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Abstract

The increasing use of nonlinear loads leads to increase the harmonic
pollution in the main power system. Harmonics cause many power quality
problems such as voltage distortions at Point of Common Coupling (PCC),
changing peak-value and RMS-value of line current which will cause
addition losses, overloading and overheating, failure of some electrical
equipments as transformers, capacitors, and motors, circuit breakers will
trip frequently, and damage fuses. Moreover, harmonics may cause
interfering with telecommunication lines; therefore, the power quality will
be affected. This thesis suggests a solution for this power quality problem
through designing multitask active power filter which have the ability to
mitigate harmonics, inject reactive power, improve power factor, inject real
power and tolerate open circuit fault. The filter was designed and tested
using MATLAB software and the results show improving in power quality.
The Total Harmonic Distortion (THD) decreased from 13.9% to 3.9% after
activating the APF and the power factor becomes nearly 1.0. The APF was

tested during open circuit fault (one leg disconnected) and the result was
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acceptable because the THD decreased from 42% to 8.4% which mean that
the filter has the ability to work under fault condition with minimum

possible distortion.
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Chapter One
Introduction

1.1. Background

The nonlinear loads are widely used in modern electrical systems which
lead to increase the harmonic pollution in the main power system.
Harmonic currents caused by using power electronic devices such as
mobile chargers, converters, or any electrical device containing semi-
conductor affect the power quality and create non-sinusoidal currents from
the AC source. Switching operation which is done by the power converters
makes the discontinuity in the current which means increasing the
harmonics in the system. These power electronic devices make pollution in
the power system and cause power quality problems and affect sensitive

loads [1].

Harmonics in the power system cause many problems such as voltage
distortions at Point of Common Coupling (PCC), changing peak-value and
RMS-value of line current which will cause additional losses, overloading
and overheating, failure of some electrical equipments as transformers,
capacitors, and motors, circuit breakers will trip frequently, and damage
fuses. Moreover, harmonics may cause interfering with telecommunication

lines. Therefore, the power quality will be affected [2].

Beside the problems caused by harmonic current, reactive power is another
problem to power quality in the power system. Reactive current is not a

useful power and doesn’t do real work in the power system and will cause
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overloading in the elements that passes through them and causing
additional losses because the RMS value of the current will increase [3]. In
order to improve the power quality delivered to the system, the harmonics
and reactive power have to be canceled by using any type of electrical

filters.

Many types of filter topologies are used to improve the power quality like
passive, active, and hybrid [4]. In this project, a parallel active filter is used
to improve the electric power quality. This active filter can do many jobs,
such as mitigating harmonics, compensating reactive power, improving
power factor (PF), injecting real power, and having a fault tolerant
capability to make the system stable and continue to deliver the power to

the load during fault condition (one phase open circuit fault).
1.2. Harmonic Mitigation Techniques

Harmonic pollution can be solved in two methods. The first method is to
use suitable circuit topologies that can reduce or prevent the harmonic
pollution to be created. An example of these applications is using
transformer-less UPS systems using PWM rectifier topologies which will
create low harmonics in the current. Therefore, a small amount of distortion
may remain and in this case no need to use filtering equipments. The
second method is by using power filtering equipments and this method uses
techniques to reduce the total harmonic distortion (THD,) which is defined

in equation (1.1). These techniques can be classified in three categories:



1. Passive filters.
2. Active filters.

3. Hybrid filters.

THD, = Y22 Cnrms (1.1)

I1_rms

The traditional filter is used is the passive filtering technique as shown in
figure (1.1). The principle of passive filter is compensating harmonics
through low impedance connected parallel to the load which is called
(parallel passive filter) or through blocking them using high series
impedance connected in series which is called series passive filter [4]. A
combination of shunt and series can be used in some cases depending on

the nonlinear load used.

The designer of filters sometimes preferred to use passive filter due to their

simplicity, high efficiency (for cretin frequency), and low cost [5].

Although passive filters have many advantages but they depend on the
system parameters, a problem of resonance with the system impedance will
appear when using passive filters and it can be used to filter a cretin

harmonic frequency [5]. Therefore, active filters are used.



GND

Figure (1.1): Shunt passive high pass filter (first order) [4].

The principle of the active filters was studied around 1970s. However, the
idea becomes economically and technologically feasible when cost and fast
semiconductor devices as MOSFETs, (IGBTs), and cost of high
performance effective Digital Signal Processors (DSPs) became available.
Moreover, the improvement in the control theory in power electronics helps
the active filter to be practical and commercial success and become more
efficient in filtering harmonics because the basic principle of the active
filter is to inject voltage/current with same magnitude and opposite of the
harmonics so harmonics will be eliminated from the system as shown in

figure (1.2) [6].
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Figure (1.2): Shunt active power filter scheme.

Active filters have small physical size and can do many functions in the
power system such as compensation reactive power, injecting real power
and can tolerate faults and work properly under fault condition unlike
passive filters. They act as effective solutions for many power quality
problems. Although, active filters are effective in filtering, they need high

cost compared to passive filters [6].

Active filters have some drawbacks as following:

» Requiring high converter ratings.

» Costlier when compared to passive filter.

Therefore, to avoid the disadvantages of passive and active filters, a new
type of filters which is called hybrid power filter is used. Hybrid filters
consist of two types of filters, the first one is active and the second one is

passive or any two different types. Hybrid filters are used to reduce initial
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cost and increase the efficiency of the system. The passive filter (used in
hybrid) is used to eliminate high power and low order harmonics while the

active filter is used to eliminate high order with low power harmonics [7].

The principle of hybrid filtering is to improve the filtering capacity of a
passive filter and to damp series and parallel resonances with a small rated
active filter. However, the functionalities of hybrid filters are limited
compared to pure active filters and they involve higher engineering effort

than passive filter design [8].

NonlLinear Load

Rs L Is abc I abe _ Rs ,\,\RL‘ — *
R
AC
GND A fPassive Filter
= If ab
C
1 oo

Rt Lt | c
AN~ Y Y Y j— dc

Shunt Active
Power Filter

Figure (1.3): Hybrid power filter scheme.
1.3 Motivation
1.3.1 Power System Quality

The power quality is affected when there is any deviation in the voltage,
current or frequency. The common problems that affect the sensitivity of

the equipment are:



» Power Surges.

» Transients.

» Frequency Variation.

» Electrical Line Noise.

» Brownouts or Blackouts.
» Power System Faults.

> Improper grounding affect.
» Voltage sag.

» Voltage swells.

The main effect which is caused by most of these problems is the
production of harmonics. The presence of harmonics deteriorates the

quality of power and may damage the end user equipment.

Power system quality is an important issue in the power system for the
above-mentioned reasons so, a suitable filter has to be designed to
eliminate the harmonics, compensate the reactive power and improve the

power factor (PF) to avoid problems that may appear in the power system.



1.3.2 Reliability of Filter

The filter should have the ability to work under a fault condition especially
when one leg of the inverter is faulted. Because when the fault occurs, the
filter becomes a source of pollution instead of solving the problems so, a

filter with fault tolerant capability has to be designed.
1.4 Objectives
The objectives of this thesis are illustrated in the followings:

Design a fault-tolerant active power filter that has the capability to filter
harmonics, compensate reactive power and inject real power to the grid

which includes:
A- Design the four-leg inverter.

B- Choosing the type and the size of photovoltaic array needed in

order to meet load reactive and real power demands.
C- Maximum power point tracker (MPPT) controller design.

A MPPT, or maximum power point tracker is an electronic DC to DC
converter that optimizes and match between the solar array (PV panels),

and the utility grid.

D- Fault tolerant capability for the inverter.



1.5 Thesis structure
1.5.1 Chapter one: Introduction

Chapter one talks about the effects of increasing use of nonlinear loads
which cause harmonics in the power system and the effects of these
harmonics on the grids and equipments. This chapter also reviews many
methods to mitigate the harmonics and compensate the reactive power such
as using power filters (passive, active and hybrid). Finally, it specifies the

motivation and the objectives of this work.
1.5.2 Chapter two: Parallel Active Filter

Chapter two talks about Parallel Active Filter and its construction,
operation and versus methods to extract the harmonics and it shows how to
control the filter. Many methods reviewed in this chapter. Finally, the
control circuit for the filter was designed and tested by using MATLAB

software and the results were analyzed.
1.5.3 Chapter three: Grid Connected PV System with MPPT.

This chapter discusses how to make use of solar energy by using
photovoltaic (PV) and the importance of using maximum power point
tracking algorithms to get maximum possible power from the solar energy.
This chapter also discusses the effects of the temperature and solar
irradiation on the characteristic curves of the PV module. Boost converters

operation and construction were also studied. Finally, a suitable design of
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PV system with MPPT circuit were designed and tested and the results

were discussed.
1.5.4 Chapter four: Multilevel Inverter.

This chapter discusses the different types of multilevel inverters and the
advantages and disadvantages of each type. H-bridge multilevel inverter is
chosen in the thesis, different levels of this type were designed and tested

on the system and the results were compared.
1.5.5 Chapter five: Fault Tolerant Techniques for Multilevel Inverter.

Many faults tolerant techniques are reviewed in this chapter, and new fault
technique is adopted which were used to control the motor speed in case of
open circuit fault. This technique is tested on the inverter by assuming an

open circuit fault happened and the result analyzed.
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Chapter Two
Parallel Active Filter

2.1 Introduction

There are many types of power filters used in the power systems like series,
parallel and hybrid power filters (a filter which consists of two types of
filters to increase filtering efficiency). Series active filters are connected in
series between loads and source, they are used to reduce and compensate
load voltage harmonics. Parallel active filter also used to compensate

current harmonics of the non linear loads.

A parallel active filter is chosen in this thesis to filter source current
harmonics. It has lower component ratings than other types such as series
active filters because the components in series filter should have the ability
to pass total current throw it which means higher ratings for the

components used [9].

There are two types of shunt active power filters (SHAPF); Voltage Source
Active filter (VSAF) and Current Source Active filter (CSAF). The storage
element used with these filters determines the type of the filter as shown in

figures (2.1) and (2.2).

The basic concept of SHAPF is the ability to cancel harmonics by injecting
equal but opposite harmonic current to the non-linear load. This mission
can be achieved by using a suitable controller which drives switching

elements (IGBTs) to produce reference signal.
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Figure (2.1): Current source active filter (CSAF) circuit.
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Figure (2.2): Voltage source active filter (VSAF) circuit.
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VSAF is lighter, less expensive; fewer losses produced and simpler to

control compared with the CSAF [10], so it is chosen in this project.
2.2 Harmonic Currents Extraction Methods.

The efficiency of the APF depends on the reference extraction method
adopted. Many techniques are used to extract the reference signal .There
are mainly two techniques, time domain and frequency domain [11]. In the
time domain, an instantaneous estimation is done to generate reference
signal from distorted load voltage or current. Time domain method simpler
and need fewer calculation compared to frequency domain so the result will

be faster[11].
2.2.1 Instantaneous Active and Reactive Power Theory.
2.2.1.1 Introduction

The p-g theory depends on the instantaneous power which is defined in
time domain. This theory can be applied on three phase systems with both
cases, with or without neutral wire. The first step in this theory is to
transfer three phase current and voltage from a-b-c coordinates to Clarke or
a-B-0 coordinates and calculate the instantaneous power using a-f-0
coordinates. Clarke transformation which consists of matrix that relate
between three phase components and o-B-0 stationary reference frames is
used [12]. Finally, reference current generated depending on active and

reactive power of the non-linear load.


file:///F:/Acadimy/Project/final%20thesis/ch2/Ref/active%20filter.pdf
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2.2.1.2 Instantaneous Active and Reactive Power (p-q) Calculation.
Akagi-Nabae proposed (p-q) theory which used to separate the fundamental
and harmonic components of non-linear load power [13].The three phase

systems without zero sequence can be expressed as:
xa+xb+xc=0 (2.1)

Equation (2.1) shows that there is only tow variables because the third

variable related (a function) to the two other variables.

A matrix as shown in equation (2.2) can be created to transform from a-b-c

to a-B-0 system as shown below:

s Vs Yg]

[vo] ﬁ/ V2 2 V2 | |va

va| = 1 1, -1 vb] (2.2)
vﬂ \/§ \/§ —\/§ vC

0 / 2 / 2.

1 1 1 1
i 1z Nz lja
[ ] @3

io

1_V2 _ _ :

|-l 1 e
o V3, V3,

The theory depends on the transformation from the 3-phase system (a-b-c)

to the 0-a-P system as shown in Figure (2.3).
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to
> b
B

Figure (2.3): a-b-c to the 0-a-f system.

1
ia /\/E ' ° io
lib] :\/E/\/§ 1/\/E —1/2 \/5/2 lia] (2.4)
ic 1 1 _\/§ lﬁ

WAL /2.

From equation (2.1) and (2.2) a new relation can be driven as following:
iN=ia+ib+ic=+/3 io (2.5)

The power can be defined as following:

(40
IR
0 —vﬂ va

Where va, vb, vc and ia, ib, ic are phase voltages and currents.

pO
pap
qaf

po -ls the zero sequence (real instantaneous power).
paf -Is the instantaneous real power.

gaf -Is the instantaneous imaginary power.
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Equation (2.3) can be rewritten by using power and voltages instead of

currents as following:

[io vaf 0 0 po

ial= 1

ia|= 1/ z[ 0 wvova -vovB||pap (2.7)
ip vo(vap)=| vovf vova llqap

Where, vaB? =va?*+ vfp?> (2.8)

There are six Power types in the p-q theory as following [12].

> p0 - Instantaneous power which is transferred from source to the load

through voltage and current (zero-sequence components).

> p0 - Alternated value of instantaneous power which is exchanged

between source and the load through zero-sequence components.

» p - Instantaneous real power is transferred from the source to the load

in a balanced way (power component which is desired).

» p - Alternated value of the instantaneous real power is exchanged

between the load and source and related to the harmonics.

» q - The imaginary instantaneous power that belongs to the reactive

power generated by the currents and voltages fundamental components.

» g - The instantaneous imaginary power that belongs to the harmonic

currents caused by the instantaneous reactive power AC component.
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These power components are shown in the figure (2.4):

e .
SOURCE )z LOAD

Figure (2.4): Power components of the p-q theory in a-b-c coordinate [12].

The only useful and desired power is p component, so the active power
filter has to compensate the other components to improve the power
quality. If the neutral wire is not connected, the zero component voltage
will be null value, and also null value for the zero current components. So

equation (2.2) & (2.3) become as follows:

va _ J2 1 1, 1, "Z
bl 5 s o v, -, l
(2.9)
[gla] _ ﬁ/ 1 -1, T, FZ]
tUp V3 0 \/5/2 _\/5/2 ic
(2.10)

The instantaneous power of the load (pl and gl) are given by the following

equation:

Z:]:[ZZ :}fa] [if}’;‘ (2.11)
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Decomposing equation (2.11) gives the following:

pl=pl+Pl (2.12)
ql= ql+Ql (2.13)
Pl and QI are average terms and gl and pl are oscillatory terms.

Many things can be noticed from the above equations. They are as follows:

= The average power represents the first harmonic (fundamental) current

under sinusoidal and balanced condition [12].
= The oscillating terms related to all higher harmonics [12].

By using high pass filter (HPF) or low pass filter (depending on the design)
as shown in figure (2.6), the average power terms can be eliminated, and

the rest terms have to be compensated as follow:
pc=-pl~ and qc=ql~ . (2.14)
The current to be compensated as following:

ica] _ va vf ][pc
[icﬂ] =Y/ vavf? [vﬁ —va] qc] (2.15)
Where vaf? = va*+vf?,

By transforming between a-f coordinate to a-b-c coordinate the reference

current which have to be generated by the inverter becomes:
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ica* | ! \/—O | ,
] %5 e e [ s

7Y, ~V3/,

If the reactive power has to be compensated only, it (reactive power)

should be sent directly to the reference signal.

abc ol
Viahe N — .
Filter
o Instantaneous Reference | ¢ o | o8 If abc*
Power Currents ———— to
e calculation calculation ahc
IL abe " to —> ql
o

Figure (2.5): Diagram of the p-q theory to eliminate harmonics.

Diagram shown in figure (2.5) is used to eliminate harmonics only. If the
power factor has to be improved, the reactive power must consist of two

components (ql&Ql) so the control diagram become as shown in figure

abc p-
. - pL LPF [—>
o >
Viabe db Filter
ap Instantaneous Reference If ap*
Power Currents —p
calculation calculation
abc
IL abc to > qL ql
af '

Figure (2.6): Diagram of the p-q theory to eliminate harmonics and improving PF.
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2.2.2 Instantaneous Active and Reactive Current Component (id-iq)

Method

In this method the instantaneous active and reactive current components of
nonlinear load are used to obtain the reference signal. Getting (d-g) current
components to separate the harmonic contents from the fundamentals is
necessary. The performance in this method is better when there is
unbalanced or not ideal voltages [14]. In this method, only the d-axis
component should be supplied from the source. The transform is defined by

the following equations:

[ cosO cos(0 — 25 cos(0 + 2—") ]
id 3 321t 321r ia
l:q = /3 —sinf —sinf(0 — ?) —sin0(0 + ?) i.b (2.17)
io 1 1 1 lc

vz vz Iz

Where, 0 is the angular position of the synchronous reference.

0 1s a linear function of the fundamental frequency. This angle is turning in
a synchronous constant speed with the three phase voltage. The harmonic
current component can be separated from the load currents using low pass

filter. The load currents contain tow components as following [15]:
idl=uld+ 1ld (2.18)
iql=Ilq +1lq (2.19)
11d and Tiq are average terms and I1d and [lq are oscillatory terms .

The following can be noticed [15]:
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= The average current represents the first harmonic (fundamental) current

under sinusoidal and balanced condition.
= The oscillating terms are related to all higher harmonics.

The reference signal will be generated by using iql (tow components) to
compensate the reactive power and improve the power factor and will also

contain the alternative component of idl (1Id) to eliminate harmonics.

The reference signal of the active power filter (APF) becomes:

e

The inverse park transform is used to get the reference signal of the APF

currents in three phase system as following:

ifa cos6 —sin@

2w . 2m = *
ifp| = cos(0 —3) —sin6(0 - [3:3] (2.21)
ifc cos(0 + 2?”) sin@(0 + 2?”)

To determine the angular position of the synchronous reference, a phase

locked loop (PLL) can be used as shown in figure (2.7)
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PLL I ,
» Id —__ lid*
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abc d-q
+
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d-q | g™
| LPF | abe
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Figure (2.7): Reference current extraction with id-ig method.

2.3 Control of the Active Power Filter

It is important to improve the control methods of the SHAPF to get better
results such as decreasing the value of THD, improving the P.F of the
system, or improving the performance of the SHAPF when the non —linear
loads change. There are two control methods to control the APF to

compensate the harmonic currents which depend on the measured current:
e Direct Control Method.

e Indirect Control Method.

2.3.1 Direct Control Method.

This method depends on the load currents and the reference signal which

will be used to compensate harmonics is extracted from the load currents.
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In this case, the SHAPF will generate the currents which don’t depend on
the source currents but only on the load current which mean that the errors
in the measurements or control may appear in grid current as unfiltered
harmonics. But in the other hand, large number of sensors is used and

system stability will be achieved [16].

Non - Linear Load

Rs s S abc RL L *

— A —

IL abc

AC
If abc

) -7

Control
switches

Vdc

%

v

A

Controller

v

Figure (2.8): Direct control method.

Referring to the figure (2.8), voltages equation can be found as following:

V5 (S) = Vs (S) +SLt I(s) + Rel¢ (S) (2.22)

The filter current becomes:

_ Vf(9)-Vs(S)
Is) = Lo (2.23)
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The control loop of the system becomes as shown in figure (2.9).

I1£*

Controller |

Vs(t)

|

Ik vex(t)

Go(S)

V(L)
Ea

1/(Lf S+Rs)

Inverter

Figure (2.9): Structure of current control loop.

The output voltage of the inverter should equal the reference signal so the

transfer function of the inverter should be 1.

Figure (2.10) shows the diagram of the direct control method of parallel

active power filter.

Rs Ls

IS abc

ILabe

Non — Linear Load
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Current
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[everen coe |
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Figure (2.10): Direct control method of SHAPF.
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2.3.1.1 Control in the Three Phase Reference.
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The Pl controller is widely used in current regulation because of its
simplicity [17]. Figure (2.11) shows the diagram of the current regulator

using PI controller.

A transfer function can be driven from figure (2.11) as following:

- Kpi s+Kii
Hlo = Lfs? +(Rf+kpi)s+Kii (2.24)

Equation (2.24) can be written as following:

288c-2)s+
HCL:( ) (2.25)

2&0cs+cZ+s2

*
If e

\%i =F If
Kpi + Kii/S 1/(Lf S+Rs) —>

Figure (2.11): PI current controller loop.

To get a suitable dynamic response, the value of damping ratio should

equal 0.707.

The constants of controller can be calculated from equations (2.26 — 2.28).

Kpi=2&0cLf- Rf (2.26)
Kii=Lfc? (2.27)
Ac=2nfc (2.28)

2.3.1.2 Control in the Synchronous Frame Reference d-q



26
In this method, the Pl controller is designed to use the synchronous
reference d-g instead of using three phase reference. Figure (2.12) shows

SHAPF controlled using synchronous frame reference d-q method.

Non - Linear Load

Rs Ls ISabc ILabe Ru Lo
»—AAA Y Y Y]
T T
AT Y Y Y
AN WY Y Y
If abc ‘_ N
Re Lt If abc
€a B
| _Vdc ref
To Vdc
dg Cdc
J
b »] abc Vsd =Y =
3
0 To |
PLL dq Vsq
n — da |vio*
2 — - y= + via¥
hid Id — Id~| =
abc » L.P.F —»(25— . -:}O—b PI %_y To A.M
Liw Vig *
L To . | Vel ap
1 i [ + i
I = Lg ™| | .
dg ——[Lp.F]-le O m
+ L = G

Figure (2.12): Direct control using Pl controllers in Synchronous Reference.
2.3.2 Indirect Control of the Active Power Filter

This method interests in source currents without measuring or interesting in
the filter currents. Sinusoidal reference current is generated for the grid
then this reference will compared to the measured current and the error will
fed to current controller to generate pulses to the SHAPF. In this method,
the control is less complicated and fewer sensors are needed than direct

method. The diagram of indirect method is shown in figure (2.13) [16].
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Non - Linear Load
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Figure (2.13): Diagram of indirect method control.
2.3.2.1 Grid Current Reference Generation

The grid reference currents are generated in same way used to generate the
reference currents of the filter. Many methods used to identify grid
currents. Some of these methods depend on PQ theory [12], d-g theory

[14], and methods which depend on DC voltage controller.
2.3.2.1.1 PQ Theory Based Algorithm.

This method depends on the instantaneous active power. When using
indirect method the direct term (DC term) is reserved to generate grid
currents and the alternative component deleted. The reactive power has to
be eliminated also so, this method allows compensating the harmonic

current and the reactive power at the same time [12].
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This method can be explained by the following steps:

Assume the voltages at point PCC vsa, vsb,vsc and the load currents iLa,

iLb, iLc, the following equations can be obtained:

1

1
1 —= —=|[Vsa
Vsa] |3 2 2
VSB]_\/; 3 v3||Vsb (2.40)
0 - —5|lvsc
And
1 1
. 1 —= —=|[ILa
ila] _ |3 2 2
[ilﬁ] —fz 33 [ILb] (2.41)
0 - —5|lLc
The instantaneous active power can be written as bellow:
Pi=Vsaila+ Vs ilp (2.42)

As mentioned previously, the active power consists of two components, the
first one is direct power which is related to the fundamental voltage and

current and the second one is alternative which is related to the harmonics.
P = pl+pl (2.43)
If we look from the source side, the reference power becomes as following:
Ps*= pl+ Pdc* (2.44)
The direct active power can be separated by using low pass filter.

The grid reference current becomes as following:

. % Vsa %
sa =—————
Vsa<+Vsp

(2.45)
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isp'=——F _pg (2.46)

Vsa?+Vsp2

The reference currents become as shown below:

. [ 1 0]
isa* 1 V3 i s
2 R S 2
isc* | 1 _EJ
2 2

Figure (2.14) shows indirect control method diagram based on the

instantaneous power theory.

ILabe
Rs Ls ISabc Ru L

Non - Linear Load

If abc

-
B —

Vdc

(Vdc *) } Control
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Pac* = <
X |1
L VsaB %; D)_}
abe Reference Reference g
C " )
urrent
To L» LP.F % Current » Controller
; Calculatio i S
il Calculation
P : 5
Qs * = 0—>|

Figure (2.14): Indirect control based on the instantaneous power theory.
2.3.2.1.2 Synchronous Reference Based Method

This method is same as the instantaneous power theory but the difference is

that it depends on the calculation of synchronous reference currents. It uses
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the load currents and PLL to generate angular position for the voltage, the

calculation of direct load current component ijq as following:

La= \E (ita cos(at) + i cos(at - 2?“ )+iic cos(wt + 2;" )) (2.48)

This current consists of two componants, direct componant and altaernating

componant as shown in the following equation:
iu=i Id +i ld (2.49)

The direct current component can be separated by using a suitable low pass
filter with a suitable cut-off frequency (nearly 20 Hz) [18], this current

relates to the fundamentals of grid.

In this method, iq can be set to zero which means that this method can
compensate the reactive power and the harmonics at the same time. The
reference signal can be expressed as following:

cos0 —sin@

[lsa ] _|cos( — Z?E) —sinf(0 — —) [lSd*]

isb \ (2.51)

isq
cos(0 + 2?”) sin0(0 + ?)
Figure (2.15) shows an indirect control method based on the synchronous

frame method.
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Figure (2.15): Diagram of indirect control based on the synchronous frame method.

2.3.2.2 Design of SHAPF Controller.

The PI controller should be constructed as a part of the active power filter
controller to produce the reference signal. The adopted method depends on
the direct method control which means that the load current is measured
and the harmonics extracted from it. The input of the PI controller is the
error between the altaernating componant of the load current (i1ld after
filtering) and the d- component of the inverter current (linvg). The input of

the other PI controller is the error between the currents of the load on the g-

axes (ILq) and the currents of the inverter on the g-axes (linv o) [18].

Let’s assume the source voltages (Va, Vb, Vc) and the inverter output

voltages (Val, Vb1, Vcl) as shown in Figure (2.16).
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Figure (2.16): Schematic of SAF.

The inverter output is connected to PCC through the resistor R and inductor

L. The following voltages of the source equations can be expressed:

VamiR+L 2+ Vo (2.52)
. diz

Vi=isR+L 22 + Vi (2.53)

V=isR+L %3 + Ve (2.54)

Using the transformation to the d-q variables, the above equations become:

L dig/dt = -igR + (Vag— Vaug) - oL i (2.55)
Or

L dig/dt = -igR+V4

L dig/dt = -igR +Vq
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Where,
V4= (Vad— Vald) -oL iq

From the prevous equations, a model of Pl controller can be made as

shown in figure (2.17) [18].

€

lo
. Pl Voo 1/ts14m) lay

A

A

Vo 1/(SL+R) _la,

Figure (2.17): Current controller
Let the transfer function of PI controller to be as following:
Gri (s) = Ky + Kofs (2.61)

By comparing the transfer function of the controller with the canonic form

of a second order transfer function and assuming the following values:
e Damping factor £ value equal 0.707 (to insure that the system stable).
e Resistor R equal 3.9 Q.

e Inductor L equal 3.89 *1073 H.
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The values of K1 & K2 after solving the equations are as following:
K1 =450

K2 = 30543.9

The overall control strategy for SHAPF is shown in figure (2.18) and

figure (2.19).

abc Vsd
iL (abc) —>»{ To &
dq » Pl
wl.*iinvq > dq
to voltage
To [— controlled
abc WL¥inva R sources
> abc |

iinv (abc) —»| To

dq

linv q

Figure (2.18): Control strategy for the inverter.

Figure (2.19): Matlab simulink for (SHAPF) controller.
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The above control strategy is tested by using MATLAB software.

There are two types of loads; the first is RLC load with parameters shown

in table 2.2.

Table 2.2: Load parameters.

Loadl
Active power 3kW
QL 1500
QC 100

The second load is three phase rectifier connected with resistive load and

consumes 3kW.

The reference signal produced by the designed controller feeds the

controlled voltage sources.

After constructing the system which is shown in figure (2.20) by using
MATLAB software, the output source current before and after activating
controller is shown in figure (2.21) and figure (2.22). At time 0.5s the
inverter starts to work and the output current of the source becomes nearly
sinusoidal and the total harmonic distortion (THD/,) decreases from 13.9%

to 1.9% which is acceptable (according to IEEE-STD-519-2014) [44].
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Figure (2.21): Output source current before and after filtering.
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Spectrum befor filtering
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Figure (2.22): Spectrum of source current before and after filtering.

At time 0.5s the filter starts to work and compensates the harmonics so the
THD/, becomes 1.9% and at the same time, the filter starts to improve the
power factor (P.F) by compensating the reactive power as shown in

figure(2.23) and figure (2.24).

Figure (2.23): Waveform of the voltage and current of the source.
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Figure (2.24): Focusing on the crossing point for both cases.

From figure (2.23) and figure (2.24), the crossing point for the current and
voltage signals is not on the time axis when the active power filter is off
which means that the current lag the voltage or the power factor is less than
1.When the filter starts to work as shown in the figure (2.24/b), the crossing
point is at time axis which means that no shifting between current and

voltage or the angel is nearly zero so the power factor nearly equal 1.

Re:

@W(wmwwmmwnwvammwwwwwwWmmwmw%%ﬂﬁmvmmwmmwmmnwnth |

03 0.

Figure (2.25): Power factor and reactive power produced by source.
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Figure (2.25) shows that the source produce all the reactive power needed
by the load before the active filter works, but when it starts to work, the
new value of the reactive power produced by the source decreases to nearly
zero because the active filter compensate the reactive power so the power

factor is improved and become nearly 1 after activating the filter.

At time 0.55 s the filter starts to inject real power to the system as shown in

figure (2.26).

s

Figure (2.26): Output source current during 3 stages.

Figure (2.26) shows that the source current decreases at time 0.55s because

the inverter starts to inject real power at that time.
The designed controller can do three functions as following:
e Mitigating harmonics (reducing the THD from 13.9% to 1.9%).

e Compensating the reactive power and improving the power factor (PF

become nearly 1).
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e Injecting real power when the produced power by the PV system
satisfies the power needed to compensate reactive power and mitigate

harmonics.
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Chapter Three
Grid Connected PV System with MPPT

3. Grid Connected PV System with MPPT
3.1 Introduction

Solar Energy (SE) is unlimited source of renewable energy that should be
harvested and utilized properly as possible. Solar energy can supply the
load directly or can be connected with a grid as a distributed generating
unit which depends on the situation of the power system or grid.
Sometimes it is used to supply far (rural) areas where the ability to connect
by the grids is costly and difficult. Improving power quality is another

advantage of SE as will be seen in this thesis.

In order to make use of this energy as much as possible, maximum power
point tracking (MPPT) method is used to increase the output power
produced by SE cells and increase the efficiency of it [19]. The MPPT is
very important technique to get maximum power from the Photo Voltaic

(PV) panel.
3.2 Photovoltaic Arrangements
3.2.1 PV Cell

Photovoltaic cell is a basic unit which constructs the PV system. It consists
of semiconducting material such as germanium and silicon. Silicon is used
normally because its advantage over germanium [20]. When the light falls

on the surface of semiconductor material, holes and electrons are created
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by breaking the covalent bond inside the atom of semiconductor material.
So the polarity of terminals becomes positive and negative. The

construction of PV cell can either be square or circular.

light

1™ T e

Figure (3.1): PV Cell Structure [20].
3.2.2 PV Module.

A PV cell produce low voltage (around 0.6 V) [20], so many PV cells are
connected in series to generate higher voltage and connected in parallel to
generate higher current to get needed power for the load. Some problems
may appear when connecting PV cells in parallel and series like reversing
current when partial or total shading occur [21]. The produced power will
be wasted by reverse currents and may cause overheating of the shaded
cells. To solve this problem, diodes between cells are used. The efficiency
of the module is affected by ambient temperature [22]. At higher
temperature the efficiency becomes low so the installers should keep good

ventilation for the modules. The efficiency of the cell is always better than
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the module due to resistive losses caused by the internal connections of the

PV cells in the module.

Cell

Module

Figure (3.2): Photovoltaic system

3.2.3 Photovoltaic Array.

Photovoltaic array consists of several PV modules connected either in
parallel or in series. The connection between modules depends on the
needed power for the load. To get higher output voltage, more modules are
connected in series and to get higher output current, more modules are
connected in parallel. The photovoltaic array uses mostly a power inverter
to convert the power from DC to alternating power (AC) that can power

many applications.
3.3 Modeling of PV Array

To analyze the model of PV array, it is important to understand the model
of PV cell first because it is the basic block which forms the PV array. An

equivalent circuit of the cell depends on the physical presentation and



44

mechanism of a SC which is constructed of a p-n junction that converts

solar energy into electrical power.

The equivalent circuit of the PV cell is shown in figure (3.3).

Rse
1 Ish
|
\"
Rsh
T Iph

Figure (3.3): Equivalent circuit PV cell [23].

Where,

Iph - Photo current.

Id - Diode current.

Rse - Cell series resistance.

T - Temperature.

V - Cell output voltage.

| - Cell output current.

Rsh - Shunt Resistance.
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—q(V+Rse)

1d =l (e ek —1) (3.1)

Where,

lsat = 50 nA (for crystalline cell).

a - ideality factor.

Each element of the circuit shown in figure (3.3) has effect on the output
power. For example, the series resistance reduces the fill factor and the
high value of it may reduce the current in case of short-circuit and the
output voltage at MPP decreases. So, by reduction of Rse for PV cell

application the efficiency will become better [23].

The shunt resistance has also effect on the efficiency. When Rsh low, the
output power will decrease because the current passing through Rsh will
increase which means increasing power losses in the PV cell and
decreasing the value of the output current and voltage. The output current

can be expressed as shown in equations (3.2 to 3.7):

1= Ipn-lg- sy (3.2)
| = lpn - lsat (€XP(Q(V + | XRse / aKT)) — 1) — (V+IXRse /R ) (3.3)
Where,

q - Electron charge (1.062 x1071° coulombs)

a - Ideality factor (its value between 1 and 2).

K - Boltzmann constant (1.38 x 1073J/K?).
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T -Absolute temperature.
The cell temperature and solar radiation affects the I, as shown in

equations (3.4 - 3.7):

pi
loh = ﬁ X o xgxmn %L (3.4)
Where:

Pin - Incident energy per unit area per second.

hv - Quantum energy of photon.
n - Quantum efficiency.
a - Absorb coefficient.

10 - Net displacement of charge.

NOCT-20
TC = Tamb +

x G(t) (3.5)

Where,

Tamb - Ambient temperature.

NOCT - Normal operation cell temperature.

Voct = Voco [1+hv (TC - 250)] (36)

lsct = lsco [l + h; (TC - 250)] (37)
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Where,

hy - Temperature coefficient for voltage (-3.7 x 10~3) for crystalline cell.
h; - Temperature coefficient for current (6.4x 10~*) for crystalline cell.
3.4 PV Array Characteristic Curves.

3.4.1 Current Versus Voltage and Power Versus Voltage Curves.

Two values on the current-voltage curve are very important, the first one is
the current at maximum power point and the second one is the voltage at
maximum power point. The short circuit current I is produced when the
tow terminals of the PV module are shorted, at this point the voltage is
zero. The open circuit voltage is produced when the tow terminals are open
and this voltage is called the open circuit voltage Voc. At this condition the
current of the module is zero. When the terminals are connected with load,
deferent values of voltage and current are measured between Isc and Voc.
These points form the curve which called current versus voltage curve of
PV module as shown in figure (3.4). From current versus voltage curve the
power can be calculated and new curve can be obtained which called the

Power versus Voltage curve as shown in figure (3.5).
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Figure (3.4): Current versus Voltage curve
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Figure (3.5): Power versus Voltage curve.
3.4.2 Effect of Solar Irradiation on Characteristic Curves.

The solar irradiation affects the I-V curve and P-V curve. When the solar
irradiation change then the maximum power point of the solar module will
change also [25], so MPPT technique is used to trace the maximum power
to increase the efficiency of the module. When more solar irradiation fall
on the surface of the solar module, the excitation energy of electrons will

increase, so the electrons get higher mobility level which means more
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produced power. In this case, the short circuit current will increase as

shown in figure (3.6) and the open circuit voltage remains the same [26].

—
\ —S00W/m?2
—
\\ —_— GO0W/m2
—\\ 400W/m2

200W/m2

Current

s | OOOW/112

Voltage

Figure (3.6): Effect of changing solar irradiation on I-V curve.
3.4.3 Effect of Changing Temperature on Characteristic Curves.

The voltage of the PV module is affected by changing the temperature. The
open circuit voltage also depends on the temperature as shown in

equation(3.6) [27].

From equation (3.6), it can be noticed that when temperature increases, the
open circuit voltage decreases because the constant coefficient hv is
negative but the current increases slightly so the total power decreases. The
temperature coefficients are very important parameters of the solar module
so the manufacturers should provide it to show how the open circuit

voltage is affected by changing the temperature.

Figures (3.7) & (3.8) show the effect of changing temperature on the I-V
and P-V curves [28].
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Figure (3.8): P-V curves for different values of temperature.

The atmospheric conditions affect the temperature and the irradiation
which are varying during the month or a day; they can vary due to fast
changing conditions such as clouds. This means that the solar module
needs MPP technique to assure that the module gives maximum possible

power always at any condition and to increase the efficiency of the module.
3.5 Maximum Power Point Tracking (MPPT).

Solar irradiation and temperature always change depending upon the days
of year, sometimes hours of a day, orientation and latitude of the solar

field. So, the amount of solar irradiation which hit the PV array may
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change. In this case, the maximum power point tracking technique should

be used.

Maximum power point tracking means that the solar cells should give
maximum power to improve the efficiency and this happens at certain point

on the 1-V curve.

The system always should track this point .So; MPPT can be defined as a
technique to find the voltage and current to produce maximum power

generated by PV panel during different environmental conditions.

To increase the efficiency while using MPPT algorithm, some important

features should be taken into account:

* Less price.

* Easy to implement.

* The tracking response is rapid in dynamic condition.
* No oscillations at the MPP during steady state.

* The MPPT algorithm must work with different values of solar irradiation

and temperature
3.6 Perturb and Observe (P&O) MPPT Algorithm.
3.6.1 Basic Concept.

P&O technique is the most used type of MPPT algorithms, because its

simplicity and minimum parameters required [28]. The basic concept of
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this algorithm is that the voltage has to be perturbed regularly and
calculating the output power at the same time .After that, the power should
be compared with the previous value. If the power increases during the
same condition then the increment should be in the same direction. But, if it

decreases then the increment should be in the opposite direction. Else, the

maximum power achieved when 2—3 =0 [29].

When the algorithm about to reach the maximum point, the oscillation
around this point starts. So, the perturbation size should be very small to
make the variation of power small. When the atmosphere changes fast, then
the lost power may increase because the system can’t track the MPP
correctly. But, this algorithm stills the most preferred one due to its

simplicity [28].

3.6.2 Flow Chart of (P&QO) Algorithm.

P(k)=V(K)*I(k)
AP=P (K)-P(K-1)

Y

YES @ NO NO @ YES

Decrease Increase Decrease Increase
module voltage module voltage module voltage module voltage

[ I I I

Upgrade history

V(K-1)=V(K)
P(K-1)=P(K

Figure (3.9): Flow chart of (P&O) algorithms [29].
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The algorithm works as following steps:

Tow values of voltage and current are chosen.

The power is calculated and compared to the previous value.

If Ap > 0 and Av > 0, this means that the point still in the left side of

the curve so the voltage should be increased .

If Ap > 0 and Av < 0, this means that the point in the right side of the

curve so the voltage should be decreased .

» If Ap <0 and Av > 0 ,this means that the point in the right side of

curve so the voltage should be decreased .

= If Ap <0 and Av < 0 ,this mean that the point in the left side of the

curve so the voltage should be increased .

At Ap = 0 ,the point is the maximum power point.
3.7 Boost Converter

A boost converter is DC to DC converter which boost-up the input DC
voltage to produce desired voltage at output .The boost converter is used
also in the PV system to implement the MPPT technique. By using the
boost converter, MPPT algorithm can always change the output voltage to
check the power if it reachs the maximum value or not. There are three
types of converters namly:boost,buck and buck-boost converter. In the PV

system, a boost converter is used to step up the PV output voltage .The
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boost converter consists of the following elements as shown in figure

(3.10).

e Inductor L.

e Controlled switch S.
e Diode D.

e Capacitor C.

L
lev > M >
H, D '
Vey f =, J S Co | LoAD| v
Figure (3.10): Boost converter circuit [45].
Where,
Vey - Input DC voltage (PV).
Cl1 - Capacitor (across the input DC).
D - Diode which is connected in series with load//C2.

L - Inductor connected in series with the source.
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The output voltage will change depending on the duty cycle. Large values
of the capacitor and inductor can be chosen to take voltages and currents as

DC values.

3.7.1 The Operation of Boost Converter.

When the switch S is in the on state (as shown in figure 3.9), the current in
the inductor L increases linearly and at that time the diode D is off so, this
mode is called charging mode .After that the switch S is turned off and the
stored energy in L start to flow to the output RC circuit and this mode is

called discharging mode.

The relation between input and output voltages is shown in the following

equation:

Vin = (1-D) Vout (3.8)

It is seen from equation (3.5) that the conversion ratio depends on the duty
cycle assuming constant-frequency operation. To control the output voltage
to give maximum power, a controller should be added to the boost

converter to choose suitable duty cycle to achieve that.

3.7.1.1 Charging Mode of Operation

In this mode, the switch is closed as shown in figure (3.11) , so the inductor
start to store the energy as a result the inductor current rises exponentially

but it is assumed as a linear current .The load current remains constant
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because the capacitor connected parallel with the load will discharge throw

it during this mode .

N, ' WY
D

V s S
PV —=C; Ij oo LoAD | v

/1

Figure (3.11): Charging mode of boost converter [45].
3.7.1.2 Mode-2 or Discharging Mode of Operation

In this mode the switch is opened and the diode acts as a short circuit as
shown in figure (3.12). So the energy which is stored in the inductor will
discharge through the load with opposite polarity and at this time the

capacitor start to charge again.

|
A e o 'a o Pl
D +
LOAD | \/

/1

\C1 CZ/

) |

Figure (3.12): Discharging mode of operation [45].
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Figure (3.13): Waveforms of boost converter modes [45].

3.8 Design of the System (PV and Boost Converter).

3.8.1 Design of the PV System.

To design the PV system, Mitsubishi electric PV-EE125MF5F module is

chosen to build the system with the following specifications shown in the

following table:
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Table (3.1): Specification of Mitsubishi electric PV-EE125MF5F

module at standard conditions.

Mitsubishi electric PV-EE125MF5F model specification

Maximum Power 125.079
Maximum Power Voltage 17.3
Maximum Power Current 7.23
Open Circuit Voltage 21.8
Short Circuit Current 7.9

Area 0.9291m?

A PV system have to be designed to feed the load with assumed needed

energy equal 7kWh per a day and output voltage 75 V which will be

stepped up through the boost converter to 108 volt to be connected to the

inverter.

The peak power of the PV system should be calculated from the following

equation [30]:
Ppv=—EL

nvnR PSH
Where,

E. :energy consumption per day.

PSH : peak sun hours (5.4 in Palestine).

nv . efficiency of charge regulator (0.92).

nr : efficiency of inverter (0.9).

St :safety] factor (1.15).

(3.9)
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Substituting these values in equation (3.6) to calculate the peak PV power

as following:

Ppv = . %115 =1.8 KWp.

9%,92* 5.4

To calculate the number of modules needed, the following equation should

be used:

Ppv

No. pv = (3.7)

Pmpp

No. pv = % =14.4 = 15 module needed.

To obtain the needed output voltage of the PV system, number of modules
which connected in series should be determined. To do this, the following

equation should be used.

_ mneeded voltage (3 8)

- Vmpp for module

Where Ns: number of modules connected in series.

75 . )
Ns = T3 =4 .34 =~ 5 modules connected in series.

Each string has 5 modules with a voltage of about 86.5 volts.

To determine number of strings connected in parallel, a power of each

string should be calculated as following:

Power produced by one string = number of modules * MPP (3.9)

Power produced by one string = 5*17.3*7.23 = 625.4 W.

Number of strings = ——aLpower_ (3.8)

string power
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Number of strings = 61522 = 3.2 =4 strings connected in parallel.

According to this construction, the peak power of the PV generator will be

2500 W which means that the safety factor is increased to be 1.6.

The needed PV system consist of four strings connected in parallel where
each string consists of five modules connected in series as shown in

figure(3.14):

Figure (3.14): The configuration of PV generator.
3.8.2 Calculation of Boost Converter Parameters.

Figure (3.10) shows the circuit of the boost converter. The input is
connected with the output of the PV system. The inductance and the

capacitor should be calculated. The switching command of the IGBT (S)
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assumed to be 10 kHz. The design specifications of boost controller are

shown in table (3.2).

The boost converter should receive DC voltage from PV system which
varies between 0 to 86 volts and the output voltage of the boost controller

is fixed to 108V (DC).

Table 3.2: Specification of boost converter.

Parameter values

Input VVoltage 0-86 V
Output Voltage 108 V
Switching frequency 10 kHz

Depending on the specification for input and output voltages shown in
table(3.2), the required duty cycle can be determined by using Equation
(3.5).

The value of duty cycle of the boost converter is determined due to the

value of the output voltage of the PV system.

The minimum value of Inductor Lmin and minimum value of capacitor of

boost controller have to be determined.

The minimum value of duty cycle obtained when the input voltage of boost

converter is maximum.
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Equation (3.5) can be rewritten as following:

VO-Vin
D= :
Vo

The minimum value of the inductor can be calculated depending on the

following equation :

_p\2
Lmin = Bilaflle (3.9)

_ 2
Liin = 222022010 = 64 %1073 mH.
2x10%10

Let the peak to peak value ripple voltage equal 0.05.The capacitor value

can be calculated by using the following equation :

V0)D
Crin = {727 (3.10)
AV =0.05

_108+0.20 3
Crnin = 0.05+10%10%103 4.3 mF

After completing the design of PV, boost converter and controller, a system
is build using MATLAB software, the output voltage of the PV system is

shown in the following figure:
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Offsat=0

Figure (3.15): Output voltage of the PV system.
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Chapter Four
Multilevel Inverter

4. Multilevel Inverter
4.1 Introduction

Inverter is an electrical device that has the ability to convert DC power to
AC at needed value of frequency and voltage. The first type of inverters
used is the two level inverter. This type suffers from many problems like
high switching frequency and losses, many limitations for high power
applications, large THD, and high stress on the power switches. For these
drawbacks, this type is not suitable when using medium or high power
applications or grid. When using a medium or high voltage grid, it is not
suitable to connect only one power semiconductor switch directly because
it has limited power rating. So, a multilevel power inverter can be used
instead of conventional inverter in medium power and voltage situations. A
multilevel inverter is not only suitable for interfacing high power
applications, but also produces a better output signal with minimum
harmonics and nearly the same as reference signal. A multilevel inverter
usually used to connect the renewable energy sources such as wind,

photovoltaic, and other sources to the grid [31].

The multilevel term means that the levels of the inverter are three or above.
Many, topologies are used to design the multilevel inverter. However, to
get high power inverter, the construction should use larger number of

power switches and DC sources.
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The main disadvantage of the multilevel inverters is the great number of
power semiconductor switches used. Each switch needs a particular drive

circuit. This means more complex and expensive system [31].
4.2 Multilevel Inverter Structures.

The multilevel inverter consists of three levels or more. Sometimes, it is
called converter and not inverter because it uses bi-directional switches or
can work in both modes as a rectifier or an inverter. When the number of
levels increase, the THD will decrease and the performance of the system

become better [31].

In a multilevel Voltage Source Inverter (VSI), the voltage of dc-link (Vpc)
is obtained from any DC source which can produce stable DC power.
Series connected capacitors are used as an energy tank to produce many
choices of DC voltage values for the inverter as shown in figure (4.1). Each

capacitor has voltage V¢ as showing in the following equation [31].
Vc=Vpc/ (n-1) (4.1)
Where:

n - Number of level.

A schematic diagram of different types of inverters (one phase leg) can be
shown in figure (4.1) with different number of levels, the semiconductor

switches can move to different positions to get certain DC value .The
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output voltage of tow-level inverter have tow values while the n-level

inverter will produce an output voltage with n voltage values .

Vo 28— a
Vel :: )
Ve2 :.I:
-0
Vel T -0 @ 30 o
T~ A _o
J | Va
— 4
Vel p—
Va
Va
-
L L —

(b) (c)

Figure (4.1): One phase leg inverter with (a) two levels, (b) three levels, and (c) n levels [31].
4.2.1 Diode-Clamped Multilevel Inverter.

The diode clamped multilevel inverter topology is commonly used .The
diode is used to clamp the DC voltage to get many values or steps in the

output voltage [32].

For example, a three—level inverter which uses diode clamped topology
consists of two couples of diodes and switches. Each pairs of switches
work complimentary and the diodes used to get mid-point voltage. In this
topology, the DC bus is used by each of three phases of the inverter and
divided in to three levels by using tow capacitors. The voltage stress across

each switching device is limited to Vdc through the clamping diodes D1
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and D2 as shown in figure (4.2). The output voltage across each capacitor

IS Vpc/2 where (Vcl1=Vc2=Vpc/2) [31].

When using three level inverter (as shown in figure 4.2), there are three
states of the switches to get three different possible values of the output. At

any time, a set of two switches should be on.

Vdc/2

.»_I ]
|

Vdc T

Vout

_ -Vdc/2

Figure (4.2): Three level inverter using diode-clamped inverter topology [31].

Table (4.1) shows switching states of the three level diode-clamped

inverter.

Table 4.1: States of the three level diode-clamped inverter.

Switch status State Voltage

S1=0ON,S2=0ON S=+ve | Vo=Vdc/2
S1'=0FF,S2'=0FF
S1=0OFF,S2=ON | S=0 Vo=0
S1'=0N,S2'=0OFF
S1=0FF,S2=0OFF | S=-ve | Vo0=-Vdc/2
S1'=0ON,S2'=0ON
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In general, to design an N level diode clamped inverter, 2(N-1) switching
devices are needed for each leg, (N-1) DC link capacitors and (N-1)*
(N-2) clamping diodes are required [32]. The quality of the output voltage
depends on the number of levels. Increasing the levels means high quality
waveform and closer to sinusoidal or reference signal. However when the
number N become higher, the number of switching devices and clamping

diodes will increase and make the designed inverter more complex.

4.2.1.1 Advantages and Disadvantages of DCMLI.

The advantages of DCMLI are listed below:

1. A common DC bus is shared for all of the phases.

2. The capacitors can be pre-charged as a group.

3. Low harmonics when using high number of levels.

The Disadvantages of DCMLI are listed below:

1. If the monitoring and control are not accurate, the DC level may decrease

or discharge [32].

2. To get high quality output, the number of clamping diodes needed is

high which makes the system complex.

4.2.2 Flying Capacitor Multilevel Inverter.

The idea of the capacitor clamped inverter which known also as flying

capacitor was proposed by Foch and Meynard in 1992 [33].The structure of
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this type of inverters is same as in the diode-clamped type but instead of
using clamping diodes, capacitors are used in their places. The flying
capacitors are connected in series connection, where the voltage on each
capacitor differs from that of the next capacitor. The voltage steps in the
output waveform depending on the two adjacent capacitor legs chosen.

Figure (4.3) shows the three-level capacitor clamped inverter structure.

]
2 @}
@
@]

Figure (4.3): Circuit topology for capacitor-clamped multilevel inverter (three levels) [31].
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4.2.2.1 Advantages and Disadvantages of (FCML.I).
The advantages of FCMLI are listed below:

1- In the capacitor-clamped voltage topology, the capacitors which shared
the same leg are charged to different voltage values which mean more
levels can be used. But in diode clamped topology, the series string of

capacitors have the same voltage.
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2- The inverter has the ability to ride through deep voltage sags and short

duration outages.

The disadvantages of DCMLI are listed below:

I

The capacitors have to be charged initially before any modulation which

complicates the control and modulation process.

N
1

The control becomes very complicated when using large number of

capacitors.

w
1

The startup and precharging the capacitors is complex.

N
1

Using capacitors make the converter more expensive than using diodes.
4.2.3 Cascaded Multilevel Inverter.

Another type of multilevel inverters is the Cascaded Multilevel Inverter
(CMI) which called also series H-bridge inverter. The H-bridge inverter
was proposed in 1975 [6].The CMI has been utilized in a wide range of
applications especially high-power applications because its modularity and
flexibility [35]. Each phase of the inverter consists of a series of single-
phase full bridges. To build three-phase output AC waveform, CMI should
have three phase legs of series H-bridge converters. The voltage level when
using this topology is easily scaled because this topology depends on series
power conversion cells. Each full bridge converter is provided by DC
supply separately which achieved by using PV system, diode rectifiers or

other dc sources.
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4.2.3.1 Operation of CMLI.
The topology of this type of converters is based on the series connection of

H-bridge converters with separate DC sources as shown in figure (4.4).

Cc1

Vout

c2

A 188
A 58

Figure (4.4): Three-level Cascaded Multilevel Inverter [31].

The output phase voltage is made of the voltages generated by the different
cells. In a 3-level inverter each single-phase full-bridge converter produces
three voltage levels at the output: +Vpc, 0, -Vpc (positive DC voltage, zero,
and negative DC voltage). This is can be achieved by controlling the power
switches to produce the desired output. The produced output AC voltage

vary from +Vpc to -Vpc with three levels.

The output voltage of the three-phase system for the cascaded converter

can be connected in either delta (A) or wye (Y) configurations.
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4.2.3.2 Advantages of CMLI.

The advantages of DML are listed below:

1-

2-

3-

Modularity can be achieved for control. Unlike capacitor clamped and
the diode clamped inverter where the modulation for individual phase
legs must be achieved by a central controller, the H-bridge cells of a

cascaded structure can be modulated separately.

The components used to build this type are less than other inverters to

produce the same output voltage levels.

Soft-switching control can be used in this topology.

4.3 Multilevel Inverter Design.

H-bridge with 27 level inverter is chosen for this project for the following

reasons:

1-

Increasing the number of levels (27) will decrease the distortion in the

output waveform.

It is more suitable to high-power, high-voltage applications than the

conventional inverters.

Easy to control than other types of inverters because it consists of cells

which can be modulated separately.

By increasing the number of levels, the voltage stress on the switches

will degrease.

Switches can be controlled by using Soft-switching.
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The inverter consists of three H-bridges with three unequal distributed DC

sources with relation (1:3:9) as shown in figure (4.5)
The DC sources have the following values:

Table 2: The DC sources of the Inverter.

Source 1 Source 2 Source 3
36 108 324

T1 —ﬁ%: T3|—

Td|— T2 |

TS

T7 —|';%§

: Vout

' A 1
te T
TB T6 —D}% [
1 7
el e
T9 T].].
la 5
! F
T12 j%nuﬁ
1 7

Figure (4.5): 27 Level H-bridge inverter with three separate DC source.
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By controlling the switches in each H-bridge, desired or reference output

waveform can be obtained.

The controller of the switches depends on the amplitude of the reference
signal. The modulation technique used is amplitude modulation because it
Is easy and simple method. The basic principle of this method depend on
the comparison between the amplitude reference signal and defended

ranges to generate pulses as shown in the flowing chart.

Refrence
signal

Devide on max
value of ref

2<0.005 YES I GenerateLZ(\elgiJgnce zero

NO

a<.0769 YES > Generat(f_;(/a:lulence one

Generate sequence tow

YES ’ Level 2
> Generate sequence three

@ YES Level 3

Generate sequence
NMESU thirteen
Level 13
0 (P3,P4,P1,P2,P7,P8,P5,P6,P11,P12,P9,P
10)

Figure (4.6): Amplitude modulation flow chart.
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Where: ais the absolute value of reference signal divided on max value.
y is the value of reference signal divided on max value

The basic concept of amplitude modulation is as following steps:

1- Input reference signal divided on its max value.

2- Finding the range of each step by dividing one over (one minus number

of levels) divided by tow as shown below:
1/([1-27]/2) =0.0769.

3- Checking the amplitude of the input or reference signal and finding the
range in which this value belongs to and generating suitable pulses to

produce suitable level.

For example if the value of the signal amplitude is 0.01, it means that the
output should produce level 1 because the value .01 belong to the first

range (.038 to .0769).
4- The arrangement of the pulses which fed the switches is as following:

(P1,P2,P3,P4,P5,P6,P7,P8,P9, P10, P11, P12) for positive

values of reference signal and as following

(P3,P4,P1,P2,P7,P8,P5,P6,P11, P12, P9, P10) for negative

values of reference signal.
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For example if the value of the input reference signal is .060 then the
output voltage should be level one which equal 36 volt so the first DC

voltage should be connected and the tow others should be disconnected.

The controller produce pulses for the switches to achieve this as following

(110010101010).

The DC voltages arrangement will be as shown in the following figure

+
DC1 LOAD
|
+
——  DC2
|
+
—— bee

Figure (4.7): The DC voltages arrangement for level 1.

Another example, when the value of the signal amplitude equal 0.62 then
the output voltage should be level 8 which equal 36*8 =288 volt. In this
case, DC3 (323V) will be connected in positive mode and DC1 (36) will be

connected also but in negative mode as shown in figure 4.8



7
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_I_ DC2
|
1 +
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Figure (4.8): The DC voltages arrangement for level 8.

To achieve this arrangement of voltages, the controller will produce the

following gate pulses (001110101110).

The output voltages of each module (cell) and the total voltage are shown

in the figure (4.9).

Figure (4.9): The output voltages of each cell when (001110101110) produced.
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Figure (4.10): 27 level H-bridge inverter with its controller.

4.4 Results

To test the performance of the proposed H-bridge inverter, five cases are

simulated by using MATLAB software.

= Casel: using two level inverter with sinusoidal input.

= Case2: using nine level H-inverter with sinusoidal input.
= Case3: using 27 level H-inverter with sinusoidal input.

= Case4: using three level H-inverter to produce reference signal needed

in the thesis.
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= Caseb: using 27 level H-inverter to produce reference signal needed in

the thesis.
4.4.1 Simulation of Tow-Level Inverter with Sinusoidal Input.
The input signal is sine wave with frequency equal 50 Hz.

Based on the modulation technique which is explained in the previous
section, two pulses are generated. Theses pulses will feed the switches of
the inverter to produce ether +DC or —DC output voltage depending on the

amplitude of the input voltage.

The input and the output voltages are shown in figure (4.11).

Figure (4.11): The input and output voltage signals using two level inverter.

The total harmonic distortion (THDy) equal 48.3% (using MATLAB

software to measure THDy).
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4.4.2 Simulation of Nine-Level Cascade Inverter with Sinusoidal Input.
The input signal is sine wave with frequency equal 50 Hz.

Based on the modulation technique which is explained in the previous
section, twelve pulses are generated. Theses pulses will feed the switches in
one phase leg of a nine level inverter. Similarly the remaining two phases
are fed by the same pulses generated, but changing phase shifting angle of

modulating signal by 120 degrees to produce three phase system.

The input and the output voltage signals are shown in the figure (4.12).

Figure (4.12): The input and output voltages using nine level H-bridge inverter.
The total harmonic distortion (THDy) equal 9.38%.
4.4.3 Simulation of 27 Level Cascade Inverter.

The same parameters for the input signal are used when using the 27 level

inverter.
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The input and the output voltage signals are shown in figure (4.13)

Figure (4.13): The input and output voltage using 27 level H-bridge inverter.
The THDy when using 27 level inverter equals 5.05%.

By comparing the results obtained from three types of inverters, the

following notices can be observed:

1- The output voltage when using 27 level inverter is closer to sinusoidal

or reference signal.
2- The total harmonic distortion when using 27 level inverter is lower.

3- The 27 level inverter is more suitable to be used in the project to

minimize the THD for the source current.
4- Two level inverter have large THD.
4.4.4 Simulation of Three Levels Inverter.

A three level inverter is used to produce the reference signal which is

generated by the controller mentioned in chapter three.
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The output source current when using three level inverter is shown in

figure(4.14):

Figure (4.14): Output source current after using three level inverter.

At time zero, the system works without connecting the active filter which
consists of three level inverter but at time 0.4 second, the inverter is
connected and starts to compensate the harmonics so the total harmonic
distortion (THD),) for the supply current decreases to 6.32% which needs to

be decreased more (according to IEEE-STD-519-2014) [44].

4.4.5 Simulation of 27 Level Inverter.

27 level inverter is used instead of three level inverter and it is connected at
time 0.4 second to the system and the THD, becomes 3.9% which is

accepted (according to IEEE-STD-519-2014) [44].

The following output current is obtained after and before connecting the

new inverter.
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Figure (4.15): Output source current before and after using 27 level inverter.

From figure (4.15), it is clear that the output current is more accurate and
the THD, is less in comparison with three level inverter. So when the

number of levels increases, it means better performance.

Table 4.3 shows a comparison between the results obtained from the five

cases.

Table 4.3 : Comparison between the results obtained from the five

cases.
Case Input signal Number of | THD
levels
Case 1 Sine (50 Hz) 2 48.3%
Case 2 Sine (50 Hz) 9 9.38%
Case 3 Sine (50 Hz) 27 5.05%
Case 4 Reference signal (output of controller) | 3 6.32%
Case 5 Reference signal (output of controller) | 27 3.9%
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Chapter Five
Fault Tolerant Techniques for the H-Bridge Inverter.
5. Fault Tolerant Techniques for the H-bridge Inverter.
5.1 Introduction

Recently , the voltage source inverters (VSI) are used widely specially in
the industrial applications ,such as railway traction , aeronautics and
robotics, and other fields like distributed generations which connected to
the power systems ,some of these distributed generations use inverters
which depend on the power switches like insulated-gate bipolar transistors
(IGBTSs) because of their fast switching ,high efficiency and they can
handle short-circuit currents for considerable period of time [35]. Although
of its advantages, the inverter can be affected by abnormal conditions
which can damage the power switches causing faults in the system. Three
main types of failure of power switches operation can occur such as the
intermittent gatemisfiring fault, open circuit fault, and the short-circuit fault
[35]. So, to achieve the reliability and availability of the inverters, some
fault-tolerance techniques have to be applied to ensure that the inverter still

can operate under fault conditions.

In this thesis, an open circuit fault for one phase of the inverter is

considered (as shown in figure 5.1) by assuming one leg is disconnected.
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Figure (5.1): Diagram of the system with open circuit fault.
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After applying this assumption on the designed system, the total harmonic

distortion (THD,) for the faulted phase (c) becomes about 42% which is

very large (according to IEEE-STD-519-2014) and the output source

current signal becomes destroyed as shown in figure (5.2)

Figure (5.2): Output source current during open circuit fault.
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5.2 Fault-Tolerant Two-Level Inverter Techniques

Historically, fault tolerance techniques in energy conversion systems have
been used for motor drives that suffer from many types of external faults
especially external phase-loss (PL) fault. At first, the fault tolerance
techniques was applied on the Y-three phase motor drive by adding
auxiliary fourth leg to the conventional two level inverter topology, and the
neutral point of stator windings of the motor is connected to the added

fourth leg as shown in figure 5.3 [36].
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Figure (5.3): Two-level three-phase inverter with fourth leg for fault tolerance [38].

Another solution is to consider the DC-bus capacitor branch as the fourth
leg [36]. The fourth leg enables the inverter to work under fault condition
and continue to supply the motor as normal operation with open circuit

phase and two running phases.
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Another technique is to supply a three-phase load from two phases with 60
phase shift, this technique was proposed in 1982 [37].The idea is to make
the inverter have the ability to inject line currents such that the phase shift
angle about 60- with respect to each other when the faulted phase is
isolated, this make the rotating MMF with only forward component, but the
value of MMF in case of fault condition is about 1/+/3 of the magnitude in
case of normal operation, so the output power to the motor will decrease
about 1/+/3 of its rated power [37]. Thus the value of remaining tow

currents must be increased by +/3 factor if rated power is needed.

The forth leg technique can be used also when there is an internal fault in
the inverter in addition to the phase loss (PL) fault. This can be achieved by
isolating faulty leg by using fast-acting fuses which have the ability to

disconnect the circuit before damaging the power switches (high response).

This fault tolerant technique can tolerate the following faults:

[HEN
1

Switch open circuit (SOC).

N
1

Switch short circuit.

w
1

Leg open circuit.

N
1

Leg short circuit.

There are many topologies for this tolerant technique as shown in figure

(5.4) and figure (5.5)
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Figure (5.4): Fault-tolerant topology for two level four-leg inverter.
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Figure (5.5): Fault-tolerant topology for two level four-leg neutral-point-connected inverter.

The topology shown in figure (5.4) can tolerate short and open-circuit
switch faults. It uses fourth leg which is connected to the other three legs

through group of triacs. In normal or healthy conditions, the inverter
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operates with three main legs and the triacs are off. When the fault occurs,
the faulty leg is disconnected and isolated by using fast-acting fuses and the
corresponding terminal of the load is connected to the midpoint of the

fourth leg by firing triac which connected to it.

The other topology shown in figure (5.5) can tolerate both phase loss (PL)
and switch faults except a leg short-circuit fault [38].The motor neutral
point is connected to the midpoint of the fourth leg to tolerate the PL faults.
When the fault occurs, the triacs isolate the faulty leg and the fourth leg is

activated by turning on the corresponding triac.

To tolerate a short-circuit leg by using this topology, a set of thyristors and

capacitors should be added as shown in figure (5.6).

~Cp

) « @
~C1

~C2 s2 _@

Cn
/‘\ m F2

Figure (5.6): Leg A with isolation capability.

Phase A
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The above schematic of leg have the ability to isolate the short circuit fault
of the two switches .If the fault in the lower or upper switch occur , the
associated thyristor is activated to open the fuse and isolate faulty switch.
The value of the added capacitors should be chosen depending on the

thyristor current and have the ability to open fuse quickly [39].
5.3 Fault-Tolerant Multilevel Inverters

The multilevel inverter consists of large numbers of semiconductor power
switches so, this type suffer from internal faults more than two level
inverters [40]. Fault tolerance for multilevel inverters usually achieved by
isolating the faulty device or module and reconfiguring the switching
pattern for the other modules to new normal condition [41]. Sometimes, no
need for the fourth auxiliary leg to tolerate the faults which is mostly used
as a solution in two level inverters. Many fault tolerant topologies are used
for multilevel inverters, including all types such as flying capacitor,

cascaded H-bridge and neutral-point clamped inverters.

Fundamental phase-shift compensation (FPSC) is an example of fault
tolerant techniques; this technique can tolerate both short circuit and open
circuit faults by isolating the faulty device or module using bypass

contactor as shown in figure (5.7).
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Figure (5.7): Module with bypass contactor.

The line to line voltages output before and after fault for cascaded
multilevel inverter remain balanced .During fault; new calculations for the
angels between phases are needed to keep the line to line voltages
balanced. This technique is very effective and simple [43]. Sometimes ,the
new angles can’t be calculated because the nonlinear equations have no
solutions and the inverter neutral point outside of the line-line voltage
triangle or the summation of the two healthy legs less than or equal to the
third leg. So, a new technique is used which is called modified FPSC

technique [42].
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5.4 Control Strategy for the Open Circuit Fault Adopted in the

Project.

The strategy depends on adding auxiliary fourth leg to the inverter and

connecting it to the neutral point of the load as shown in figure (5.8)

Three

= INV DC LINK
Phase

Load

gl @ @ a| T

Figure (5.8): Fault tolerant scheme for one leg open circuit.

The added fourth leg is to provide the ability for the inverter to tolerate an
open phase fault. This leg is disconnected during healthy operating
conditions through special switches which mean no connection between
supply and neutral point. When an open circuit fault occurs, the faulty leg
will be disconnected through corresponding switches and the other
switches which connecting the fourth leg will be activated to control the

voltage at neutral point.
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To keep the performance of the inverter when an open circuit fault occur as
in healthy mode, the control strategy used should be modified to control

the remaining two healthy phases as following steps [43]:

e The reference voltage of the faulty phase is set to zero, for example if

phase ¢ become faulty then VVc_ref and Ic_inv should be zero.

e Activating the switches which connect the fourth leg of the inverter to

the neutral point of the load.

e The current passing through the fourth leg is the sum of the two

remaining currents which can be circulated.
After applying these steps to the control strategy used in chapter two,

a new control strategy is obtained as shown in figure (5.9)

—

Vlabe — To

Topulse
——>  generator
Circuit

)
— SetVrefc=d

Viny_abc — To

iny (abc] To n +

L[ I\
dq0 liwo 'U

Figure (5.9): Control strategy scheme for open circuit fault.
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This control strategy was applied to control the motor drive during an open
circuit fault and to control speed, it was very effective during open circuit
fault [43]. In this work, the same strategy is applied to the active filter

during an open circuit fault.

The control strategy used to control the filter is changed to the new strategy
and the output source current before and after open circuit fault is shown in

figure (5.10) and figure (5.11).

Figure (5.10): Output current after applying new control strategy for open circuit fault.

The total harmonic distortion becomes 8.4% which is acceptable in faulty
condition and the distorted output source current signal becomes better and

accepted as shown in figure (5.11).
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Figure (5.11): Output source current before and after applying new control topology for open

circuit fault.
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Figure (5.12): Output source current before, during and fault tolerant stages.

From the obtained results, it is seen that the inverter have the ability to
work under faulty condition (open circuit fault) because the THD obtained

IS improved.
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Conclusions

An active power filter has been designed with many tasks as following:

It has the ability to mitigate harmonics.

Compensate reactive power and improve power factor

Inject real power.

Have the ability to tolerate an open circuit fault and continue to work

under faulty condition without affecting the power system.

This work consists of many stages; first stage is designing the controller for
the power filter to mitigating the harmonics and compensate the reactive
power. The controller is tested by using MATLAB software and connected
to controlled voltage sources. The current source THD was 13.9% and
becomes 1.9% after connecting the power filter at time 0.4s. The power
factor also becomes around 1 which means that the reactive power
produced by the source becomes around zero. The second stage is using
three level inverter instead of controlled voltage sources, the THD for the
source current becomes 6.39% and the power factor around 0.92 which
means that the used inverter have to be modified to get better results. After
that, 27 level inverter is used instead of three level inverter so the THD
become 3.9% and the power factor become 0.99. When the levels of the
inverter increase, the THD become better and the obtained signal becomes
more accurate and similar to the reference signal. Amplitude modulation

technique is used because it is simple and easy specially when using high
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level inverter. One important task that is added to the designed filter is a
fault tolerance capability which enable the filter to continue to work under
faulty condition (open circuit fault).This task achieved by adopting new
technique that was used in motor drive during open circuit fault .This
technique applied in this project and the result is good because during fault
the THD was 42% and becomes 8.4% after activating this technique at time

1.5s.

The filter is very important element in the power system to improve the

power quality and to avoid the effects of increasing use of nonlinear loads.

The designed filter can not only improving power quality but also can

inject real power and can also tolerate fault at the same time.
Table 7.1 shows the obtained results (for THD,) for all stages.

Table 7.1: Results for all stages.

Case THD (source current)
System without connecting active filter 13.9%

Active filter with controlled voltage source 1.9%

Active filter with three level inverter 6.32%

Active filter with 27 level inverter 3.9%

Active filter with one leg open circuit fault (phase c) 42% (for phase c)
Active filter with fault tolerant technique (during fault) | 8.4%
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