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Abstract

Power electronics converters are considered one of the biggest factors
that contributed in the development of the energy field. This contribution
became more pronounced after the massive application of renewable energy
sources worldwide. To achieve the setout objectives, interfacing and
conditioning of the power from these renewable sources requires the use of

one or more converters .

This study aims to build a power processing unit, which is comprised from
two converters. The first operates as an AC/DC converter, whereas the second
iIs employed as a DC/AC converter. In this work, the first converter is built
from a twenty four pulse output rectifier. Using MATLAB/Simulink platform,
this rectifier is built and simulated. Initially, the task is to examine the
rectifiers' performance under different load conditions. Then, the work is
extended such that the above rectifier is loaded by a three phase pulse width
modulated inverter. The latter converter is simulated under different loading
conditions. Results confirm the feasibility of the multiphase rectifier in
providing a DC voltage that approximately mimics that of a battery pack.
Which in turn provides a very satisfactory inverter operation, not to mention
the quality of the current at the rectifier input terminals. The performance of
the inverter in this work is evaluated based on the quality of the output
voltage and its response in attaining a zero mean. Furthermore, results
reported in this work document that the size of the transformer, which
provides the necessary phase shift between the building block rectifiers, can

be considerably reduced by changing the phase shift pattern.

The work also presents a comparison between a power processing unit with a
multiphase and pulse width modulated rectifier. Herein , the DC/AC converter

Is analyzed under the same conditions as those in the multiphase rectifier



based unit. It is concluded from the comparison that several advantages are

obtained from the power processing unit with the multiphase rectifier.
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Chapter One Introduction

Chapter One: Introduction

1.1 Introduction to Power Processing Units

Electric power needs to be conditioned and processed by single or multi
stage converters. In many applications, such as the integration of renewable
energy sources ,electrical power needs to be converted to unidirectional form
stored and then converted back to ac at the utility frequency. Such a process
calls for two power converters that operate back to back. It is standard in the
literature to call such a system, a power processing unit. This calls for a study

of the power converters that comprise the power processing unit.
1.2 Literature Surveying

Power processing units play an important role in many practical
applications. This unit uses two power electronic converter in back-2-back

formation. Previous work has concentrated on four main fields;

1. Renewable energy integration and power conditioning.

2. High voltage dc transmission (HVDC)

3. Drives operation and control.
4. Soft opening points.

As mentioned above, many applications exit for power processing

units. One of the most pronounced applications is the integration of renewable

energy sources into existing distribution grids [1-8].

In [1], a processing unit composed of two back to back converters are used to
interface a wind energy source. The two converters are controlled by space
vector pulse width modulation (SVPWM). The authors used a PWM based
AC/DC converter to obtain a controlled voltage. Through
MATLAB/SIMULINK simulations authors concluded that the SVPWM
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produced an out voltage and current waveforms with higher quality in terms

of the quanitity of distortion.

In [2], a processing unit is also composed from two back to back converters
(B2B converter).In order to obtain alternating current, the two converters
were used to interface and condition power from a DC-renewable energy
sources. Using the MATLAB / SIMULINK platform, and by means of the
DSPACE DS1104 board, the prototype was implemented and the focus of the
work was on the control algorithm of the DC-link voltage of the B2B
converter. Thus, according to what the simulation results showed for the
power rectifier circuit, the output voltage and waveforms became less
distorted than the input, and the DC-link voltage was controlled as required
by changing the width of the space vector pulse corresponding to each
variation of the load current. In addition to what was mentioned, it was
noticed in the experimental results an improvement in the alternating current
voltage, as 200 volts were entered, in return, a direct constant voltage of 364

volts was obtained.

The processing unit consists of two back to back converter (B2B converter) to
condition and interface a wind power source[3,4]. In [3], the authors approach
Is based on viewing the two converters as two generators synchronized with
the utility grid. The DC link voltage is controlled through the rotor side of one
of the converters. Due to the variable nature of the renewable source, energy
is first stored in the DC link capacitor .The converter near to the utility grid is
responsible for Maximum Power Point Tracking (MPPT). Through the use of
MATLAB/SIMULINK simulations, the results extraction found that the
proposed method gives correct results, in terms of the injected power
following the reference setting and the fast response of the system to varying

power conditions as a result of wind speed changes.
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Work in [4], Investigated the operation of a DC/AC converter with an LC
filter and step up transformer near to the grid. The aim is to evaluate the
efficiency of the overall interfacing components which in turn determines the
efficiency of the whole system. The latter is implemented by calculating the

losses for all the influential components of the system.

Authors in [5], studied the behavior of the two back to back converters with a
wind turbine as the primary energy source. Two topologies were investigated
in the work. The first is a processing unit which consisted of two converters;
AC/DC connected to the wind generator and DC/AC connected to the grid.
The second topology consists of a three level converter, AC/DC connected to
the wind generator, DC/DC to store energy and DC/AC near the grid for
interfacing the power at grid frequency. Simulations for two systems
concluded that any impact or variable component of the structure will result in
certain losses. Whereas the first topology is suitable if the wind speed is stable
and the second is suitable if there is a large fluctuation in wind speed which

alters the power extracted.

In[6], the processing unit consists also of two back to back converter (B2B
converter), where the rectifier is a PWM converter built from IGBTs. A five
level neutral clamped converter is used in the inversion side with five level
outputs to achieve high voltage grid integration. Since one of the big
problems that must be treated is the balancing of the DC link capacitor in the
installed neutral point (NPC) of the converters, which may cause stress on the
semiconductors and a large distortion was investigated. The work in this
research focused on employing two different control strategy for each
converter. In the first converter, which represents AC to DC conversion, a
hysteresis based algorithm is used, whereas in the second stage, which

represents a DC to AC conversion, the vector control is used to generate the
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switching pulses. The work was implemented on MATLAB/SIMULINK
simulation. Results indicated the effectiveness and validity of the proposed

algorithms.

The two stage power processing unit was implemented to integrate a wind
power system into an existing utility network in the city of Derna in Libya[7].
The authors in [7] used a rectifier circuit followed by an inverter stage with a
DC link at the input terminals. The control algorithm for both converters is
designed in the DQ reference frame. This enables the use of conventional PID
controllers to control the injected real and reactive power to the utility grid.

The rectifier circuit used is a PWM controlled IGBT converter.

Due to the importance of wind sources, researchers presented different
methods of utilizing and controlling converters in renewable energy
applications. In [8], the authors designed a back-to-back converter based on a
step-by-step method, which is considered an ideal method. The processing
unit consists of AC/DC converter connected to a wind turbine and DC/AC
converter connected near the grid, while DC link capacitor connected between
them for storage. The controlled system is implemented using proportional -
integral (P1) controllers. The value of the generation from the wind turbine
was assumed equal to 2 MW. The system was simulated in MATLAB/
SIMULINK and the performance of the wind generator evaluated even at low

voltage and during a sudden change in wind speed .

In power conditioning applications, the power processing unit with its
two conversion processes implements several objectives. These include the
conversion of power into unidirectional form which can be easily controlled
and/or stored. Also, through switching techniques, the shape of the input
current can be modified to provide a more sinusoidal shape. Here, harmonic

content can be mitigated, which can result in a better power factor at the
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nominal frequency of the system. Authors in [ 9 ], presented a two stage
power conditioning system. The first stage is composed of a controlled
rectifier through PWM. The second stage is responsible for inverting the
power back to AC form at the nominal frequency of the grid where power is
to be injected. The authors used MATLAB/SIMULINK to achieve

simulations under different operating conditions.

Sometimes the supply voltage source is unbalanced due to certain
conditions. This imbalance causes a problem in the drive of the motors.
Therefore, among the most important applications of back-to-back converters
is the control of the end front rectifier drive in motors. Therefore, researches
focused on studying the use of back-to-back converter and improved

performance in this field [10-13].

In [10], the processing unit consists of a rectifier that is near to the grid side
that converts the alternating voltage to a continuous voltage (AC/DC) and the
energy is temporarily stored in the DC link capacitor in addition to filtering
unwanted harmonics. Then power is transmitted to the inverter, which is near
to the motor drive. Here, the constant voltage is re-converted to alternating
current, at a frequency as required by the motor drive. Results show the a
positive impact on the motors work even when the utility grid suffers from

unbalancing conditions.

In [11], a multi motor system is presented with a power processing unit for
each motor drive. The rectifier circuit consisted of two rectifier circuits
controlled and uncontrolled. The rectifier used is the three phase full wave.
The authors pointed that the proposed method has an operating performance
that is free from load variations. Simulation results with experimental
validation confirmed the feasibility of the proposed method in producing an

input current quality that outweighs the conventional rectifier circuit.
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Over time, the industry and technology in the field of energy developed to
reach the highest quality of production, lowest cost ,and the largest amount of
production. Variable frequency drives (VFDs) were considered the low
quality which led to some motor drives not finding applications. However,
with the presence of back-to-back converters (power processing unit), it
became the focus of studies for the purpose of improving the quality of
performance. In [12], the processing unit for the back-to-back converter
consists of a rectifier connected to the source, which converts the AC voltage
into a DC voltage, with a DC link capacitor that stores energy and filters out
ripple. The DC/AC stage converts the DC power to AC at a constant

frequency which significantly improves the performance of the drive.

In [13], the study focused on induction motors, where the system consists of a
back-to-back converter of two parts, the first part is the AC / DC rectifier line
which consists of IGBTs transistors, and the control of the output voltage is
made through PWM. The induction drive is fed from the PWM converter,
which supplies AC power at the desired frequency. The system was simulated
in MATLAB/ SIMULINK under different mechanical loading.

Back-to-back converter applications are not limited to what was
previously mentioned but were used within the processes of energy
transmission, where the rectifier is used to convert energy from alternating to
continuous and transmitted in a continuous form to long distances and then it
Is re-converted to alternating and at frequency corresponding to rate grid
value [14-15].

In [14], the processing unit consists of a back-to-back converter system
within the electric power transmission system. A study of the system was
carried out in the city of Tomsk for the purpose of finding solutions to the

problems facing the transmission of energy between the southern and northern
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parts. Since the distance is too long, approximately 800 km, the load increases
with time, as well as the complexity of the network, since the transmission
capacity becomes low and a reliable connection of these parts cannot be
established. Therefore, the HVDC series back-to-back converter system was
applied, after determining the required size and the appropriate place for
installation, as it is characterized by the possibility of asynchronous
connection for the work of these parts. The results of the study indicated the
great benefit of applying the HVDC back-to-back converters system, as its
effectiveness was very clear in reducing the level of short-circuit current and
the possibilities of controlling frequencies in the power system and thus
increasing the possibility of stabilizing the loading process, especially motors
the load.

In addition to the back-to-back converter studies in power transmissions, the
unidirectional rectifier is also one of the technologies used in MVDC and
HVDC power transmission. Much research has dealt with the behavior of a
multi-pulse rectifier, but its behavior has not been adequately described when
the power source is balanced by three-phase sinusoidal waves. In [15], the
behavior of the 12-pulse rectifier diode was studied in MVDC and HVDC
transmission lines, and through the MATLAB /SIMULINK platform. Results
were obtained showing the multiplicity of the output voltage wave, which
contributes to eliminating several orders of harmonics, thus reducing the size

of the insulators and reducing the losses in the windings transformers.

A more recent application of a two converter power processing unit is
the Soft Opening Points (SOP) in distribution networks [16-18]. Usually, the
distribution system is mostly of a radial structure. Although this structure is
simple in-terms of protection strategy, however the main drawback is the case

when a fault occurs in a feeder, no support can be given from other feeders.
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On the other hand meshed topologies, have the ability to supply feeders in
case of emergency conditions. However, meshed distribution systems suffer
from complex protection schemes and increased short circuit MVA levels.
Hence, SOPs, which are composed from two power electronics converters
(AC/DC & DC/AC) that are located in points on the distribution system that
are normally left open (NOP), mimicking a meshed topology but with none of

the above mentioned disadvantages [16].

Authors in [16], presented the principles of SOPs in a distribution system and
investigated their operation during usual and none usual conditions. The
authors developed a control algorithm that controls active and reactive power
flow, before, at and after fault conditions with two types of transitions
methods. The rectifier used is an IGBT PWM topology with a two-level

inverter.

Work presented in [17], dealt with an optimization method to generate the
reference points of active and reactive power for the SOP. Here, an
optimization function is setup to reduce losses, enhance voltage balancing and
to modify voltage values . The work didn’t mention the topology of the power

electronics converters.

Authors in [18], presented a method based on a nonlinear optimization
problem to find the required settings for the SOP converters. The SOP

considered in this work is a two IGBT rectifier and inverter converters.
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1.3 Objectives of Current Work

Based on the presented literature survey above, the following points

present the objectives of the work presented in this project:-

1.

Investigate multiphase rectifier topologies; this includes six, twelve,

eighteen and twenty four pulse output rectifiers.

Select the multiphase rectifier circuit based on the above investigation
to act as a substitute for the IGBT PWM rectifier circuit. Using
multiphase rectifiers can produce output voltage with a rich DC
content, yet with less complicity.

Investigate the multiphase rectifier performance, under various loading
conditions. The aim here is to examine voltage/current waveform
shapes at input and output terminals.

Design and simulate the power processing unit with two back to back
converters, using the selected rectifier topology.

Evaluate the performance of the three phase inverter with various load
and response of this converter in providing symmetrical output with a

Zero mean.

Compare the performance of the multiphase AC/DC with a the DC/AC
power processing unit with the conventional unit that employs the two

IGBT PWM circuits. Here, simulations are made under the same

loading condition to provide a fair comparison.
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Chapter Two: Theoretical Work

2.1 Introduction

Power processing unit consist of one or more converters

AC DC AC

—l converters H converters H

2.2 The AC/DC Converter

There are several types of AC/ DC converters or rectifier circuits,
whether they are single phase or three phase, with half wave or full wave
rectifiers. Rectifiers may be classified as controlled, uncontrolled and semi- or

half-controlled [19]. Figure (2.1) provides a diagram of rectifier topologies

Rectifiers
A\/4
Controlled Uncontrolled Semi or Half
controlled
\l/ \l/
Thyristor switches ) ) Both Diode and
onl Diode switches only ) )
y Thyristor switches

Figure (2.1) Classification of rectifier topologies

10
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2.2.1 Conventional Three Phase Uncontrolled Rectifier Circuit

In general, three-phase rectifiers are widely used in industrial
applications because the outputs are smoother and are of less ripple than the
corresponding single-phase rectifiers [20]. Uncontrolled rectifier, only diodes

are used and they behave like power switches.
2.2.1.1 Three Phase Half — Wave Uncontrolled Rectifier

The circuit of this type is very simple. When the load is pure resistance,
the voltage and current are in the same phase at the input, the circuit shown in
figure (2.2). Sometimes, a delta/star transformer is used to control the amount

of input AC voltage to the rectifier.

DI

—hH

D I

A T
1+

Prary

(b)

Figure (2.2) Three phase half wave rectifier[19] (a) With transformer and (b)

Without transformer.

The line to line voltage for uncontrolled three phase half-wave rectifier is
defined as;

Vgp(0t) = V3V, sin(wt +1/6) (2.1)

11
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Ve (wt) = V3V, sin(wt — /2) (2.2)
V. (wt) = V3V, sin(wt — 71/6) (2.3)

Where V,,, and w are the peak voltage per phase and angular frequency

respectively. The mean voltage content in the output voltage is given by;

51
6

f Vap(0t). dwt (2.4)

r
6

Vac(wt) = 21/3

The v, for uncontrolled three phase half-wave rectifier equal:

33
Vdc = 7 Vm (25)

The average current 1. is given by,

= 3Y3Vm (26)
™ 2R

2.2.1.2 Three Phase Full - Wave Uncontrolled Rectifier

In usual cases the three phase full-wave uncontrolled rectifier is
supplied through a delta- star transformer. The latter is fed from a three phase
balanced supply with zero internal impedance, as shown in the circuit of the

figure (2.3) ,input and output waveforms are shown in figure (2.4) .

12
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Figure (2.3) Three phase full — wave uncontrolled rectifier[19].
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Figure (2.4) (a) Input and (b) Output voltages for three phase full — wave
uncontrolled rectifier[19].

The v, and I, for uncontrolled three phase full-wave rectifier equal:

13
2
3v3 3v3
Vic = T vab(a)t).da)t = T Vm (27)
T
6

And the average current is,
33, (28)
dc — T[R

13
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2.2.2 Multi- Pulse Three Phase Uncontrolled Rectifier Circuit

The main purpose of using a multi-pulse rectifier is to obtain a wave
with a highly attenuated ripple and smoother shape, as well as to reduce
harmonic distortions of current at the AC input. When the harmonics at the
input decrease, this leads to a decrease in the total harmonic distortion (THD).
Therefore, we resort to increasing the number of pulses by connecting the
bridge rectifiers appropriately to provide multi-phase power sources that are
controlled through the use of a suitable transformer. The transformer provides
phase shifts between groups of the three phase bridges, as a result, a portion
of the low-order harmonic currents generated by the pulse rectifiers are
canceled. In general, the more pulses of the rectifier, the less distorted line

current will be obtained and the more smother is the dc voltage[21].
2.2.2.1 Six Pulse Three Phase Uncontrolled Rectifier Circuit

The six-pulse rectifier is also considered a three-phase rectifier. Diodes are
used in circuit design for the purpose of converting alternating current into
direct current, where six diodes are used. Diodes are arranged in three legs

.Each leg has two pairs attached to the chain and in the following order[21],

1- D1, D3, and D5 are the upper diodes representing the positive group of
diodes and they work when they encounter the highest positive voltage

2- D2, D4 and D6 are the lower diodes and represent the negative group of

diodes and they work when they encounter the highest negative voltage.

Three-phase transformers connected in a star-delta manner feed the bridge, as

shown in figure (2.5). Here at the side of the diodes, the input is six phases

which are displaced by 60°.

14
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Three-phase supplv

A e
B IR-E]
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Voltage(v) (@)
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Figure (2.5) (a) Six pulse three phase uncontrolled rectifier circuit and (b)

Output voltage waveforms[19].

Here, this converter is equivalent to two half —wave rectifiers that produce six

pulses of voltage at the output.
2.2.2.2 Twelve Pulse Three Phase Uncontrolled Rectifier Circuit

The twelve-pulse rectifier is also a three-phase pulse rectifier that
converts alternating current to direct current . As there are twelve pulses per
cycle, the quality of the resulting waveform will be improved as for as the
ripple content is concerned. A total of twelve diodes are used, each bridge
rectifier uses six diodes .The two bridges are connected in series so that the
net output voltage is equal to output voltage of the upper rectifier plus the
output voltage of the lower rectifier [21]. The circuit and waveform are
shown in figure(2.6). To generate the 12 pulse output a phase shift is
mandatory between the two bridges. In figure (2.6) this phase shift is provided

through a delta/star/delta transformer.
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Figure (2.6) (a) Twelve pulse three phase uncontrolled rectifier circuit[19]

and (b) Wave form for Twelve pulse 3¢ uncontrolled rectifier [20].

2.2.2.3 Eighteen Pulse Three Phase Uncontrolled Rectifier Circuit

An eighteen-pulse diode rectifier circuit can be easily built by
connecting in series three six-pulse rectifier bridges, we need to provide six
phase shifts to power the three-pulse bridge rectifier. In the previous rectifier
circuits, such as the 12 pulse, the phase shift could be easily achieved by a
simple delta/star transformer with double winding. However, for the 18 pulse
circuit, the required phase shift is 20° and this calls for the use of a zigzag
transformer. The latter could provide arbitrary a phase shift as needed. The
transformer consists of three secondary windings. The first is wrapped in a
star shape while the second and third winding is structured in a zigzag
formation [21].The circuit is shown in figure (2.7) and the waveform for

output voltage is shown in figure (2.8).
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MJ_"_’_ Z‘S v:_;:;l

Figure (2.7) Eighteen pulse three phase uncontrolled rectifier circuit [22].
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Figure (2.8) The waveform for output voltage for 18 pulse three phase
uncontrolled rectifier [21].

2.2.2.4 Twenty Four Pulse Three Phase Uncontrolled Rectifier Circuit

The 24-pulse rate is obtained by connecting four bridges in series. Here
the phase shift is 15 degrees, which again calls for the use of a multi-winding
transformer. One possible combination is to use one primary winding, which
is a star or delta with four windings on the secondary. The four windings can
be one star or delta with three other zigzag windings, as shown in figure (2.9).
Here it is noticed that the waveform output voltage is of little ripple and THD
than the previous multi-pulse rectifier circuits. Hence, the DC output of 24-

pulse is nearly a DC voltage. There is also a 36-pulses multi-rectifier type

17
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which is slightly different from a 24-pulses in terms of output waveforms
[22].

o
S17 Ls1 vd7 id
®__NVY‘\_~——O—)— _
3=0°
S2 Ls2 ¥
O vd2
& =-15° =
Lp - St
@ @ o _@ _ R
s3 Ls3 + - I
e O—— vd3
& =-30° -
sS4 Ls4q -
@M'—o—’_ % vd4
8 =-45° =

Figure (2.9) Twenty four pulse three phase uncontrolled rectifier circuit [22].

2.3 The DC/ AC Converter

DC/AC converters or commonly called inverters provide an opposite
job compared to rectifiers. These inverters are used in many important
applications including unite power supply(UPS)units, AC motors, aircraft
power supplies, and High Voltage DC (HVDC) transmission. These
converters, whether single-phase or three-phase, are fed from a DC voltage
source and the output is AC. Below, the two main types of inverters are
presented [20],

2.3.1 Current Source Inverter (CSI)

The input to this type is direct current (DC) and is converted into
alternating current (AC) in the form of a square wave as shown in figure
(2.10), for the purpose of obtaining a fixed input current an inductor is used at
the input, usually this type of inverters is used in applications that require

high power. The output current shown corresponds to an inductive load[20].
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Load (L) =

Figure (2.10) Current source inverter (CSl), (a)Block diagram and (b)Circuit [19].

2.3.2 Voltage Source inverters (VSI)

The input in this type is a DC voltage and it is converted into an

alternating voltage, the output is also in a square shape, as shown in figure

(2.11). This type of converter usually has a capacitor at its input terminals to

provide a nearly fixed voltage. The battery or rectifier can be used as an input

to this type. Applications of this converter include low and medium power

[20,23].
Vi T A
Input. o= | W3
voltage Source
- —C

Output AC
Voltage source

Figure (2.11) Voltage source inverter (VSI) [1].
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2.3.2.1 Three Phase Inverter

Through the use of a voltage inverter, a three-phase alternating voltage
can be produced. Figure(2.12) shows a three phase voltage source inverter, in
each cycle, a switch conducts for 60° ,here the name six step inverter. One of
the most important applications in which this inverter is used is to control the
speed of the three-phase induction motor, where we can through this
converter control voltage and frequency. One of the most important
considerations when designing the switching pulses of this inverter is that the
two transistors in one leg operate in a complementary manner[20,23]. For
example, (S1 & S4) cannot be turned on at the same time, otherwise a short

circuit will occur across the supply.

1L’ ic

“F ib
Fis %T van i %T"bn R ?T ven
b ) *»

-

Figure (2.12) Three phase inverter circuit [19].

There are two approaches that can be used to generate switching pulses

1- Switching pulses based on 180° connection mode.

2- Switching pulses based on 120° connection mode.
In both modes, the state of the switch changes every 60° degrees. In mode180
degrees each switch works for 180°. Reference to figure (2.13), which shows

the switching periods for the 180° conduction mode, for example S; is
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triggered at wt = 0 and continuous till wt = . However, the tripartite

switching pattern changes every wt = 77/3. If the period 0 < wt <m is

considered a switching pattern of S; Sg S is conducting the current. That

changes at wt = 7T/3 to S; S¢ S, and so on. In the 120° any switch in the

converter conducts for a period of 120°, with a change of status every 60° as
in the 180° conduction mode. At any instant of time, only two switches are
conducting[20]. Switching waveforms for this mode are depicted in
figure(2.14)

51.56,.8S5 S51.56.52 s1,53,.s2 S54.S3,52 S4,S53.S5 S54,.56.S5
= o [ [ [ [ [ [
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5 ol [ i L i il 1
— ok L L x [ | 1
> o
@ o 2 r [ [ [ [ r
g5l L 1 ! ] I [
S, e
N ———— e
s 3 [ [ |
- ;H [ [ I [ il
o
=3 I I 7 [ r [
00 pi/3 2pi/3 pi 4pi/3 5pi/3 2pi
Time (sec)
Figure (2.13) The waveform for three phase inverter mode 180° [20].
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Figure (2.14) The waveform for three phase inverter mode 120°[20].
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2.3.3 Pulse Width Modulation in Inverters

The voltage inverter always generates fixed values of output voltages.
However, these outputs may not be compatible with loads fed by the inverter.
Therefore, some sort of control is required to drive the output voltage and
frequency to the desired values. Accordingly, different methods are used to
control the output values from the inverter, the most important of which is the
pulse width modulation (PWM) control method. Since the working principle
of this method is based on the fixed amplitude, the duty cycles differ by
adjusting the time period. A carrier wave is used, which may be a triangle
wave and a fundamental wave which is the reference wave, which can be
sinusoidal or square [24]. Hence, in a PWM scheme the design deals with two
frequencies; the high carrier frequency and the low modulating wave
frequency. These two signals are compared. The principle of comparison is
adopted in the construction of the output wave. One of the most important
advantages of this method is that without the use of additional components,
the output voltage can be controlled, and the order of harmonics is higher
which can be easily filtered by using high pass filters and high amplitudes of
harmonic voltages [23,24]. On the other hand, there are drawbacks to this
method, including the high cost. The PWM method has several techniques,
including; Single-pulse modulation, Multiple pulse modulation, and
Sinusoidal pulse width modulation carrier based Pulse Width Modulation
Technique. A PWM scheme can either produce a bipolar or unipolar output.

These techniques are explained below.
2.3.3.1 Bipolar Pulse Width Modulation in Inverters

In this type, the output voltage alternates between +V,. and —Vp,
hence the name bipolar. Implementation of this type is based on comparing a

saw tooth with a sine wave. The switching alternates between an upper and a
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lower switch producing +V,. and —Vp,. respectively. The waveforms for
bipolar PWM are show in figure (2.15) for single phase inverters and in figure
(2.16), for three phase [25]. It is worth mentioning here that for three phase, a
PWM scheme is used for each leg (phase), where the carrier is the same but

the low frequency modulating wave is phase shifted by 120°.

1.? r
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£ 100 | il
g I500 T/2 T
Time (sec)
(b)
Figure (2.15) (a) Input waves and (b) Output waves for bipolar pulse with
modulation in single phase inverters [20].
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Figure (2.16) Input waves for bipolar PWM in three phase inverter [20].
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2.3.3.2 Unipolar Pulse Width Modulation in Inverters

In this scheme, the output voltage from the converter alternates
between +V,. and 0 or 0 and —Vp. This scheme is generated by inter seeing
the carrier with a low frequency sine wave and its complement. Figure (2.17)
shows the unipolar switching and output for a single phase inverter. This

scheme has less harmonic effect than the bipolar PWM scheme[24,25 ].
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Figure (2.17) (a) Input waves and (b) Output waves for unipolar pulse with
modulation inverters [20].
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2.4 MATLAB / SIMULINK of 24-Pulse Rectifier

At the beginning of the simulation, the work was done to connect the
rectifier circuit which is a three-phase rectifier consisting of four bridges
connected in series. A rectifier of the uncontrolled type was used, i.e. a diode
IS used in the construction of the circuit. Here the phase shift is 15 degrees,
and therefore it cannot be achieved using ordinary transformers, so the use of
winding transformers is reconstructed to obtain the required phase shift.
Using a transformer with four secondary windings, the first winding is a star,
the third is a delta, and the second and fourth windings are wound to achieve a
phase shift of 15° and 45°. The work of the circuit components will be

explained in detail as follows :

2.4.1 Circuit of Twenty Four Pulse Rectifier

The rectifier circuit is fed from a three-phase sinusoidal AC voltage
source. Voltage is introduced into the transformer winding such that the
required phase shift of 15° between one rectifier and another is obtained. Each
bridge rectifier circuit works on the same principle. The rectifier converts the
voltage from AC to DC Of course, the output voltage and current of the
rectifier will not be perfectly continuous, but will rather contains harmonics of
high order. To study the harmonic content of the rectifier output voltage. The
Fourier analyses is used as shown below, in general by the Fourier
series[19,24];

F(t)= a, + Zan cosnwt+2bnsinnwt (2.9)
n=1 n=1
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Where: w = 2 nf

For an electrical waveform the Fourier series is defined as;

(0]

va(t) =V + Z V,(cosn2nf,t +6,) (2.10)
n=2,46..,24
vg(wt) = v, sin(wt) (2.11)
T T
1 1
Ve = ijs(a)t).dwt = vamsin(wt).dwt (2.12)
0 0

In general for a converter that produces p pulse in the output V,.is [19]:

5
1
Vi = Ej vy, cos(wt) . dwt
=
v.o_ P . (n W D psin®
e = gvnlsin () = sin(—)] = 5 vy, [25inC)
p T
Vac = —Vm [Sm(g)] (2.13)
Where,

v4(t) is the time function output from the rectifier.
V4. is the DC content in v, (t).

V, is the amplitude of the n™ harmonic content in v, (t)
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1}, 1s the maximum value of the voltage at the fundamental frequency.
p is the number of pules in the output of the rectifier.
6,, is the phase shift angle of the n*order harmonic voltage.

As an example , for a three phase , half wave rectifier with p = 3,

3 T 33 @
Vdc = ;UmSlTl§= ?Umg

(2.14)

The line to line voltage at the inputs, for uncontrolled three phase full-wave

24 pulse rectifier equal,

Vap(wt) = V3 v, sin (wt + %) (2.15)
Vpe(@t) = V3 v, sin (ot — %) (2.16)
Voo (wt) = V3 v, sin (wt — 7?”) (2.17)

The v, for three phase-24 pulses rectifier the is ,
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de_Zn/24 Uy Sin(w 6). A

oIy
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Vi
4
- n . n
Vie = —j \/§vm(smwtcosg — cosa)tsmg).da)t
A
6

Vie = Ln\/?vm[— cos G) + cos (E) v3 + sin G) — sin (g) %]

6/ 2

12vV3
Ve = L2030 (2.18)
A
Y
) Z
[ v
' —))2 —m 2.19
Vrms= Zn/24lx/§(vmsm(wt+ 6)) .dwt 7 (2.19)
\ 6
The average current[1]:
_ 12V3uy, (2.20)
dc —
TR
The r.m. s current[1],
A
1 : I
s _jz 2 dot = 2 (2.21)
rms T J dc m
NG

Power factor for 24 pulse 3-phase rectifier[19],
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Vac Idc

p-f = (2.22)

vaS Irms

To find the Fourier coefficient for this rectifier p pulse is evaluated as
follows[19],

p . T
a, =Vy. = Evm [sm(;)] (2.23)

As for a, and b, , the general equation for a P pulse output rectifier is

expressed as,

2 2
a, = m-f;gv(a)t) cos(wt).dwt

a, = % [—sin (%) cos (n <g> — sin (%) cos (n (g)]

mn
2 -
a = —Po cin (E)ﬂ (2.24)
" T " p) (n?2—-1)
The b,, coefficients are evaluated as,
2 (%
=— ] . = 2.25
b,, 27/ j_gv(a)t) sin(wt) .dwt =0 (2.25)
The amplitude V,, of the nt™® order harmonic is,
V, =+an? +bn? = Jan? +0 = a, (2.26)

29



Chapter Two Theoretical Work

The phase angle 6,, of the n" order harmonic is,

1%n

n

—1a_n

0, = tan” =tan” == , .0, = 90° (2.27)

2.4.2 Zigzag Transformer

A zigzag transformer is an auxiliary transformer that is very similar to
the main transformer, except that its voltage and power are less, so its size is
smaller. And this depends on the amount of phase shift required. These
transformers consist of one coil connected by the interconnected star method,
or what is called zigzag. Here, one phase is divided into two parts, a section
that overlaps with the neighboring phase. In this work the zigzag transformer
is used for the purpose of providing the respective phase shift of 15 degrees
for the rectifiers. For the zigzag transformer, the voltage at each secondary is

defined as,

V,1 =V230°V,, =V£20°V,5 =V240°

Vy1 =V2-90°,V, =V2£-100°,V,; = V2—-80°

V., =VL=210° V,, =VL—220°, V.; =VL—200°
And finally , the 4" output ,is:

V. =VL60°V,, = VL —60°V,, =VL—-180°

Here, one of the merits of a zigzag transformer ,the power rating is a function
of the required phase shift [26].The relationship between the apparent power

required for the zigzag transformer and phase shift is given by[26],

Szigzag = 0.025 Sjp04@max (2.28)
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Here, S,,,4 1S the load apparent power and a,,,, IS the required phase shift
between the respective rectifiers. It is worth mentioning that the relationship
in (2.28) holds for phase shift angles below 20°[26].

2.4.3 DC Link Capacitor

Often in the processes of converting energy from one form to another,
or conditioning energy of the same form but at a different frequency, is
accompanied by energy loss and distortion. The use of DC link capacitor has
been employed as a means of addressing these problems to mitigate or reduce
their effects[27] . In this work, a small value of capacitor is used, since the
output voltage contains ripples that oscillate at high frequencies. In addition to
the capacitor, a small resistance is added in series to compensate for the

dielectric losses.

2.4.4 The DC/AC Converter

The main national grid has its output alternating, so most electrical
devices are designed to operate on alternating voltage. Sometimes power is
generated from DC sources such as photovoltaics and fuel cells. Hence when
integrating such sources, a DC/AC converter is required to condition the
power at the grid frequency. Inverters are commonly controlled by the PWM
technique which provides an output voltage with very high frequency
oscillations which make the filtering process trivial. In this work Fourier
analysis is employed to study the harmonic content of the inverter. The phase

voltages are expressed as,
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1 2w
Vorms(an) = ‘/Efo vidt =

2 (2.29)
4 (21 2 52 vz
\/(g f03 G Vpe)?dt + 5%3 G Vpe)?dt = = Vbe
V3v2 2
Vorms(L—L) Voc = |5 Vbe (2.30)
3 3
The amplitude of the n™ harmonic phase of the inverter voltage is given,
- 4Vpe . mm\ | Mmm
Vaim) = Z T sin (7) sin (?) (2.31)

n=1,5,7,9,...

Where: x is a, b, or c.

The phase (a) instantaneous expression is obtained by[19],

. A
Van(wt) = Vn(an) sin[n(wt + 6,) — g]

Since at n = 1, the fundamental frequency is of positive sequence orientation,
then 6,, must be equal to m/6 so that phase a remains the reference phase.
Hence, the negative sign is taken for all positive sequence harmonics and
positive sign is reserved for negative sequence harmonics[19].The phase a

voltage is expressed as [19],

4Vpc

Van(wt) = X0-1570,. msin (nz—n) sin (2—”) sin[n (wt + %) + %] (2.32)
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In a similar way, phase b and c are considered. Therefore, the expressions for

Vpn(wt) and v, (wt) are [1],

Vin(wt) = Y1570, j;ﬁ; sin (nz—n) sin (%) sin[n (a)t — g) + %] (2.33)

Ven(@t) = Y1570 gﬁ; sin (nz—”) sin (713—”) sin[n (wt — 7?”) + %] (2.34)

As for line- line expressions, the amplitude can be found by simply
multiplying eq.(2.31) by v/3 . Hence,

(00]

Vo (wt) = Z e sin (E) sin (E) sin[n (wt + E) + %] (2.35)

nm 2 3 6
n=1,5,7,9,...

Vpe(wt) = Z e sin (E) sin (E) sin[n (wt - E) + %] (2.36)

nmw 2 3 2
n=1,5,7,9,...
- 4V, nm nm 7T T
V.g(wt) = Z m];C sin (7) sin (?) sin[n (wt — ?) + E] (2.37)
n=1,5,7,9,...
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Chapter Three: Simulation of a Power Processing Unit
with Multi-Phase Rectifier

3.1 Introduction

In this chapter, the main objective is to simulate the power processing
unit with a multiphase rectifier at the inputs. Here, a rectifier with 24 pulse
output is used. The power processing unit is simulated under different load

conditions. The simulation is carried out using the Simulink platform.

3.2 Simulations of a Power Processing Unit with Multi-Phase

Rectifier

In this section, the power unit is simulated with the two converters. One
of the converters, which is operated as a AC/DC rectifier, is implemented
using the 24 pulse output multiphase circuit. The objective is to analyzes the
performance of the unit in terms of the quality of output voltage and current.
Also, the quality of the input current at the utility AC source is also
investigated. Then the 24 pulse rectifier is connected with a three-phase
inverter circuit to converted DC/AC voltage. Where, the performance at the
inverter output terminals is also analyzed. Simulations are run for 30 cycles to
observe the results. Parameters that are used in the simulations are shown in
table (3.1).
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Table (3.1) Parameters of The Simulations Employed for Two Converters

Description Value
Peak AC input voltage, V,, 1000 V
Nominal frequency, f, 50 Hz
Amplitude modulation index, m, 0.8
Frequency modulation index, m¢ 20
Maximum allowable load current, I, 150 A
Load phase shift angle, 6, 450

DC link capacitor, CL 0.0001 pF
Mean output of rectifier voltage 1322V

3.2.1 Simulation of 24 Pulse Rectifier Circuit

The simulations was carried out on a three-phase rectifier with 24 pulse
output using a zigzag transformer in order to provide a phase difference of
15°, 30°, 45° , and 60°, under different loading conditions. Figure (3.1) shows

the built simulation circuit of a 24 pulse rectifier .
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Figure (3.1) Simulation circuit of a 24 pulse rectifier with R load.
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Case (1): Simulation of 24 Pulse Rectifier Circuit with Resistance loading

A resistance load of 20 Q is used, the current and voltage are in the

same phase as shown in the figure (3.2).
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500

LLin (V)

- -500
-1000

-1500

(a) Vab Vbe Vea

200
150
100

50

Iin (A)

-50
-100
-150
=200 L L L
0.04 0.06 0.08 0.1 0.12

Time (Sec) | i i i |
(b)Y

Figure (3.2) (a) Input voltage and (b) Input current, of the 24-pulse
multiphase rectifier with R load.

Voltage, mean voltage, and load current waveforms at the output of
converters are shown in figure (3.3).
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(c)
Figure (3.3) (a) Output voltage, (b) Mean voltage, and (c) Load current of the

24-pulse multiphase rectifier with R load.
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Case (2) : Simulation of 24 Pulse Rectifier Circuit by using RL load

A resistive load of 20 Q and an inductance of 60mH were used in this
case, the current here lags behind the voltage at the input, as shown in
figure(3.4).
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@
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| (A)
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-200 \ | L
0.04 0.06 0.08 0.1 012
Time (sec) |

(b)

Figure (3.4) (a) Input voltage, and (b) Input current of the 24-pulse multiphase
rectifier with RL load.

At the rectifier out, the voltage, mean voltage, and current across the load are
shown in figure (3.5) below. It is clear that both loads produces the same

mean voltage. Since the inductance at steady state has no effect.
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Figure (3.5) (a) Output voltage, (b) Mean voltage and (c) Load current of the

24-pulse multiphase rectifier with RL load.
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Case (3): Simulation of 24 Pulse Rectifier Circuit by using RC Load

In the case of a capacitive load, the current will be a lead of the voltage
by an angle. A capacitive load with a capacity of 10 pF and resistance of 20
Q were connected and simulated. Input/output voltage and current are shown

in figure (3.6) and figure (3.7) respectively.

@ = . =

0.04 0.06 0.08 0.1 0.12
Time | i

(b)

Figure (3.6) (a) Input voltage and (b) Input current for a 24-pulse multiphase
rectifier with RC load
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Vdclv)
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0.04 0.06 o.08 o.1 0.12

Time(sec)
(b)

Figure (3.7) (a) Output voltage and (b) Mean voltage for a 24-pulse
multiphase rectifier with RC load.

Inspection of the output voltage shows no ripple content since the load
capacitance acts as a ripple filter. Also, an increase in the mean voltage is

evident.
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3.3 Simulation of Power Processing Unit under Various Loads

After the simulation was carried out on the multiphase rectifier circuit
(24pulse), the back-to-back connection of the two converters are performed to
construct. The power unit is simulated with a PWM controlled inverter. Also,
the unit feeds different loads with aim of analyzing its performance.
Figure(3.8) shows the simulation circuit of the power processing unit, which

is built in the Simulink environment.

§ {(Scna Y { (=
I

!

|

ficC

|

a

L

i

Figure (3.8) Simulation circuit of power processing unit.
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Case (1): Simulation of Power Processing Unit by using R load

Initially, the power processing unit is simulated using a resistance load.
The voltage and current at the input are shown in the figure(3.9) a and b

respectively.

vab vbc vca

0.04 0.06 0.08 0.1 0.12
Time(sec) | i i i

(b)

Figure (3.9) (a) Input voltage and (b) Input current of the power processing
unit with R load.

Here, our objective is to study and analyze the inverter performance with and
without a capacitor at the output of the 24 pulse rectifier. Figure (3.10) a and
b depicts the output voltage and it's DC content from the rectifier. It's clear
that the inverter obtains an input voltage that very closely match, that of a
battery. Moreover, even if the capacitor is removed, the input voltage is still
acceptable, however a decrease in the mean is observed as shown in figure
(3.11) a and c. Figure (3.11) b shows the input DC current to the inverter,

with a tolerated ripple content.
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Figure (3.10) (a) Output voltage and (b) Mean voltage of the power processing
unit with a capacitor at rectifier I/P .
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Figure (3.11) (a) Output voltage, (b) Output current and (c) Mean voltage for

the power processing unit without a capacitor at rectifier 1/P.

The output results of the power unit (at the inverter terminals) are shown in
figure (3.12), figure(3.13), and figure (3.14).
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2000 T T T
>ﬁ 0 l
-2000 L L
(a)
2000 T T
H
B0 o |
-2000 L .
(b)
2000 T T
8 0
>
-2000 L L L
0.04 0.06 0.08 0.1 0.12
Time(Sec)
(c)

Figure (3.12) (a)L-L voltage ,V,, (b) L-L voltage, V,,¢, and (c) L-L voltage , V¢,

of the inverter output of power unit.
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Figure (3.13) (a) i, ,(b) i, and (c) i output currents of the inverter output

terminals with R load.

Figure (3.14) shows the mean voltage content in the output of the inverter. It

Is clear that the mean voltage settles to zero of steady state.
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Figure (3.14) Mean voltage in the inverter output voltage with R load.

Case (2): Simulation of Power Processing Unit by using RL load

The simulation was repeated on the same circuit above, but using a
resistance with an inductive load. Figure (3.15) shows the shape of the
waveforms for input voltages and currents, which satisfies a lagging current

condition.
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0.04 0.05 0.06 0.07 0.08 0.09 0.1 0.11 0.12
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(b)

Figure (3.15) (a) Input voltage and (b) Input current of the power processing
unit with RL load.

Since the load in this part of the simulation is different from that of section
(3.3- case (1), it is observed that the performance of the 24 pulse rectifier is
completely independent regardless of the loading condition at the inverter

terminals. This is clear from figure (3.16) a and b, where the output and mean
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values of voltage are the same as those depicted in figure (3.10) for the pure
resistive load. The same conclusion can be extended to the case where no
capacitor is present at the output of the rectifier. This is clear from
figure(3.17) being identical to that of figure (3.11).
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Figure (3.16) (a) Output voltage and (b) Mean voltage at rectifier terminals
with C for RL load inverter loading.
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Figure (3.17) (a) Output voltage, (b) Output current and (c)Mean voltage
rectifier terminals without C for RL load inverter loading.

For this loading condition, the output line-line voltage , phase currents and
mean voltage content are shown in figure (3.18), figure (3.19), and

figure(3.20) respectively.
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Figure (3.18) (a)L-L voltage ,V,y,, (b) L-L voltage , V., and (c) L-L voltage , V.,

at the inverter with RL loading.
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Figure (3.19) (a) i, , (b) i, and (c) i, output currents at the inverter terminals
with RL loading.
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Figure (3.20) Mean voltage content in the output voltage of the inverter.

In this case the output current preserves a sinusoidal shape due to the filter
inductance load.
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3.4. Simulation of Power Processing Unit under Various Combinations

of Transformer Connection

After completing the simulation of variable loads using four zigzag
transformers and evaluating the results, the objective now is to analyze the
inverter operation with different combinations of transformers at the input of
the 24-pulse multiphase rectifier. In that context, this part of the simulation

contribute answers to the following questions,

1. Will a change in the pattern of phase shift effect the operation of the
DC/AC converter ?
2. Dose a change in phase shift pattern effect the size of transformer ? i.e.
the apparent power of the required transformer.
For the sake of simplicity, only an RL load is considered in the simulation of

this part.

Case (1): Simulation of Power Processing Unit by Connecting a

Star/Star-3Zigzag Transformer

In this part, the transformer at the input of the rectifier has one star/star
transformer and three zigzag. The star/star provides a phase of 0° while the
zigzag windings provide 15°, 30° and "15°. Figure (3.21) shows the input
voltage and current for this case. It's clear that the current drops to about 75
A, from about 100 A which was depicted in figure (3.15). On the other hand,
the output and mean voltage with and without a capacitor are shown in figure
(3.22) and figure (3.23) respectively, which shows no change at all from the
previous sections. Analyzing the inverter performance for this condition, it is
clear that the performance is identical to that of the previous section as shown
in figure (3.24), figure (3.25), and figure (3.26) respectively.
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Figure (3.21) (a) Input voltage and (b) Input current for the 24 pulse rectifier
with Y/Y and 3 zigzag transformers with RL load.
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Figure (3.22) (a) Output voltage and (b) Mean voltage at rectifier output with
Y/Y and 3zigzag transformer with C, and RL inverter loading.
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Figure (3.23) (a) Output voltage, (b) Output current and (c) Mean voltage of
rectifier with 1Y/Y and 3zigzag transformer without C for RL inverter loading.
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Figure (3.24) (a) L-L voltage ,V,p, (b) L-L voltage , V;, ,and (c) L-L voltage , V.,

for 1Y/Y and 3zigzag transformer connection.
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Figure (3.25) (a) i, , (b) i, and (c) i, output current for inverter with 1Y/Y and

3zigzag transformer.
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Figure (3.26) Mean voltage for inverter with 1Y/Y and 3zigzag transformer.
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Case (2): Simulation of Power Processing Unit by Connecting One

Star/Delta and Three Zigzag Transformers

To achieve a phase shift of 15° here, one pattern is to connect a zigzag
transformer to the circuit to provide a phase shift of 15°, and to obtain a phase
shift of 30° through a star/delta transformer. The two zigzag transformers are
used to provide the phase shift 45° and 60°. Figure (3.27) presents the input
waves of the voltage and current that were extracted after executing the
simulation. With this pattern the phase shift is defined as, 15° 30° 45° and
60°.

0.04 0.06 0.08 0.1 0.12
Time(sec) | i i, i
(b)

Figure (3.27) (a) Input voltage and (b) Input current for inverter with 1Y /A

and 3zigzag transformer.

As in the previous case, the input current drops to about 75 A of the peak
value. The rectifier with this transformer pattern has the same mean output
voltage as with 1 Y/Y and 3zigzag. The outputs of the total circuit are
illustrated by the waves shown in figure (3.28), figure (3.29), and figure
(3.30).
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Figure (3.28) (a)L-L voltage ,V,;,(b) L-L voltage, V., and (c) L-L voltage , V.,

at inverter output with 1Y /A and 3zigzag transformer.
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Figure (3.29) (a) i, , (b) i, and (c) i, output currents for inverter with 1Y /A

and 3zigzag transformer.
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Figure (3.30) Mean voltage content in inverter output with 1Y /A and

3zigzag transformers at rectifier input.
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Case (3): Simulation of Power Processing Unit by Connecting Star/Star,

Star/Delta, and Two Zigzag Transformers

Two zigzag transformers were used to provide us with a phase shift of
15° and "15°, while the phase shift of 30° was used as a star/delta transformer,
while the phase shift of 0° was achieved by the star/star transformer. Thus, the
phase difference required to operate the rectifier is 0°15° 30° and "15°
Results for this case are shown in the figure (3.31), figure (3.32), figure
(3.33), figure(3.34).

2000

1000

me

-1000 -

-2000

@) |

100

50

-50

Iin(A]
Q

-100 !
0.04 0.06 o.o8 0.1 0.12
Time(sec) |
(b)

Figure (3.31) (a) Input voltage &(b) Input current for Y/Y , Y/A and 2zigzag

transformers
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Figure (3.32) (a) L-L voltage ,V,;,(b) L-L voltage , V,,,and (c) L-L voltage , V¢,
for 1Y/Y , 1Y /A and 2zigzag transformers
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Figure (3.33) (a) i, , (b) i, and (c) i output current for 1Y/Y , 1Y /A and

2zigzag transformers.

The effect is clear as for as the input current is concerned in figure (3.31). The
peak value of current drops to 50 A which results in a significant reduction in

transformer KVVA, as shown in the calculation section.
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Figure (3.34) Mean voltage content in the output of the inverter with 1Y/Y ,
1Y /A and 2zigzag transformers.

3.5 Discussion of Simulation Results

Table (3.2) shows the values of the most important waves obtained from the

work:-
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Table (3.2): Simulation Results from Work

Vin Iin V out) Ripplein | I, |Ripple
V(out) in
Lout
Casel 1414 | 175 | 1330-1306 24 65-66 | 1
Case2 1414 | 175 | 1354-1296 58 65-66 | 1
Case3 1414 | 100 1480

Vin I in V(out) V(out) inverter Il (out)inverter
Casel 1414 | 100 813 1800 250
Case2 1414 | 100 813 1800 100

Vin I in Vdc (out) V(out) inverter I (out)inverter
Casel: 1414 | 100 813 1800 100
1Star/Star-3Zigzag
Case2: 1414 75 813 1800 100
3zigzag, 1
star/delta
Case3 : 1414 50 813 1800 100
2zigzag , 1 star/star
,1 star/delta
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Through the results obtained from conducting simulations on several circuits

using variable loads, and based on the mentioned table (3.2) , we note the

following:-

1-

For multiphase 24 pulse rectifier circuits, the ripple content in the output
voltage is small compared to other rectifier circuits. Also, the frequency
of ripple oscillations is at 1200 HZ.

The presence of the capacitor with very small resistance at the rectifier
circuit output clearly helped to filter the voltage waves and reduce the
ripple to the extent that it became very close to the DC form. It is
observed that a capacitor value of 0.0001 x 107 uF is sufficient
enough to bring the voltage to that of a pure DC.

The capacitor despite the small value rises the output mean voltage from
668 V to 813 V as depicted for example in figure(3.16) and figure(3.17).
Different loads were used for the back-to-back converter circuit. In all
loads it is observed that the input current is sinusoidal as shown in
figure (3.9), and figure(3.15). Hence, the use of this rectifier in grid tie
applications satisfies standards of harmonic penetrations.

In all loading conditions, the rectifier performance is the same as far as
the output DC voltage is concerned.

The performance of the inverter, which is the second converter in the
power unit shows very good performance when coupled with the
multiphase rectifier. As depicted in simulation results, for example
figure (3.20), the mean voltage content in the output of the inverter is
zero at steady state. It is interesting to observe this for all type of
loading conditions. Therefore, there's a clear independence of rectifier
operation from the inverter loading condition.

More than one combination was used to provide the phase difference

required for the multi-phase rectifier circuit. Some of the zigzag
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transformers were replaced with star / star or star / delta or both star /
star and star / delta. The aim of this part of the simulation is to observe
the apparent power size of the system under different transformer
combinations. It is observed that if all transformers are zigzag, the
current peak is at nearly 95.5 A per phase with a phase pattern of
15°,30°,45° and 60°. However, if a one of the zigzag is substituted
with one star/delta with the same pattern as above, the current peaks
decrease nearly to 75 A per phase. Hence, it is clear that the best pattern
which decreases the input current is the one that assigns small phase
shifts to zigzag transformers such that the relationship in (2.28) holds,

I.e., phase shifts are less than 20°.

3.6. Fourier Analyses and Calculations from Simulation Results

Based on the simulation results shown in this chapter, the Fourier
analyses of the power processing unit is carried out according to the type of

loading, considering up the 9" harmonic.

e For an R load, the Fourier expression of output voltage is,

Vyect.(r)(@t) = 1322 — 27.222 cos (4mt) + 10.3869 cos (6mt) —

5.5397 cos (8mt) + 3.4623 cos (10mt) — 2.3742 cos (12mt) +
1.7312 cos (14mt) — 1.3190 cos (16mt) + 1.0387cos (18mt) (3.1)

For output current the Fourier expression is,

. Vrect.(w
Lrect.(R) (wt) = % 3.2)
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irect.(ry(wt) = 66.1 — 1.3849 cos (4mt) + 0.1593 cos (6mt) —

0.277 cos (8mt) + 0.1731 cos (10mt) — 0.1187 cos (12mt) +
0.0866 cos (14mt) — 0.0659 cos (16mt) + 0.0519 cos (18mt)

e For an RL-Load, the Fourier analyses is,

Vyect.(rL) (Wt) = 1322 — 27.222 cos (4mt) + 10.3869 cos (6mt) —

5.5397 cos (8mt) + 3.4623 cos (10mt) — 2.3742 cos (12mt) +
1.7312 cos (14nt) — 1.3190 cos (16mt) + 1.0387 cos (18mt) (3.3)

For output current the Fourier expression is,

irect.(RL) (wt) = vr%;wt) (3.4)
Where ; Z, = \/R? + (nwL)? (3.5)

lrect.(wt) = 66.1 —0.649 cos (4mt — 62.053) + 0.1732 cos (6mt —
70.522) — 0.071 cos (8mt — 75.143) + 0.0359 cos (10wt —

78.019) — 0.0207 cos (12t — 79.971) + 0.013 cos (14nt — 81.38) —
0.0087 cos (16mt — 82.445) + 0.0061 cos (18mt — 83.276)

e Foran RC-Load, the Fourier expression is,

Vyect.(Wt) = 1450 — 27.222 cos (4mt) + 10.3869cos (6mt) —
5.5397 cos (8mt) + 3.4623cos (10mt) — 2.3742 cos (12mt) +
1.7312 cos (14mt) — 1.3190 cos (16mt) + 1.0387cos (18mt) (3.6)
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For output current the Fourier expression is,

irect.(RC) (wt) = vr%:wt) (3.7)
Where ; Z, = \/RZ + (ﬁ)z (3.8)

i oo (WE) = 72.5 — 0.1727 cos (4mt + 82.837) + 0.0962 cos (6mt +
79.325) — 0.0675 cos (8wt + 75.892) + 0.0519 cos (107t +

72.559 ) —0.0419 cos (12nt + 69.344) + 0.0348 cos (14nt +

66.259) —0.0296 cos (16mt — 63.313) + 0.0256 cos (187wt + 60.512).

3.7 Calculations of Apparent Power for Multi-Phase Transformer

In this part, the objective is to calculate the apparent power at input
terminals of rectifier. Here, calculations are made for each pattern of phase

shift considered in the simulation part. The calculations are summarized as;

- Phase Shift Pattern is ( 15°, 30°, 45° 60°)

To achieve this sequence of phase shift, two ways of connecting the
transformers were used, and for each way, an RL load is considered. Through
the results obtained from the simulation is used to calculate the apparent

power ,which is represented by the following expression,

\/§Vm Iin
NE —
V2 V2

(3.9)
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Case (1) ,when the connection consists of 4 zigzag transformers ,

1S| Ry = — 3 144 995 asze874KVA
= * = .
(RL) V2 V2

Case (2) ,when the connection consists of 3 zigzag transformers and
1Star/Delta transformer,

N V3«1414 75 _ o ea19K
=== . w
(RL) \/E \/E

- Phase Shift Pattern is (715°, 0°, 15°,30°)
Also two ways of connection transformers were used, and for each, load was

used an RL.

Case(1), when the connection consists of 3zigzag transformers and 1Star/Star
transformer,

V3 x1414 81.85
1S|(rey = * = 200.4604 KVA

V2 V2

Case (2) ,when the connection consists of 2 zigzag, 1Y/A, and 1 Y/Y
transformers,
V3 %1414 5555

S = * = 68.0243 KVA
| |(RL) \/E \/E
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Hence, the percentage decrease in size of transformer is, (compared to all

zigzag connections)

_ 243.687 —91.8419

0) e 0f, — 1)
Y%AS YT x 100% = 60.31%
s _ 243687 —2004604
089 = 243.687 X OO = A5
243.687 — 68.082
%AS = x 100% = 72.08%

243.687
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Chapter Four: Power Processing based on a Three Phase
Pulse Width Modulated Rectifier and Inverter

4.1 Introduction

In this chapter, the objective is to build a power processing unit based
on two PWM converters. In that aspect, the main aim is to study the
performance of the unit under a PWM AC/DC converter and compare the
overall performance with the results of chapter three. Here, the comparison is
primarily concerned with the shape of the input current, the size of the
elements, such as link capacitors and the complexity of the circuit. The
chapter starts with analyzing PWM rectifier to evaluate performance and then
simulating this converter with the three phase PWM inverter. In this chapter,

we will consider R and RL loads only.

4.2 Pulse Width Modulated Rectifiers

This rectifier circuit is shown in figure (4.1) for a two level topology
along with the PWM modulation scheme in the Simulink environment. Here,
as a first step the DC link capacitor and source impedance need to be
calculated. To provide a technical comparison the voltage/frequency of the

input is maintained at the same values as in chapter three.
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Figure (4.1) Simulation of PWM rectifier circuit in Simulink environment.

4.2.1 Calculation of DC link capacitor

For the purpose of building a rectifier circuit, a capacitor with specific
values must be used. At the O/P DC terminals the value for the capacitance
are determined by performing mathematical calculations, based on the

following equation[28,29],

L (4.1)
2AVR, — ~ T 0.74R, '
Where,

R;: is load resistance .
AV : is the amount of ripple specified in the output voltage.

t,: is the rise time of the response.
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w . i1s the angular frequency.

In this study, the value of AV is calculated based on a percentage ripple
content of 5%. The rise time used in this work is 0.08 sec. based on equation
(4.1) the value of C is,

378.214 uF < C < 5405.405 uF
In the simulations a value of 1000 uF is considered.
4.2.2 Source Impedance at AC Input

A source impedance is usually connected at the input of the PWM
rectifier [29]. To calculate this impedance, it is usual to assume a value for the

resistance R. The inductance can be calculated from equation[28,29],

(4.2)

15v, <\/§vSwTSZ N Vie Ts) - 0.9 v,?

L<
p 4 3 Pw

As a first step, the switching frequency considered in this chapter is the same
as that of chapter three ,which is 1000 Hz. Assuming R=0.2 Q[29], the

inductance is,
62.994mH < L < 16.4mH

It is clear that at low switching frequency , equation (4.2) give ranges that are
impractical. Therefore , a switching frequency of 10000 Hz [29], is used for
the PWM rectifier to calculate the required inductance with the above
switching frequency[30], the inductance is found to be = 15 mH. Here, the

power is calculated as ,

2
_ Vdc

P
Ry
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4.2.3 Simulation of PWM Circuit Rectifier

After extracting the values required to simulate the circuit accurately,
and using the PWM with an AC source to generate the switching pulses for
the rectifier switches. The simulation was carried out using the value of the
switching frequency used in the third chapter (1000 Hz) and the value that
achieves a correct inductance value according to equation (4.2). One point
worth mentioning here, is that the PWM is simulated at 1000 Hz of switching
frequency, with an inductance of 15 mH as calculated in previous section.
Since this frequency value cannot achieve the equation that gives an accurate
inductance value for the circuit, so the same inductance value that is achieved
by the switching frequency 10000 was used L = 15 mH. A resistance load
was used only with a value similar to the value of the load in the third chapter,
which is 20 Q, and the results were obtained, as shown in figure (4.2) for the

input at the rectifier terminals.
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=
= 0
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-1000
-2000 ! !
a
( ) | vab vbc vca
200
100 1
<
= or
=100 +
_200 | 1 1
0.05 0.07 0.09 0.11 0.13
i i i

Time(sec) |

(b)

Figure (4.2) (a) Input voltage and (b) Input current for a PWM rectifier with R
load at f; = 1000Hz
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To find out the behavior of this circuit with the same data as the multi-phase
rectifier circuit, the results extracted from the simulation at the output of the

rectifier are shown in figure (4.3).
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2000 -
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Time(sec)

(c)

Figure (4.3) (a) Output voltage, (b) Output current and (c) Mean voltage of a PWM
rectifier with R-load at switching frequency of 1000 Hz.

The PWM rectifier is now loaded by an RL load with the same values used in
the third chapter, where R = 202 and L = 60 mH , and the input waves
are extracted as shown in the figure (4.4), and the output waves shown in the

figure (4.5),
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(b)
Figure (4.4) (a) Input voltage and (b) Input current for PWM rectifier with RL
load at fg = 1000Hz.

65



Chapter Four Power Processing based on a Three Phase PWM Rectifier & Inverter

4000

VoulV)

3 a0t ]
20 )
1080 , ; ;
S
=% 1070}
1060 ! ' :
0.05 0.07 0.09 0.11 0.13

Time(sec)

(c)
Figure (4.5) (a) Output voltage, (b) Output current and (c) Mean voltage an RL
load fed by PWM rectifier at f; = 1000Hz.

From the simulation results, it is clear that the output voltage at the rectifier
suffers from considerable ripple under R and RL load. This ripple is present
even with a large DC link capacitor (1000uf ) at the output terminals. Farther

more, the current at the AC terminals shows considerable ripple content.

4.2.4 Simulation of PWM Circuit Rectifier under High Switching

Frequency

In this part of the simulation the switching frequency is changed to
10000Hz [29]. The objective is to study the input and output quantities in this
condition. Figure (4.6) shows the input quantities in this case, while figure

(4.7) shows the output quantities.
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Figure (4.6) (a) Input voltage and (b) Input current for a PWM rectifier with R
load at f; = 10000Hz
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Figure (4.7) (a) Output voltage, (b) Output current and (c) Mean voltage of a
PWM rectifier with R-load at switching frequency of 10000 Hz.

At an RL loading condition figure(4.8) and figure(4.9) depicts voltage and
current waveforms for input /output of rectifier respectively.
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Figure (4.8) (a) Input voltage and (b) Input current for PWM rectifier with RL
load at f; = 10000Hz.
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Figure (4.9) (a) Output voltage, (b) Output current and (c) Mean voltage an
RL load fed by PWM rectifier at f; = 10000Hz.

4.2.5 Discussion of Simulation Results for PWM Rectifier Circuit

At a switching frequency of 1000 Hz, the output voltage suffers from
high ripple. For example at R load the figure (4.3) shows a maximum and
minimum voltage are (1800) V and (700) V respectively, with a mean voltage
of approximately (1110) V. However at a switching frequency of 10000 Hz
in figure (4.7) the maximum and minimum voltage are (1620) V and (760) V
respectively, with a mean voltage of (1190) V. Not to be missed also, the
shape of the input current waves, which at both switching frequencies is not
very smoothly sinusoidal, but in the case of the switching frequency 1000Hz
it is less smooth than the corresponding waveforms at switching frequency
10000Hz.
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4.3 Simulation of Power Unit with PWM Rectifier and Inverter

After conducting the simulation on the PWM rectifier circuit
separately and analyzing the behavior of the circuit, the simulation file is
updated such that the PWM rectifier now supplies DC voltage to the three
phase inverter as shown in figure (4.10). Regarding the inductance connected
with the AC source, it is not possible to use the same values in the PWM
rectifier circuit only, because the equation (4.2) that it achieves does not apply
to the PWM rectifier circuit with the inverter. For the purpose of obtaining a
current waveform at the input closer to the sinusoidal shape, more than one
value of the inductance was tested and the value of 80 Henry was adopted.
The circuit is simulated with a switching frequency of 10000 Hz for rectifier
and 1000 Hz for inverter.

—
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fil._‘iEiiHiLtﬁ ik
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Figure (4.10) PWM rectifier with inverter circuit in Simulink environment.
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4.3.1 Simulation of Power Unit with PWM Rectifier and Inverter with
Resistive load

A three phase resistive load is connected with the circuit, and the

results extracted from the simulation of the circuit are shown in figures (4.11-
4.15) below.
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Figure (4.11) (a) Input voltage and (b) Input current of PWM rectifier with an
R loaded inverter
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Figure (4.12) (a) Output voltage of rectifier, (b) Mean voltage of PWM rectifier

with an R loaded inverter.
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Figure (4.13) (a) L-L voltage,V,y, (b) L-L voltage,V;,., and (c) L-L voltage, V., of

inverter with R load.
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Figure (4.14) (a) i,, (b) i, and (c) i, output current of inverter with R load.
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Figure (4.15) Mean voltage content in inverter output voltage.

From the simulation results, there is an increase in mean voltage, however the
input current shows distortion. Also, the mean voltage content shows a slow

response in reaching the target value of zero.

4.3.2 Simulation of Power Unit with PWM Rectifier and Inverter with
RL load

The same circuit was repeated with the use of a RL type load and

extracting the results depicted in figure (4.16 - 4.20) for both converters.
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Figure (4.16) (a) Input voltage and (b) Input current at rectifier input with RL
loaded inverter.
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Figure (4.17) (a) Output voltage of rectifier, (b) Mean voltage of rectifier with

RI1 lnaded inverter.
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Figure (4.18) (a) L-L voltage ,V,,, (b) L-L voltage , V., and (c)L-L voltage, V.,

of inverter with RL load.
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Figure (4.19) (a) i, , (b) i, and (c) i, output current of inverter with RL load.
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Figure (4.20) Mean voltage content in output voltage of inverter with RL load.
Here approximately, the amplitude of the inverter output voltage match that of

an R load. Also, the response of the mean voltage content is nearly the same

as that of R load case.
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4.4 Simulation Results

In order to make the results obtained more clear, Table 4.1 was made,

which contains most of the values of the waves resulting from the simulation

Table (4.1): Simulation Results from Work

Simulation Results of PWM Circuit Rectifier

Simulation of PWM Circuit Rectifier under 1000 Hz Switching Frequency

Vin Iin V out) Ripple in Loyt Ripple in
V (out) I out)
R-load 1414 | 170 | 1800-650 1150 90-35 55
RL-load 1414 | 170 | 2090-450 1640 60-45 15
Simulation of PWM Circuit Rectifier under 10000 Hz Switching Frequency
V; Iin Viout) Ripple in I,w: | Ripplein
Vout) I our)
R-load 1414 | 125 1620-760 860 80-40 40
RL-load 1414 | 125 1750-525 1225 | 58-53 5

Simulation Results of Power Unit with PWM Rectifier and Inverter

Vin I in Vdc (out) V(out) inverter I (out)inverter
R-load 1414 150 2250 4500 600
RL-load 1414 150 2250 4500 250

4.5 Comparison Between Performances of Multiphase versus

Pulse Width Modulated Rectifiers in Standalone and Power

Processing Unit Applications

At this point, the performance of the twenty four pulse rectifier was

studied in applications of single load (or standalone ) and with a three phase
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PWM inverter as illustrated through the simulation results presented in

chapter three of this project. On the other hand, in this chapter the PWM

rectifier was considered with exactly the same loading condition, i.e. either a

standalone load or the three phase inverter. Based on the simulation results of

both chapters three and four, a comparison is shown in table 4.2 below.

Table (4.2) Comparison Between Performances of Power Unit
Based on Multiphase and PWM Rectifier and Three Phase PWM

Multiphase Rectifier and 3@ inverter

PWM Rectifier and 3@ inverter

The capacitor that was used is very
small 0.0001uF. This due to the
fact that the voltage obtained

suffer from little ripples.

A capacitor with a value of 1000 uF
was used, which is a large value.
Here, the ripples obtained are high

which requires strong filtering.

The

2 | inexpensive devices and no circuit

diodes are simple and

Is required for switching.

This rectifier requires IGBTs which
require extra control circuits to

generate the switching pulses.

Conduction losses are small in this

3 | type of rectifier.

High losses are incurred due to the
high switching frequency for the

rectifier.

This rectifier doesn’t need an
the AC

other

inductance at input

terminals. Zigzag (or
winding) transformers used here
4 | have eliminated the need for them
because they contain inductance.
Even if star/star or star/delta
transformers are connected, they

have a small internal inductance.

In order to function properly, the
circuit needs an inductance that
depends on many factors, one of
them is the switching frequency.
Since higher switching frequency is
required, inductance is

needed [30].

a higher
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The

sinusoidal in shape. Hence, this

input current waves are

fulfills utility requirements when
such power processing units are

connected to public grids.

The input current waves are not
smoothly sinusoidal, and cannot be
obtained in a perfect sinusoidal form.
Even with a higher inductance value,
the current does not match that of a

multiphase rectifier.

It can be observed that the output
mean voltage content in the output
voltage of the inverter attains zero
value quickly. For example from
figure (3.14) the response settles in
about 0.04 Sec.

The mean voltage content takes a
considerable time to settle to zero. In
figure (4.15) , the this time is around
0.28 sec.

This type of rectifier does need a
multi —winding transformer which
adds cost. However, a circuit to
control the voltage at the DC link

capacitor is not necessary.

PWM rectifier doesn’t need a multi-
winding transformer . However, a
closed loop control circuit is required
to maintain a constant voltage across

the DC link as reported in [31-34].

The circuit is not complicated in
components and size, a part from

the transformer.

The circuit is considered complex in
terms of large size and number of

components.

From Tables (3.2) and (4.1) one
notices that the ripple in the output
current and voltage of the rectifier

is small.

The ripple in the output current and
voltage of the rectifier is high as
mentioned in the tables (3.2) and
(4.1).
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Chapter Five: Conclusions and Future Works

5.1 Conclusions

Based on the results presented in this work, the following are the most

important conclusions drawn:

1-

2-

3-

The multiphase rectifier provides more advantages in terms of the
quality of the output voltage and response.

The lack of ripple in the rectifier output advocated for a small
capacitor value. This will in turn reduce the capacitor required.

The mean voltage content in the inverter output voltage which is fed by
a multiphase rectifier shows a quick response in attaining a zero value.
The PWM rectifier shows a considerable ripple in the output voltage
even with a large value capacitor.

The presence of a transformer in multiphase rectifier provides a mean
of smoothing the input current which fulfills the utility grid harmonic
requirement.

Although the size of the transformer may be an obstacle as far as
multiphase rectifiers are concerned, however this work has shown that
the required transformer KVA is significantly reduced by altering the
phase shift.

Based on the comparison provided in this work, the multiphase proves
itself a more practical converter. First, the PWM requires a high
switching frequency which increases the switching conduction
compared to the multiphase rectifier. Second, the quality of input

current is well suitable for utility grid applications.
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5.2 Suggestions for Future Works

After completing this work, the following could be potential future work:

1-

Investigate the performance of the power processing unit with a
multiphase rectifier and a multilevel converter, such as the neutral point
clamped (NPC) or multilevel modular converter (MMC).

Study the behaviour of the multiphase rectifier based power processing
unit in grid tied applications for real and reactive power injection.

Implementing a control system for the DC/AC converter to inject real
and reactive power into a utility grid
Experimental implementation of the multiphase and PWM rectifiers in
applications related to renewable energy sources.

Investigate the performance of the power processing unit in soft

opening points (SOP).
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