a P&O
algorithm to incorporate the advantages of the PI-MPPT and the FL-MPPT as well as to eliminate
their drawbacks. A MATLAB-SIMULINK model for the PV system was developed. The P&O-
MPPT, FL-MPPT, PI-MPPT and proposed method were simulated, being then compared,
according to their common features. The simulation results have revealed that the proposed
technique exhibits higher output power, medium oscillation around the MPP point under the steady
state condition and no divergence from the MPP during varying (irradiation and temperature, etc.)
conditions regardless of the speed of change. That is, the proposed concept has been demonstrated
to be highly effective for working with a PV system, achieving efficiencies of around 99.6%.
Finally, this modification has been shown to be simple to implement. The fuzzy rules of the
proposed method are obtained from a modified P&O- MPPT algorithm. The proposed technique
accurately tracks the maximum power point and avoids the driftage problem.
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CHAPTER

Comparison and Performance Analysis of
Unipolar and Bipolar Digitally-Controlled
Single-Phase Inverters

4.1 Introduction
Inverters are used in single phase motor drives and uninterruptible AC power supplies. These

inverters provide a sinusoidal AC output whose magnitude and frequency can be controlled. There
are several doable inverter topologies and switching schemes. Each one of these topologies has its
own relative merits and demerits. Efficiency and output current distortion are two main parameters
factors governing the selection of inverter system. It is argued that current controlled inverters
offer important merits by minimization of current distortion[57]. For using SPWM employing
unipolar and bipolar switching with the same frequency, it is found that the bipolar SPWM
modulated system is more stable and performs better than the unipolar double-frequency SPWM
modulated system. However, the same bipolar and unipolar switching frequency and the stability
are maintained for the two systems. The two topologies are used to reduce the output current
distortion and the inverter performance (both bipolar SPWM and unipolar SPWM) with filter
circuit is presented in[58]. The use of unipolar PWM four leg inverter applied to unsymmetrical
two-phase fed induction motor, is investigated for THD in the unbalanced output voltage of the
inverter. The planned combination of unipolar and bipolar PWM can improve the current distortion
and reduce THD, while still can sustain high efficiency even with the power factors other than
unity. The use of space vector pulse width modulation (SVPWM) technique shows a performance
better that SPWM technique in respect of power quality [59]. Multi-level inverters are used to
reduce the THD in the output voltage waveform without reduction in power output of the inverter
with increase in output voltage level. Compared to bipolar switching, unipolar switching has the
advantage of lower switching losses and filter size. The concept of sinusoidal pulse width
modulation for inverters is explain with analyses extended to different kinds of SPWM strategies
in reference [60][61]
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Several topologies are used to generate sinusoidal output waveform and reduce THD. The effect
of modulation index on THD for sinusoidal waveform is investigated. A triangular carrier
comparison based Synchronized SPWM for medium voltage inverters with low switching
frequency (less than 500Hz) is proposed in this research. This is proposed in order to have a good
dynamic behavior of the synchronization scheme and to reduce THD of the triangular carrier high

frequency waveform as well. Also, the output voltage waveform becomes sinusoidal [62].

4.2 Circuit Description and Operation
There are many doable inverter topologies and switching schemes, and each one will have its own

relative benefits and downsides. Efficiency and output current distortion are two necessary factors
governing the selection of inverter system. two inverter switching strategies are explored. These
are the unipolar and bipolar current controlled inverter employing both the SPWM (Sinusoidal
Pulse Width Modulation) and the THPWM (Third Harmonic Pulse Width Modulation) techniques.
The models of these techniques are simulated using MATLAB-Simulink software. Simulation
results are compared with results of an experimental prototype to confirm validity of results[63].
Circuit topology is shown in Fig 4.1. It consists of a direct current (DC) voltage source, four
switches, LC output filter and a load connecting to the middle of each arm at the junctions A and
B.
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Vin N’j_ B
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Fig 4.1: Inverter circuit with LC filter

By switching V(AB) between the DC input voltage +vin and —vin with switches (S2, S3) on, (S4,
S1) off and (S4, S1) on, (S2, S3) off, a bipolar pulse-width modulation (PWM) is performed. For

unipolar pulse-width modulation, it consists of the two more freewheeling switch combinations,

{S1;S2;S3; S4} = {ON; OFF; ON; OFF}, {S1; S2; S3; S4} = {OFF; ON; OFF; ON}

that yields V(AB) = 0, are used in alternation with active switch combinations. The switching

pulses are generated for the used four techniques as follows[62], [64].
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4.3 Full- Bridge Single Phase Inverter

A full bridge inverter is shown in fig 4.1. This inverter consists of two one-leg analyzes the
performance of unipolar and bipolar current controlled inverter employing both the SPWM
(Sinusoidal Pulse Width Modulation) and the THPWM (Third Harmonic Pulse Width Modulation)
techniques. The models of these techniques will be simulated using MATLAB-Simulink software
and the simulation results will be compared with results of an experimental prototype to confirm
validity of the results. The results will be taken for both static and dynamic loads with different
modulation index. Inverter is substantially an interface between DC source like photovoltaic cell
and AC networks[63][65].

4.3.1 Unipolar Switching Employing SPWM
In this scheme, the switching pulses are generated by comparing two sine-waveforms[66]. have

the same magnitude and frequency with phase shift 180° between them - with a triangular carrier

waveform as shown in Fig. 4.2.
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Fig. 4.2: Unipolar switching with SPWM

4.3.2 Unipolar Switching Employing THPWM
In this scheme, the switching pulses are generated by comparing the third harmonic waveform,

equals to sin @ + %sin 30, with a triangular carrier waveform as shown in Fig. 4.3.
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Fig. 4.3: Unipolar switching with THPWM

4.3.3 Bipolar Switching Employing SPWM
In this scheme, the switching pulses are generated by comparing a sine-waveform with a triangular

carrier waveform as shown in Fig. 4.4[61].
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Fig. 4.4: Bipolar switching with SPWM

4.3.4 Bipolar Switching Employing SPWM
In this scheme, the switching pulses are generated by comparing the third harmonic waveform,

equals to sin 0 + %sin 30, with a triangular carrier waveform as shown in Fig. 4.5.
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Fig. 4.5: Bipolar switching with THPWM
The performance and switching patterns of the used inverter circuit as shown in Fig. 4.1 have
been verified through simulations. A prototype has been implemented to verify the simulation
results using the same simulation parameters. The results will be presented and discussed for

both static and dynamic loads as follows.

4.4 Static Resistive Load With LC Filter

The specifications of the inverter circuit used for simulations and prototype in Fig. 4.6 are given
in Table 4.1.

Table 4.1: Specifications with static load

Parameter Value
Vin 50V
fsw 500 Hz
f1 50 Hz
L 5 mH
C 100 uF
R 22 Q

Fig. 4.6: A picture for the experimental
prototype

4.4.1 SPWM with Unipolar voltage fed Static Resistive Load
The switching patterns as shown in Fig. 4.7. and the output voltage is shown in Fig. 4.8. with LC

filter from simulation and in Fig. 4.9. from experimental setup and program in appendix Al. Figure
4.10. as shows the FFT for the inverter output with modulation index of 0.9 with carrier triangular
waveform 600 HZ.
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Fig. 4.9: Experimental output voltage with

SPWM with LC filter

Fig. 4.10: FFT for unipolar switching with

SPWM

4.4.2 THPWM with Unipolar voltage fed Static Resistive Load
The switching patterns are shown in Fig. 4.11 and the output voltage as shown in Fig. 4.12 from

simulation with LC filter and in Fig. 4.13 from experimental setup and program in appendix A2.

Figure 4.14 shows the FFT for the inverter output with modulation index of 0.9 with carrier

triangular waveform 600 HZ.
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Fig. 4.11: Experimental switching pulses for Fig. 4.12: Simulated output voltage with LC
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Fig. 4.13: Experimental output voltage Fig. 4.14: FFT for unipolar switching with
THPWM

4.4.3 SPWM with Bipolar voltage fed Static Resistive Load
The switching patterns SPWM with Bipolar as shown in Fig. 4.15. and the output voltage as shown

in Fig. 4.16 from simulation with LC filter and in Fig. 4.17. from experimental setup and program
in appendix A3. Figure 4.18. shows the FFT for the inverter output with modulation index of 0.9
with carrier triangular waveform 600 HZ.
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Fig. 4.15: Experimental switching pulses for Fig. 4.16: Simulated output voltage
bipolar switching with SPWM
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Fig. 4.17: Experimental output voltage Fig. 4.18: FFT for bipolar switching with
SPWM

4.4.4 THPWM with Bipolar voltage fed Static Resistive Load
The switching THPWM with Bipolar patterns as shown in Fig. 4.19. and the output voltage is

shown in Fig. 4.20. from simulation and in Fig. 4.21. from experimental setup and program in
appendix A4. Figure 4.22. shows the FFT for the inverter output with modulation index of 0.9 with

carrier triangular waveform 600 HZ.



GRINSTEX  imepts  dMSan [ 1 _:_ St nk,‘--s——
Bt o I e—=teets £ T erad 1 g, &
Fie Farmnt U
Pnj
! : §
Ink Saver 1
on on il
{4100 11 0 1{14 O S {11 C 01O R (AW R ¢
FN Lo A ——— TR RE dainn e sl LI DR R LR L sl e aaiaid ; :7
L e R L L e e AL LR 3
-y fransmmpm——maartt 0 A RARRam————n g g gct-ﬂ!
| Sare
LI P S B TR AR AR U DR B PR i
|
File Utiities
a
6= 5 (o b (BT W
I i - | ) 0 0 n N
Save Save Recal Recall ER — =
Wavefarm Sty Wavsform Setup File Label m

Fig. 4.19: Experimental switching pulses for Fig. 4.20: Simulated output voltage with LC

bipolar switching with THPWM filter
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Fig. 4.21: Experimental output voltage with Fig. 4.22: FFT for bipolar switching with
LC filter THPWM

4.5 Dynamic load with LC filter

The specifications of the inverter circuit used for simulations and prototype in Fig. 4.23. are given
in Table 4.2. For inverter output with modulation index of 0.9 with carrier triangular waveform
600 HZ.



Fig. 4.23: A picture for the experimental
prototype single phase inverter

Table 4.2: Specifications with dynamic

load

Parameter Value
Vin 100V

fow 500 Hz

f1 50 Hz
5mH

C 100 pF

L main 62 mH

L auxiliary 0.9 pH
C rn 20 pF

4.5.1 Unipolar switching Dynamic load with SPWM
The output current Unipolar switching Dynamic load with SPWM as shown in Fig. 4.24. from

simulation and in Fig. 4.26. from experimental setup. Figure 4.25. shows the FFT for the inverter

output with modulation index of 0.9 with carrier triangular waveform 600 HZ.
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Fig. 4.24: Simulated output current with LC
filter for unipolar switching with SPWM
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Fig. 4.25: FFT for unipolar switching with

SPWM
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Fig. 4.26: Experimental output current with LC filter for unipolar switching with SPWM

4.5.2 Unipolar switching Dynamic load with THPWM
The output current is shown Unipolar switching Dynamic load with THPWM as shown in Fig.

4.27. from simulation and in Fig. 4.29. from experimental setup. Figure 4.28. shows the FFT for

the inverter output with modulation index of 0.9 with carrier triangular waveform 600 HZ.

M L
e

Fig. 4.27: Simulated output current with LC
filter for unipolar switching with THPWM
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Fig. 4.29: Experimental output current with LC filter for unipolar switching with THPWM



4.5.3 Bipolar switching Dynamic load with SPWM
The output current is shown Bipolar switching Dynamic load with SPWM as shown in Fig. 4.30.

from simulation and in Fig. 4.32. from experimental setup. Figure 4.31. shows the FFT for the

inverter output with modulation index of 0.9 with carrier triangular waveform 600 HZ.
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Fig. 4.30: Simulated output current with LC

Fig. 4.31: FFT for Bipolar switching with
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Fig. 4.32: Experimental output current with LC filter for Bipolar switching with SPWM

4.5.4 Bipolar switching Dynamic load with THPWM
The output current is shown Bipolar switching Dynamic load with THPWM as shown in Fig. 4.33.

from simulation and in Fig. 4.35. from experimental setup. Figure 4.34. shows the FFT for the

inverter output with modulation index of 0.9 with carrier triangular waveform 600 HZ.
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Fig. 4.35: Experimental output current with LC filter for Bipolar switching with THPWM

4.6 Comparison Between the Four Techniques
These are the unipolar and bipolar current controlled inverter employing both the SPWM

(Sinusoidal Pulse Width Modulation) and the THPWM (Third Harmonic Pulse Width Modulation)
techniques. The models of these techniques are simulated using MATLAB-Simulink software.
Simulation results are compared with results of an experimental prototype to confirm validity of
results. The results are taken for both static and dynamic loads with different modulation index.
Both simulated and experimental results are in a good agreement. The results showed that the

unipolar switched inverter offers low current distortion over bipolar switched inverter[67], [68].

4.6.1 Inverter Fed Static Resistive Load With LC Filter
Figure 4.36. shows the variation of THD with the four investigated techniques for different

modulation ratios in case of static resistive load with LC filter. It is observed that SPWM technique
with unipolar switching gives the least THD. Also, SPWM technique with bipolar switching gives
THD less than THPWM technique with unipolar switching.



Fig. 4.36: THD for static resistive load with LC filter
4.6.2 Inverter Fed Dynamic Load With LC Filter
Figure 4.37. shows the variation of THD with the four investigated techniques for different
modulation ratios in case of dynamic single-phase induction motor load with LC filter. It is
observed that SPWM technique with unipolar switching gives the least THD. Also, THPWM
technique with unipolar switching gives THD less than SPWM technique with bipolar switching.
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Fig. 4.37: THD for dynamic load with LC filter

4.7 conclusion
In this paper, a comparison between unipolar and bipolar PWM techniques is introduced

employing SPWM and THPWM with various modulation ratio. The comparison between the
presented four topologies is presented for static and dynamic loads. The models of these topologies
are implemented by simulations and an experimental prototype. For static load, SPWM technique
with unipolar switching gives the least THD whereas SPWM technique with bipolar switching
gives THD less than THPWM technique with unipolar switching. For dynamic load, also SPWM

technique with unipolar switching gives the least THD whereas THPWM technique with unipolar



switching gives THD less than SPWM technique with bipolar switching. The simulated and

experimental results were in a good agreement.



