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Abstract

The problems of harmonics are remarkably apparent at electrical power
system equipment. The impact of harmonics on transformers show up as a rise of
transformers losses and heating that could shorten their operating life. During
resonance, capacitor bank experience high voltage distortion, which could lead to
insulation failure due to excessive peak voltage values. Moreover, the current
flowing through the capacitor significantly increases due to higher order
harmonics of voltage, and this may lead to fuse blowing due to high harmonic

current through it.

The 6-pulse rectifier bridges are still the most common front end topology
that is used for Adjustable Speed Drives (ASDs) because they have low cost, high
efficiency, and good reliability. However, 6-pulse ASD results in harmonic

emissions, which requires methods to reduce them.

The conventional way to eliminate harmonic orders is by using passive

2™ order wide band filter, or C-

filters. For example, single-tuned passive filter,
type filters. Many different ways exist to minimize the line-side harmonics for 6-
pulse ASD such as changing line reactor L, phase shifting transformers, or active

filters.

In this thesis, calculations of line-side harmonic currents of a DC motor
driven by 6-pulse thyristor rectifier bridge are found using MATLAB/SIMULINK
software. Both harmonic currents and THDi are calculated. The effect of different
firing angles on harmonic current is shown and mitigation options like AC-

inductance and DC-inductance in harmonics are illustrated.

Finally, MATLAB/Simulink is used during the study and work analysis.
Results show that the load torque percentage plays a significant role in THDi

levels. Moreover, in terms of firing angle variations versus different load

XV
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percentage, the simulation results show that the amount of current distortion is at
its minimum when operating at lower firing angle and higher load percentage. The

increase of L, 44 and/or L; will result in lower THDi levels.

Key Words: Controlled 3-phase rectifier bridge, Current Total Harmonic
Distortion, Harmonics, AC Line Inductance, DC-Link Inductance.
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Introduction
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Chapter One: Introduction

1.1. Background

There is a lot of time spent trying to reduce the energy bill by all
organizations. Better saving is achieved when utilizers actually use less energy in
the first place. Currently the common approach is to manufacture products that

have high efficiency and one example is the concept of ASDs.

ASD effectively allows speed variation of the motor to precisely match a
reference speed and in doing so we eliminate the wasted energy that is associated
with running motor traditionally at full speed and therefore allows to minimizing

energy wastage.

Control techniques of ASDs can help us achieve huge energy savings. For
instance, applying ASD to centrifugal fans and pumps offers extremely good
energy saving opportunities as high as sixty percent in some applications. The
saving potential is high at variable torque applications when using ASD because
centrifugal fans and pumps follow what are called the "Affinity Laws" as in [1].
The laws of physics basically state that flow is approximately proportional to
speed but the power consumed is roughly proportional to the cube of the speed as

follows [1]:

P _ (2)3 (1.1)

P_z C\ny
Where:
P; Initial power consumption of the motor [watt].
P, Final power consumption of the motor [watt].
n, Initial speed of the motor [r.p.m].
n, Final speed of the motor [r.p.m].

This means that slight speed reduction gives us a big drop-off in power
consumption. For example, if the motor speed is reduced by 30%, motor power

consumption is reduced by a cubic relationship (0.7 * 0.7 * 0.7), or 65.7%.
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With the present rapid improvement of power electronics and
microprocessors, the use of ASDs is increasing day after day. However, ASDs are
considered as one of the main causatives of harmonic distortion in an AC power
system [10]. In order to avoid any damage or misoperation of electric equipment,
harmonic distortion should be assessed and controlled. As a result of the
detrimental effects of harmonics, both electric utilities and end users are becoming

more interested in power quality and harmonic mitigation techniques.

1.2. Definition of Power Quality

A common power quality problem definition is mentioned in [2], which
states that any deviation appears in standard voltage, current, or frequency
waveforms that leads to misoperation of utilizer's apparatus. Institute for
Electrical and Electronic Engineers (IEEE) has set standards to deal with power
quality problems. These standards determine the amount of current and voltage

harmonic distortion that is acceptable at the Point of Common Coupling (PCC)
[3].

1.3. Power quality problems

According to statistics, the most frequent power quality problems are

voltage sag, voltage swell, voltage flicker and harmonics [5].

1.3.1. Voltage Sag

A voltage sag (or voltage dip) happens when there is a decrease between
0.1 p.u and 0.9 p.u in the nominal voltage at the fundamental frequency for the
duration of 0.5 cycle to 1 minute (short duration under-voltage). Voltage sags are
mainly caused by adding heavy loads, starting large motors and faults (short
circuits) on power systems. Dips may lead to misoperation of sensitive devices as

well as failure of digital computers and other power electronic devices [5].
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1.3.2. Voltage Swell

A voltage swell occurs when there is an increase between 1.1 to 1.8 p.u of
the nominal voltage for duration of 0.5 cycle to 1 minute (short duration over-
voltage). The main cause of voltage swells are faults on power system and

inserting a large capacitor banks [5].

1.3.3. Voltage Flicker

A voltage flicker could be depicted by either systematic or random
changes in the voltage envelop. In other words, voltage flicker is simply a
fluctuation in the voltage waveform that does not usually exceed the voltage
ranges of 0.9 p.u to 1.1 p.u. The main reasons for the occurrence of voltage flicker
are loads that experience sudden or continuous changes in the load current, for

instance, arc furnaces and welding machines [6].

1.3.4. Harmonics

Harmonics are currents and voltages with frequencies that are integer
multiples of the fundamental frequency 50 or 60 Hz. An introduction to harmonic
sources is mentioned in [7]. For example, arcing devices, magnetic circuits, power
electronics devices are all sources of harmonics, and the ASDs which will take

much of our concern.

The effect of harmonics usually appears first at capacitor banks which may
lead to either parallel or series resonance. These results into high current at
harmonic frequencies that could cause overheating, high peak voltage and even
blowing of the fuses [8]. On the other hand, voltage distortion at the motor
terminals due to harmonic distortion appears as harmonic fluxes leading to
additional losses, heating and torque pulsating [2]. One other major impact of
harmonic distortion can be seen in transformers, and this impact appears in form
of extra losses, which are due to I2R losses, eddy current losses, and stray losses.

As a result, these losses can have an enormous influence in lessening the
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operating life of a transformer [9]. Moreover, these harmonic currents can lead to

interference with telecommunication lines and errors in power metering.

Because of the aforementioned detrimental effects of harmonics, several
methods have been followed in order to reduce harmonic current. Some of them
are based on raising the ability of electric equipment to withstand harmonic
current such as de-rating transformers or increasing the cross section of the neutral
conductor as in [10], while others are based on cancelling or mitigating harmonic
currents, such as passive tuned filters, multi-pulse rectifiers or active power filters
as in [3]. The influence of the electrical environment and power supply on ASD
and the procedures and techniques that could be followed to enhance the

immunity of ASD against electrical disturbances they are all discussed in [11].

The 6-pulse rectifier bridge is still the most common front end topology
that is used for ASDs because they have low cost, high efficiency and good
reliability. However, 6-pulse ASD emits large amount of harmonics. The
conventional way to eliminate harmonic currents is by using tuned passive filters
because they are simple and not expensive. Many other different ways exist to
minimize the line-side harmonics for 6-pulse ASD such as changing line reactor

Lqqq and/or changing the DC-link inductance L, [8].

When electric load draws current that is sinusoidal in shape and
proportional to the applied sinusoidal voltage, the load is referred to as linear load.
On the other hand, if the electric load draws current that is not sinusoidal in shape
compared to the applied sinusoidal voltage the load is referred to as non-linear
load. In other words, non-linear load draws periodic non-sinusoidal current
(distorted current waveform) and that current can be represented by fundamental
sinusoidal current in addition to integer multiple of the fundamental (harmonics).
Analyzing this distorted current waveform is the process of computing the
amplitudes and the phases of the fundamental and higher order harmonic of the

periodic waveform that is done by means of Fourier series concept.

In certain circumstances linear loads such as motors generators and
transformers produce comparatively small amount of harmonics compared to non-
linear loads. For instance, due to unequal distribution of windings in rotating

machines the magneto-motive force is unequally distributed and that causes
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harmonic production. In transformers, as a result of non-linear characteristics of
magnetic material above the knee point, current and voltage are not sinusoidal and

include harmonic.

1.4. Power quality standards

1.4.1. IEEE 519-1992 Standard

To reduce any possible damage that may result from harmonic distortion,
IEEE Standard 519-1992 recommends the amount of current and voltage
harmonic distortion that is acceptable at the Point of Common Coupling (PCC)
[3]. Recommended limits are provided for both individual harmonic components
and the Total Demand Distortion (TDD). The TDD refers to the ratio between the
RMS value of current harmonics of order higher than two and the maximum

demand load current /; at fundamental frequency taken at the PCC.

h_max 72
Yhzz In \/(122 + 12+ 12
TDD = — X 100% =
I I

max) x100% (1.2)

Where :
[, The magnitude of individual harmonic components [A].
Isc -~ The short-circuit current at the PCC [A].

[,  The fundamental component of the maximum demand load current at the

PCC [A].
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Table 1.1 shows current limits for individual harmonic components as well

as total harmonic distortion.

Table 1.1 Current Distortion Limits for Distribution Systems at PCC (120 V-69,000 V) [3].

I,./1, <11 [11-17|17-23 i?’; h 35<h | TDD
<20% 4 2 1.5 0.6 0.3 5
20 — 50 % 7 3.5 2.5 1 0.5 8
50 — 100 % 10 4.5 4 15 0.7 12
100 — 1000 % | 12 5.5 5 2 1 15
> 1000 % 15 7 6 2.5 1.4 20

Table 1.2 shows voltage limits for individual harmonic components as well as

total harmonic distortion.

Table 1.2 Voltage Distortion Limits [3].

Bus voltage at PPC Individual Voltage Total Voltage Distortion THD (%)
Distortion (%)

69 KV and below 3.0 5.0
69 KV -161 KV 1.5 2.5
161KV and above 1.0 1.5

AR\ Zyl_i.lbl |
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Voltage total harmonic distortion can be calculated as in equation (1.3):

L R T T -
- v v .-.U
THD, = =—————x 100% = 2 3v Amax: « 100%
1 1

Where :
v;  Fundamental voltage.

v,  Harmonic voltage of nth order.

1.4.2. IEC 61000 EMC

(1.3)

The fundamental disagreement when comparing IEEE standards and 1EC

61000 is that IEEE-519 standards define the limits of the harmonic currents

generated by non-linear loads and injected into the electric grid as well as the

limits of the harmonic voltages at the grid buses, whereas the purpose of

Electromagnetic Compatibility (EMC) Standards from IEC 61000 is to decrease

the harmonic participation of electric apparatus [4].

IEC provide various standards that decrease harmonic participation [4]:

e [EC 61000-3-2: Limits for harmonic current emissions for load currents

upto 16 A.

e IEC 61000-3-3: Limits for voltage distortion in low-voltage power supply

systems for equipment with rated current < 16 A.

o [EC 61000-3-4: Limits for harmonic current emissions for load currents

higher than 16 A (Table 1.3).

e IEC 61000-3-5: Limits for voltage distortion in low-voltage power supply

system for equipment with rated current > 16 A.
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Table 1.3 Harmonic emission limits: IEC 61000-3-4 [4].

Harmonic number n Maximum harmonic current %%

3 21.6

5 10.7

7 7.2

9 3.8

11 3.1

13 2

15 0.7

17 1.2

19 1.1

21 <0.6

23 0.9

25 0.8
27 <0.6

79 0.7

31 0.7

33 <0.6

Even <8/nor<0.6

Where:
I; Rated fundamental current.

I, Harmonic current of nth order.
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1.5. Harmonic Mitigation Using Filters

1.5.1 Types of filters

Passive filtering techniques are one of the most used approaches for
control of harmonic distortion in the power system. A capacitor can be shunt-
connected and offers small impedance for harmonics components above specific
frequency. Likewise, an inductor can be series-connected and offers a high
impedance path for harmonics components above specific frequency. Since filters
allow only components of certain frequency to pass, they are called harmonics
traps. More complex characteristics of a filter can be obtained by connecting a
network of two or more of capacitors, resistors, and inductors. Passive filter can
be either tuned to cancel a certain harmonic order or to cancel harmonics over a

certain frequency bandwidth [32].

More advanced methods have been investigated to control harmonic levels
in the power system. For instance, active harmonic filters (AHF) which are
basically power electronic converters that can act as either controlled current
source (Shunt Active Power Filter) or controlled voltage source (Series Harmonic
Filter). AHFs are smaller by size and lighter by weight compared to large size
passive filters. Additionally, active filters have the advantage of eliminating
various harmonic orders at a time, whereas passive filters are basically designed

to eliminate only one harmonic order [35].

1.5.1.1 Passive Filters

1.5.1.1.1 Series Passive Filter

A series passive filter is connected in series with the load and it consists of
inductance and capacitance which are connected in parallel [31]. Series filter is
tuned at a certain frequency to provide large impedance and this large impedance
stops the harmonic current from flowing within the system at that frequency only.
However, the drawback of this arrangement is that the series filter should be
designed to carry the full load current. Moreover, it must be equipped with

overcurrent protection scheme and as a result extra cost [32].

10
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Fig. 1.1 Series passive filter.

1.5.1.1.2 Shunt Passive Filter

1.5.1.1.2.1 Single Tuned Filter

The topology of the single tuned filter is shown in Fig. 1.2. Single tuned
filter is characterized by its low cost and simplicity because it is only a
combination of a capacitor C and an inductance L [31]. Moreover, it tends to
correct the load power factor as well as remove the harmonic current. However,
tuned filter can be tuned to cancel only one harmonic order at a time. As a result
we have to use several filters to eliminate unwanted harmonic orders that are

present in power system [32].

Busbar

I

Fig. 1.2 Single-tuned filter topology

Single tuned filter (also called notch filter) is connected in parallel with the
load and it is series-tuned to provide a low impedance branch to the harmonics at
a certain frequency to be filtered, that is why sometimes they are called harmonic
traps. The values of L and C are chosen so that the tuning frequency of the circuit

matches with the harmonic frequency to be eliminated. Generally, the impedance

11
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Zg (h) of the notch filter branch with respect to harmonic order h can be expressed

as [31] as in equation (1.4):
X
Zp(h) = j (hX, =) (4

The resonance or tuning frequency of this filter can be expressed as [32] as
in equation (1.5):
1

- 27T,/Lf Cf

fc Resonant or tuning frequency in hertz.

- (1.5)

L  Filter inductance in henrys.
Cr Filter capacitance in farads.
h  Harmonic order.

The quality factor Q determines the bandwidth and the filtering deepness

at the notch frequency which can be given as [32] as in equation (1.6):

L
C
Q= R (1.6)
1.5.1.1.2.2 Second Order High-Pass Filter

The topology of the second order high-pass filter is shown in Fig. 1.3. This
type of filters is used to mitigate multiple high order harmonics, and it is also
characterized by its shallow notch when comparing to single tuned filter due to
high impedance value at the same harmonic order [31]. As a result, it is not as
sensitive as the single tuned filter to parameter changes. Another advantage is the
acceptable amount of losses at fundamental frequency compared to other
frequency. Due to previous advantages, second-order high-pass filters are widely

used for different industrial applications like high power adjustable speed drives

(ASDs) [32].

12
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Bushar

Fig. 1.3 Second-order high-pass filter topology.

Generally, the impedance Z;(h) of the second-order high-pass filter

branch with respect to harmonic order h can be expressed as [31] as in equation

(1.7):

_ R (hXL)Z . th’XL XC (1.7)
M= mraxy v ey w
1.5.1.1.2.3 C-Type Filter

The topology of the c-type filter is shown in Fig. 1.4. Compared to other
type high-order filters, this type have a moderate performance and it is used to
eliminate lower order harmonics than the other high-pass filters [31]. Moreover,
these sorts of filters face no losses at the fundamental frequency; that is, due to the
extra capacitor C2 which is added in series with the inductor L and they are tuned
at the fundamental frequency. However, it is less efficient in mitigating high order

harmonics than the second-order high-pass filter [32].

Generally, the impedance Z¢ (h) of the C-type filter branch with respect to

harmonic order h can be expressed as [32] as in equation (1.8):

2
Zf(h)= R(hXL—%) Iy R? (hXL—%)Z_&) (1.8)
R2+(hXL—%) R2+(hXL—%) h
13
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Fig. 1.4 C-type high-pass filter topology.

1.5.1.2 Active Harmonic Filter (AHF)

1.5.1.2.1 Shunt Active Harmonic Filter

Shunt active power filters (SAHFs) are basically power electronic
converters applied as controlled current source [33]. They are connected in
parallel with the power system as close as possible to the non-linear load to
prevent the circulation of harmonics to the reminder of the electric grid. SAHF
injects currents equal in magnitude to the harmonic currents produced by the non-
linear load, however, shifted by 180. These currents cancel out harmonics currents
produced by that load. SAHFs are characterized by small size and low weight
compared to large size passive filters. Additionally, active filters have the
advantage of eliminating various harmonic orders at a time, whereas passive

filters are basically designed to eliminate only one harmonic order [34].
1.5.1.2.2 Series Active Filter

Series active filters (SAFs) are basically power electronic converters applied
as controlled voltage source [33]. SAFs are placed in series with the electric grid
and near the non-linear load. The voltage produced by the filter with a desired
frequency stops the harmonic current with the same frequency from circulating
back to the source. That is because SAF presents high impedance when boosting

the voltage produced by the filter. The disadvantage of this configuration is the

14
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extra cost accompanying with the transformer that links the SAF to the grid to

allow the filter to insert the required voltage [34].

It can be concluded that active filters have the advantage of eliminating
various harmonic orders at a time, whereas passive filters are basically designed
to eliminate only one harmonic order. Although active filters offer wide range of
harmonic cancellation and characterized by their small size and light weight
compared to passive filters, however, they are much more complicated and
expensive since they require control circuit and many other components. Thus,
passive filters still the favorable choice when talking about harmonic cancellation
technique. The next chapter illustrates the circuit diagram, analytical relations and
waveforms of output voltage and current of a single-phase controlled bridge

rectifier supplying different types of loads.

1.6. Motivation

Since ASDs are increasingly used in industry, more harmonics will be
injected due to their presence. Thus, it is important to consider further
investigations about how harmonics magnitudes vary depending on circuit
topology, parameters, and operating conditions. Previous researches addressed
harmonics assuming idealized conditions like smooth DC current (that is, very
large Lg.) and pure mains supply (no equivalent inductance of the source), and RL
load rather than actual DC motor [18]. This thesis examines the harmonics
injection of ASDs (to the grid) with more practical assumptions which helps to

verify validity of the idealized conditions.
1.7. Contribution

This thesis examines the effect of more practical parameters and operating
conditions of DC drives. Specifically, it accounts for the effect of source
inductance Lg, DC-link inductance L;, and actual DC motor load rather than ideal
conditions. Firing angle variation will be considered and its effects on THDi
injection will be addressed. In addition, the impact of load alteration in terms of

firing angle variation on THD1 will be presented in this thesis.
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1.8. Thesis Objective

The main objective of this thesis is to conduct a model consisting of a 6-
pulse controlled rectifier bridge driving a DC motor using MATLAB/SIMULINK
software, and then to study the influence of firing angle variations on harmonic
currents and THDi at the AC line-side. Next, the roles that source inductance L

and DC-link inductance L, play in harmonic mitigation are illustrated.
1.9. Scope of Thesis

Scope of thesis can be executed through the following steps:

1. Studying six-pulse rectifiers and ASDs, their operation, and their
harmonics contents.

2. Modelling six-pulse rectifier in Simulink considering practical parameters.

3. Simulating the harmonics injection into the grid with different firing
angles.

4. Inserting different inductance values for both AC side and DC side to the
model and study there effect on harmonic currents.

5. Verifying results and drawing conclusions based on them.

1.10. Thesis Organization

The thesis is organized as follows:

Chapter 1 introduces the power quality problems in the power system, the
effect of harmonics on different electric equipment and illustrates power quality
standards. Chapter 2 presents the literature review on the applications that are
used to estimate and mitigate harmonics in the power system. Chapter 3 illustrates
the analytical expressions of multi-pulse rectifier bridges. Moreover, it shows
their reduction effect over total harmonic distortion. In chapter 4 the results and
simulation are given. Chapter 5 presents the conclusion of this thesis and

suggestions for future work.

16

www.manaraa.com



CHAPTER TWO:

Literature Review
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Chapter Two: Literature Review

2.1. Literature Review

Authors of [12] mainly discuss four level of modeling the single-phase
diode rectifier starting with ideal model which has a very limited accuracy but
nearly no parameters are needed, ending with numerical model which has high
accuracy however, too many parameters are needed. Furthermore, measurements
of real application are compared with these models and the results validated the

suggested method.

In reference [13] table-based model for a 6-pulse uncontrolled rectifier
was used to calculate line side-harmonics, a look-up table of the current total
harmonic distortion THDi was established depending on multiple simulations,
independently either one of the system parameters is changed. Results show a
very high harmonic content when both AC and DC inductances have small values
and a continuously decreasing harmonic content as these inductances will have
bigger values. The proposed method was compared to a real application and the

results were quite accurate regarding the harmonic current estimation.

Authors of [14] propose a combination of empirical method and analytical
expressions for estimation of line side harmonic currents of diode rectifier when
connecting with multiple-pulse diode rectifier. This is done by "splitting" the
original diagram into multiple ones and each three-phase rectifier bridge is
analyzed separately using circuit simulator. Ultimately, a correction factor
(compensation factor) due to mutual impact between parallel three-phase rectifier
bridges is applied to re-combine the original diagram. Outcomes of this technique
were compared with real application measurements and they showed a good

match. As a result, less time and little calculation are achieved.

In paper [15], in addition to DIESILENT, Pspice, new harmonic
calculation software is presented in order to accomplish harmonic estimation for a
large ASD. The new software MCT31 is done using a combination of pre-

collected database and interpolation techniques. Harmonic simulation results of
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three software are compared with results taken from real application. The new

software shows efficient results even with limited data-input.

Authors of [16] provide a new approach to calculate harmonic currents
produced by 12-pulse and 18-pulse drives. This is done by developing harmonic
calculation toolbox devoted specifically for harmonic analysis on 6-pulse drives.
As a result, a simple and speedy software operation can be achieved. It also
illustrates comparison results of different simulation results to reduce line
harmonic currents, these topologies are developed for 6-pulse rectifier bridge with
a chance to add AC-inductance L,;40r DC-inductance L;, and were also used for

12-pulse and 18-pulse.

For a three-phase controlled rectifier with RL-load reference [17] provides
a delicate statistical solution based on MATLAB Simulation to find current

harmonics and THD for different firing angles.

In [18], assuming the inductance of DC-link L; is too large and the
inductance of the Ac-side Lg equal to zero the authors derived the ideal form of

the harmonics of the line-side current of a 6-pulse Ac to DC converter.

The concept of active compensation was firstly introduced in 1958 when
authors of [21] suggested using a feedback amplifier technique to compensate for

voltage harmonics produced by saturated ferromagnetic materials.

In [22] a new method was proposed to cancel out current harmonics in
HVDC transmission system. Authors' method was relied on the precept of
magnetic flux compensation in a transformer core. That is done by means of

compensating currents that are injected into a tertiary winding.

In [31], a comprehensive design study of passive filters is done. The study
shows that for high power industrial application, passive filters are widely used
due to their reasonable price and good performance. Moreover, it shows the
significant effect of the system impedance on the filter. Additionally, it illustrates
that the sharpness of the tuning depends on the resistance and the reactor of the

filter at the tuned frequency.

In [32], single and double tuned passive filters are proposed to reduce

harmonic currents. Results show that for better harmonic cancelation, filters are
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placed closer to loads that produce harmonic currents. Moreover, lower THD can
be achieved when removing the power factor correction capacitor. Additionally,

THD is slightly higher when loads are decreased.

In [33], authors propose to use active power filter (APF) in order to reduce
harmonic distortion, this method is based on power electronics technique and
offer harmonic cancelation for several order harmonic components at a time as
well as reactive power compensation. Both voltage and current waveforms and

THD are shown to be improved in the proposed method.

Authors of [34] suggest simple and cost effective shunt active power filter
consists of two pulse-width modulated voltage source inverters, one of them
operates at low switching frequency which is connected near the harmonic source
(non-linear load) and compensate for current harmonic at low frequencies,
whereas, the other one operates at high switching frequency and responsible for

compensating current harmonic at high frequencies.

Mainly, four methods are available to investigate the line-side harmonic
currents of a 6-pulse controlled rectifier bridge. However, three out of four
include, very Ilimited accuracy (ideal model), mathematical complexity
(Analytical Model) and larger number of parameters must be known when doing
the analysis (numerical based circuit model). On the other hand, the table based
model offers fairly good results and accuracy, and only limited numbers of
parameters are needed when doing the simulation. Thus, the table based model
which has been presented in [12] is chosen to be used in this thesis. The next
chapter discusses various techniques for harmonic mitigation, starting with the
most common and non-expensive approach which is passive filter ending with

more sophisticated one which is active power filter.
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CHAPTER THREE:

Multi-Pulse Bridges Rectifier
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Chapter Three: Multi-Pulse Bridge Rectifier

3.1. Three-phase 6-pulse Bridge Rectifier

A widespread example of ASD is the 6-pulse rectifier bridge (Fig. 3.1). An
idealized 6-pulse rectifier bridge. The line inductance Lg is zero and the DC bus
inductance L; = oo making the output DC current constant. Fig. 3.2 shows model
waveforms of the rectifier bridge, where v,, v, and v, are the phase voltages of
the supply. iy to iy are the gate current pulses for thyristors Ty to T respectively

and «a is the firing angle of the thyristors.

P
Sl g“’% S:x g;% SS ¥

ga
—DF
w
gQ
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w
gQ
A
B
[ peoq

Fig. 3.1 Simplified circuit diagram of a six-pulse thyristor rectifier.

The phase voltage v, has the highest value compared to other two phase

voltages vyand v, during period [ (% +a<swt< §+ a), that makes S, forword-
baised. However, to turn S; on a firing pulse is applied to its gate (gate signal iyq)
atwt = % + a, supposing Sg is turned on before S; then the resultant positive DC

bus voltage v, with respect to the ground G equal to v, and the negative DC

voltage v, equal towv,. As a result, the output DC voltage will be equal to
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Vg = Vp — VU = Vg — V) = Vg, and the three phase line currents are iy = Iy, i, =

—I4 and i, = 0 as illustrated in Fig. 3.2.

> P<[

e

Fig. 3.2 Waveforms of the idealized six-pulse thyristor rectifier operating at « = 30°.

The phase voltage v, during period II (g +ta<swt< 5?”) has the lowest

value compared to v, and v, that makes S, forward-biased. However, to turn S,
on a firing pulse is applied to its gate (gate signal iy,) at wt = g + a. The turn on

of S, will force Sg to turn off and at that moment of time the DC current I; is
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commutated from Sg to S, instantly due to the absence of the line inductance. The
positive DC bus voltage v, is still equal to v,. However, the negative DC voltage
Uy, 1s equal to v,. As a result, the output DC voltage will be vq = v, — v, = v, —

V. = v, and the three phase line currents are i, = I;,1, = 0 and i, = —I,.

Following the same process will give us the voltage and current

waveforms and expressions of other periods as in [26].

The average DC output voltage can be calculated as in equation (3.1):

v
area A 1 (2%¢ 3v2
Va=—7 - = T J- vapd(wt) = —= V,, cosa = 1.35V;, cosa  (3:1)
3 3% m

The line current i, in Fig. 3.2 can be expressed in a Fourier series as in

equation (3.2):

23 1. 1
g =— Ii(sin(wt — @) — gSlTlS(wt —0,) — 7sm7(wt - @)
i 11(wt —0 L 13(wt — 0@
+ 75 (w 1)+ 35N (w »
, 17 @ L s 19 0) (3.2)
— 7 Sin (wt — 1)—Esm (wt — @y) + ) .
Where:

@; Phase angle between the supply voltage and the fundamental frequency line

current i,g.
w  Angular speed.

The rms value of i, can be calculated as in equation (3.3):

11m

I, = J% fo 7 (rd(wn) = J(%) < J;g im(ld)w(wm f;m(—ldw(wt))

2
- \/;Id = 0.816 I, (33)
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Analytically, the total harmonic distortion THD for the line side current

can be calculated as in equation (3.4):

JI2 =12, /(0.8161,)% — (0.781,)2
THD = = =319 3.4
Iy 0.781, & 34

Theoretically, the 6-pulse rectifier bridge is characterized by certain
harmonic magnitudes of orders h [2] where h = 6n + 1 , where n is a positive
integer (n = 1, 2,3 ...). Therefore, harmonic orders that would show up in 6-pulse

rectifier are 5th, 7th, 11th, 13th, 17th, 19th,etc. The magnitude of each

harmonic is given by % p.u. Consequently, the fifth harmonic current constitutes

20% of the fundamental current (% = % = 20%), the seventh harmonic current

constitutes 14.2% of the fundamental current and so on. Theoretically, the total
harmonic distortion THD of the idealized 6-pulse rectifier is given as in equation

(3.5):

THD = \/13+172+1121+1123+1127+1129+--- (3.5)

THD = \/202 + 14.292 4 9.09%2 + 7.692 + 5.882 + 5.262 ...

THD = 28.43 %

In either case, theoretically and analytically, the total harmonic distortion
THD generated by a there phase idealized 6-pulse bridge which are 28.43 % and
31 % respectively do not satisfy IEEE standards [3]. Thus, higher pulses number

should be examined.

3.2. P-Pulse Bridge Rectifier

Harmonics accompanying with the 6-pulse rectifiers
(5", 7th, 11t 13th, 17t 19", ) have adversely affected the power quality.

Consequently, various methods have been implemented to decrease harmonic
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emission from ASDs. One popular approach is the use of multi-pulse rectifier
bridges with number of pulses bigger than six (12-pulse, 18-pulse, 24-pulse and so
on) together with phase shifted secondary transformers. This combination has the
advantage of reducing sufficiently lower order harmonic currents produced by 6-
pulse rectifier bridge, additionally, it usually does not need LC filter thus,
excluding the possibility for LC resonance. As a result of the prior advantages
multi-pulse rectifier bridge has become the preferable choice when talking about

harmonic mitigation.

3.2.1 Three-phase 12-pulse Bridge Rectifier

Fig. 3.3 shows an idealized 12-pulse rectifier bridge consists of two
identical 6-pulse bridges. The line inductance L as well as the leakage inductance
Ly of the transformer and the firing angle « are assumed to be zero. Moreover,
the DC bus inductance is assumed to have infinite value (L; = o0) making the
output DC current constant. The two bridges are connected to the same wye
primary winding while the other side of transformer is divided into secondary
winding with delta connection and tertiary winding with wye connection. As a
result of this configuration, 30 degree phase shift angle between the secondary
and the tertiary: winding currents can be obtained. This type of configuration
results in elimination of harmonic current of order 5th, 7th, 17th and 19th.
Consequently, the resultant THD would be around 10-12 % compared to 31 % for
a single 6-pulse Rectifier Bridge.

L , I, Ly
i-’\:i-'”“j @-fwlt;v\—w—i—k " g
Lo i, 6=0° =
-#-mr——(Y) ol v,
L - <
Tk I
-ZS WLG | L/
§=30° -

Fig. 3.3 Simplified circuit diagram of a 12-pulse thyristor rectifier.
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Fig. 3.4 Current waveforms of a 12-pulse thyristor rectifier [27].

Fig. 3.4 shows the current waveforms for the rectifier, where i, the

primary line current is calculated as in [27] as is equation (3.6):

iy =il + i (3.6)

ig, iz Secondary line currents.
.y

iq, iz Primary currents referred from the secondary side.

The secondary line current i, in Fig. 3.4 can be expressed in a Fourier

series as in equation (3.7):

2V3 1 1 1
g = — I;(sin(wt) — gsinS(wt) — 7sin7(wt) + Hsinll(a)t)

1 1 1
Y _—i - g (3.7)
+ 13 sin13(wt) 17 sinl7(wt) 19 sin19(wt) + )
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The other secondary line current iz in Fig. 3.4 which leads i, by 30° can

be expressed in a Fourier series as in equation (3.8):

S 2v3 o 1 o 1 .
lg=— I;(sin(wt + 30°) — gSlTlS(a)t + 30°) — ;sm7(wt + 30°)

1 . 1 .
+ Hsmll(a)t +30°) + Esm13(wt + 30°)

1 1 .
— —sinl17(wt + 30°) — —sin19(wt + 30°) + -++) (3.8)
17 19
When referring the current i, to the primary side then the resultant current
i has similar waveform. However, because of the turns ratio of the Y/Y

connected transformer. i} has half the magnitude of i,. The line current ij can be

expressed in a Fourier series as in equation (3.9):

, V3 . 1. 1. 1
i = — I;(sin(wt) — gSlnS(wt) — 7sm7(a)t) + Hsmll(wt)

+1 in13(wt) ! in17(wt) ! in19(wt) + (3.9)
Esm ) ﬁsm W Esm ) ) .

When referring izto the primary side and due to the Y/A connected
transformer, the phase angles of harmonic currents are altered. Then the line

current iz can be expressed in a Fourier series as in equation (3.10):

V3 1 1 1
ii = — I;(sin(wt) + gsinS(wt) + ;Siﬂ]((;)t) + Hsinll(wt)

+1'13 t+1'17 t)+1'19 t) + (3.10)
135m (wt) 17 5in (w 195m (wt) ) .

The line current i, can be expressed as in equation (3.11):

., 23 . 1 1
g =lg+1i5= — I(sin(wt) + Hsmll(a}t) + EsmlB(wt)

1 1
e e (3.11)
+ 235m 23(wt) + 2551n25(wt) + )

The THD of the primary current i, can be determined by equation (3.12):

_ \/I/% — I _ \/1/%11 + s + s + Ijzs o

La1 I

THD;

la

=153% (3.12)
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3.2.2 Three-phase 18-pulse Bridge Rectifier

Fig 3.5 shows an idealized 18-pulse rectifier bridge consists of three identical
6-pulse bridges. The line inductance Lg as well as the leakage inductance Ly, of
the transformer and the firing angle a are assumed to be zero. Moreover, the DC
bus inductance is assumed to have infinite value (L; = o) making the output DC
current constant. The three bridges are connected to the same wye primary
winding while the other side of transformer is divided into two winding with Z
connection and third winding with wye connection. As a Tresult of this
configuration, 20 degree phase shift angle between the three winding currents can
be obtained. This type of configuration results in elimination of harmonic current
of order 5t",7t", 11" and 13™ which are the weightiest harmonics that can appear
in the electric grid. Consequently, the resultant THD would be around 3.54%
compared to 12 % for the 12-pulse Rectifier Bridge and 31% for the single 6-

pulse bridge.
ld L(i
: L“\' i.i —k
i,\=i.,+i3+i5, ‘w 6=-20° [ ] + [
: L, i, : : L I; }S‘ — g
— o .
5=0° o l
Ly i '}§ - —"-
6=20°

Fig. 3.5 Simplified circuit diagram of a 24-pulse thyristor rectifier.
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The THD of the line side current i of the 18-pulse rectifier bridge is only
3.54 % while the THD of the line side current i, of the 12-pulse rectifier bridge
is 15.3 %. On the other hand, the THD of the line side current of the 6-pulse
rectifier bridge is 31 % . It is clearly noticeable that the reduction 24-pulse bridge
offers, satisfies IEEE standards [3]. Form the previous discussion it can be
concluded that the higher number of pulses the lower the line current distortion is.
Additionally, when using higher pulses the need for AC side filters as well as DC-
side filter will be diminished. The next chapter introduces the simulation results
for the performance of the proposed method for line side current distortion
estimation in terms of firing angle variation and taking into consideration the

inductances of the source, line and transformer.
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CHAPTER FOUR:

Simulation Results and Discussion
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Chapter Four: Results and Discussion

Three cases were conducted and simulated using MATLAB software. M.
file code for 6-pulse rectifier bridge driving a separately excited DC motor is
explained in Appendix. Assuming 3-phase balanced system, neither third nor even
harmonics will show wup during the simulation. Moreover, only the

I8, 180, 1R and It} will be taking into account when doing calculations since they

represent the weightiest harmonics that could appear in a 6-pulse rectifier bridge

[2].

Load
| Ly g —

b b 5
4'2§S46 S62 S,

Fig. 4.1 Schematic of the modeled system.

Multiple simulations have been run independently varying one of the
following parameters:

e _Additional AC inductance L, 44, from 0.2 to 1.2 mH.
32
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e Additional DC-link inductance L; from 0.2 to 1.2 mH.
e Load, between 25% to 100% of the nominal load.

Then the results are stored in tables to calculate THD:.

4.1 Practical three-phase 6-pulse Bridge Rectifier

4.1.1 The effect of source inductance on circuit performance

Any AC source has an internal inductance and resistance plus the
inductance and resistance of the cable that connects the source to the circuit.
Therefore, we have to take the total inductance into consideration during analysis
and modeling. Because the current passing through an inductance does not change
instantly, it will require sometime to charge and discharge the inductor. This time
depend on the time constant of the circuit. Consequently, the shapes of waveforms
will get affected and as a result the average value of the output voltage will
decrease because during commutation period u, the average output voltage is
zero. Commutation definition is given in [28] which state that, commutation is the
interval that we transfer load current from one switch to another with the presence

of source inductance L.

To represent a practical three-phase source, the resistance and inductance
values of the line should be specified. As a rule of thumb, the short circuit power
Ps. absorbed by the impedance source has to be 20 times higher than the drive
nominal power [30]. Assuming stiff power system, as a result, the short circuit

power is chosen to be 25 times higher than the nominal drive power:

P,. = 25 X Nominal Drive Power (4.1)

= 25 X 200 hp X 746 = 3.73 [Mw]

The source impedance can be calculated as follows:

. Vi~ 460% 0.0567 1] (4.2)
- P, 3.73x106 &

33

www.manaraa.com



Usually, the %ratio is 10 for industrial plants. R and L can be calculated as

follows:

Z _0.0567 (4.3)

T 10

= 0.00567 [Q]

 _Z_00567 .o
T w  2nf [mH]

(44)

Table 4.1 Drive Specifications

200 HP Drive Specifications

Drive Input Voltage

Amplitude 460 V (Line-to-Line) frequency 50 Hz

Motor Nominal Value

Power 200 HP speed 1750 r.p.m Voltage 500 V

4.2 Simulation Results

From the simulation and at load equals to 100 %, L,34 = 0, the fundamental
current is equal to I; = 329.4 A.
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4.2.1 Case study 1. Variation of firing angle vs. L, 44

1. In this case, the parameters are as follows:

Ly = 0.18 mH,R = 0.00567 Q, with additional AC inductance L 434 = 0.2 mH,
without DC inductance L, and the load torque T;,q4=100%.

Table 4.2 Harmonic Currents and THD;% Values for Different Firing Angles and L4545 =

0.2 mH.
Fiting | Iy [A] | Is [A] | L7 [A] | Ly [A]| hs [A] | THD, % | THD,%
Angle
0’ 315 52.9 17.2 7.4 3.5 18.8 13.5

30 278.15 | 62.6 19.25 12.6 9.7 25.3 17.3

45° 23275 | 62.7 15 13.16 9.6 30 16.4
60’ 160 57.55 | 1335 | 15.27 34 38.7 15.5
75° 81.5 40.9 24.4 5.3 8.4 57 13.2

Fig 4.2 shows the simulation results of the harmonic currents when varying the
firing angle and L,;4 = 0.2 mH.

350
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Fig. 4.2 Simulated harmonic currents in terms of firing angle variation and L,4;4 = 0.2 mH
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2. In this case, the parameters are as follows:

L, =0.18 mH,R = 0.00567 Q, with additional AC inductance L,434 = 0.4 mH,
without DC inductance L, and the load torque T} ,q4=100%.

Table 4.3 Harmonic Currents and THD;% Values for Different Firing Angles and L4545 =
0.4 mH.

Firing | I [A] | Is [A] | I [A] | 11 [A] | i3 [A] | THD% | THDx%
Angle

0’ 299 | 3835 | 144 | 6.16 3.5 14.7 15.5

30 |248.15| 46 | 21.15| 3.97 5.5 20.4 19.6

45° 209.5 | 50.75 | 1425 | 11.6 8 26.15 21.7

60’ 150 | 45.75 | 5.54 12 3.75 32.25 18.6

75° 71.5 35 13.5 4.8 4.25 49.4 14.5

Fig 4.3 shows the simulation results of the harmonic currents when varying the
firing angle and L34 = 0.4 mH

250 .
E +I|1
E 300 L 13| |
=
15
=
S 150} -
2
c
o
E 100 F .
1]

I
50 | o e

Firing angle o °

Fig. 4.3 Simulated harmonic currents in terms of firing angle variation and L34 = 0.4 mH
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3. In this case, the parameters are as follows:

L, =0.18 mH,R = 0.00567 Q, with additional AC inductance L,434 = 0.6 mH,
without DC inductance L, and the load torque T} ,,4=100%.

Table 4.4 Harmonic Currents and THD;% Values for Different Firing Angles and L,q4 =
0.6 mH.

Firing | I [A] | Is [A] | I7 [A] | l1 [A] | Lz [A] | THD;% | THD,%
Angle

0’ 278.7 | 289 | 1095 | 5.25 3.34 11.8 16.3

30 | 24045 | 38.8 | 1835 | 245 2.75 18.15 21.7

45° 191 438 | 122 8.8 5.85 24.6 24.4

60° | 142.15 | 399 5.9 9.95 4.45 29.7 22

75° 66.35 | 325 9.6 4.48 2.85 45.7 17.2

Fig 4.4 shows the simulation results of the harmonic currents when varying the
firing angle and L,454 = 0.6 mH
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4.4 Simulated harmonic currents in terms of firing angle variation and L,44 = 0.6 mH
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4. In this case, the parameters are as follows:

L, =0.18 mH,R = 0.00567 Q, with additional AC inductance L,434 = 0.8 mH,
without DC inductance L, and the load torque T} ,,4=100%.

Table 4.5 Harmonic Currents and THD;% Values for Different Firing Angles and L4345 =
0.8 mH.

Firing | I [A] | Is [A] | I7 [A] | l1 [A] | Lz [A] | THD;% | THD,%
Angle

0° 250.25 | 22.35 | 8.45 4.1 2.65 9.5 16.9

30 2225 | 3395 | 155 2.7 1.23 16.9 23.6

45° | 179.75 | 38 11.95 6.7 4.65 22.88 26.5

60° | 134.75 | 37.5 6.9 8.15 4.65 27.7 25.6

75° 62 30.5 7 4.42 1.9 42.9 19.6

Fig 4.5 shows the simulation results of the harmonic currents when varying the
firing angle and L,454 = 0.8 mH
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Fig. 4.5 Simulated harmonic currents in terms of firing angle variation and L4545 = 0.8 mH
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5. In this case, the parameters are as follows:

L, = 0.18 mH,R = 0.00567 (, with additional AC inductance L,;; = 1 mH,
without DC inductance L, and the load torque T} ,,4=100%.

Table 4.6 Harmonic Currents and THD;% Values for Different Firing Angles and L4534 = 1 mH.

Firing | I [A] | Is [A] | I7 [A] | li1 [A] | Lz [A] | THD;% | THD,%
Angle
0’ 236.25 | 179 6.65 3.25 2 7.9 17.2
30 207 29.8 13 2.95 0.6 16 24.7
45° 171.5 | 33.2 12 3.6 4.65 21 27.7
60° 132.5 | 31.44 | 7.6 6.6 4.5 26.1 26
75° 58.5 259 | 5.15 4.35 1.3 40.8 19.8

Fig 4.6 shows the simulation results of the harmonic currents when varying the
firing angle and L,34 = 1 mH
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Fig. 4.6 Simulated harmonic currents in terms of firing angle variation and L,qq = 1 mH
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6. In this case, the parameters are as follows:

L, =0.18 mH,R = 0.00567 Q, with additional AC inductance L,434 = 1.2 mH,
without DC inductance L, and the load torque T} ,,4=100%.

Table 4.7 Harmonic Currents and THD;% Values for Different Firing Angles and L,44 = 1.2 mH.

Firing | I [A] | Is [A] | I7 [A] | li1 [A] | Lz [A] | THD;% | THD,%

Angle
0° | 20555 | 14.8 5.4 2.7 1.65 6.8 18.3
30 | 173.95 | 26.35 11 3.28 0.55 15.4 25
45° 154.5 29 11.8 1.85 2.45 19.3 28

60° 122 | 2825 | 7.95 52 4.15 24.7 27.6

75° 56 2725 | 3.85 4.2 0.88 39 24

Fig 4.7 shows the simulation results of the harmonic currents when varying the
firing angle and L 44y = 1.2 mH
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Fig. 4.7 Simulated harmonic currents in terms of firing angle variation and L4543 = 1.2 mH
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The fundamental current frequency is equal to f; = 50 Hz and the
magnitude of the impedance of inductance L at the fundamental frequency is
equal to:

Z1 = (l)lL = 2T[f1L (4.5)

Since, harmonics are multiples of the fundamental frequency that means
higher harmonic current order has higher frequency, for instance, the fifth

harmonic current frequency passes through the inductor is equal to:

fs =5Xf

And the corresponding impedance is equal to:

ZS = W5L = 27Tf5L = 27T(5f1)L = 521

As shown in equation (4.8) the higher the harmonic order the larger the
impedance is. In other words, higher harmonic orders will result in larger
impedances that will suppress harmonic currents from passing through them. In
the same way, increasing the AC inductance will have a slight effect on the
impedance at the fundamental frequency nevertheless; the effect will be huge on

the impedances of higher harmonic orders.

41

www.manaraa.com



Fig 4.8 shows the simulation results of the THDi for different inductance

values L,44 at various firing angle a.
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Fig. 4.8 Firing angle vs. L,,4 Variation.

4.2.2 Case study 2. Variation of firing angle vs. L;

1. In this case, the parameters are as follows:

Ls = 0.18 mH,R = 0.00567 (), without additional AC inductance, with DC
inductance L; = 0.2 mH and the load torque T} ,q4=100%.

Table 4.8 Harmonic Currents and THD;% Values for Different Firing Angles and L; = 0.2 mH.

Firing | I, [A] | Is [A] | I; [A] | i1 [A] | L1z [A] | THD;% | THD,%
Angle

0° 3166 | 77.2 | 273 17.4 7.5 26.5 9.5

30 | 29895 67 | 4257 | 27.1 19 31.8 10.5

45° | 24835 | 653 17 11.16 | 13.6 36.2 7.7

60° 168 59 16.5 | 12.27 94 44.2 7

75° 86.5 43 33.2 8.3 94 64 6.9
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Fig 4.9 shows the simulation results of the harmonic currents when varying the
firing angle and L; = 0.2 mH.
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Fig. 4.9 Simulated harmonic currents in terms of firing angle variation and L; = 0.2 mH

2. In this case, the parameters are as follows:

L, = 0.18mH,R = 0.00567 Q, without additional AC inductance, with DC
inductance L; = 0.4 mH and the load torque T} ,q4=100%.

Table 4.9 Harmonic Currents and THD;% Values for Different Firing Angles and L; = 0.4 mH.

Firing | I, [A] | Is [A] | I;[A] | i1 [A] | L3 [A] | THD;% | THD,%
Angle

0 310.6 | 63.3 144 | 12.16 6.5 20.5 7.8

30 265.8 61 21.15 | 8.97 5.5 27.8 7.6

45° | 225.1 | 55.75 | 19.25 | 11.6 8 30.2 7.4
60° 158 | 45.75 | 8.54 12 6.75 38.2 6
75° 76.4 35 13.5 7.8 6.25 55 4.8

AR\ Zyl_ilsl )

www.manaraa.com




Fig 4.10 shows the simulation results of the harmonic currents when varying the
firing angle and L; = 0.4 mH.
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Fig. 4.10 Simulated harmonic currents in terms of firing angle variation and L; = 0.4 mH

3. In this case, the parameters are as follows:

L, = 0.18mH,R = 0.00567 Q, without additional AC inductance, with DC
inductance L; = 0.6 mH and the load torque T} ,q4=100%.

Table 4.10 Harmonic Currents and THD;% Values for Different Firing Angles and L; = 0.6 mH.

Firing | I [A] | Is[A] | I [A] | Ii1 [A] | Ii5 [A] | THD;% | THD,%
Angle

0 300.2 58 1095 | 5.25 3.34 17.4 6.3

30 261.1 52 18.35 | 2.45 2.75 25.8 6.2

45" | 206.6 56 12.2 8.8 5.85 28.2 6.6

60° | 150.15 | 39.9 59 9.95 4.45 35.7 5

75° 71.25 33 9.6 4.48 2.85 50.8 3.9
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Fig 4.11 shows the simulation results of the harmonic currents when varying the
firing angle and L; = 0.6 mH.
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Fig. 4.11 Simulated harmonic currents in terms of firing angle variation and L; = 0.6 mH

4. In this case, the parameters are as follows:

Ls = 0.18 mH,R = 0.00567 (0, without additional AC inductance, with DC
inductance L; = 0.8 mH and the load torque T} ,q4=100%.

Table 4.11 Harmonic Currents and THD; % Values for Different Firing Angles and L; = 0.8 mH.

Firing | I [A] | Is [A] | I7 [A] | L1 [A] | 13 [A] | THD;% | THD,%
Angle

0° 271.75 | 45.16 | 8.45 4.1 2.65 15.1 5

30 | 243.15 3995 | 155 2.7 1.23 24.55 4.8

45" | 19535 | 38 11.95 6.7 4.65 26.48 4.85

60° 142.7 | 37.5 6.9 8.15 4.65 33.7 4.7

75° 66.9 31.2 7 4.42 1.9 48 3.6
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Fig 4.12 shows the simulation results of the harmonic currents when varying the
firing angle and L; = 0.8 mH.
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Fig. 4.12 Simulated harmonic currents in terms of firing angle variation and L; = 0.8 mH

5. In this case, the parameters are as follows:

L, =0.18 mH,R = 0.00567 Q, without additional AC inductance, with DC
inductance L; = 1 mH and the load torque T},,,4=100%.

Table 4.12 Harmonic Currents and THD; % Values for Different Firing Angles and L; = 1 mH.

Firing | I [A] | Is[A] | I [A] | Ii1 [A] | Ii5 [A] | THD;% | THD,%
Angle

0 25275 | 42.8 | 6.65 3.25 2 13.5 4.7

30 | 227.65| 37.7 13 2.95 0.6 23.65 4.5

45° 187.1 | 34.2 12 3.6 4.65 24.75 4.3

60° 140 | 3144 | 7.6 6.6 4.5 32.1 4

75° 63.8 309 | 5.15 4.35 1.3 45.9 3.5
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Fig 4.13 shows the simulation results of the harmonic currents when varying the
firing angle and L; = 1 mH.
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Fig. 4.13 Simulated harmonic currents in terms of firing angle variation and L; = 1 mH

6. In this case, the parameters are as follows:

Ls = 0.18 mH,R = 0.00567 (), without additional AC inductance, with DC
inductance L; = 1.2 mH and the load torque T} ,q4=100%.

Table 4.13 Harmonic Currents and THD; % Values for Different Firing Angles and L; = 1.2 mH.

Firing | I, [A] | Is [A] | I7[A] | i1 [A] | L3 [A] | THD% | THD,%
Angle

0’ 207 30.8 54 2.7 1.65 12.4 34

30 179.5 | 33.35 11 3.28 0.55 21.65 3.9

45° 138.1 29 11.8 1.85 245 23 3.6

60° 109.5 | 28.25 | 7.95 52 4.15 30.7 3.6

75° 61.5 | 2425 | 3.85 4.2 0.88 44.1 2.8
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Fig 4.14 shows the simulation results of the harmonic currents when varying the
firing angle and L; = 1.2 mH.
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Fig. 4.14 Simulated harmonic currents in terms of firing angle variation and L; = 1.2 mH

Since the current in the inductor does not change instantaneously, higher
DC-link inductor filter decreases the amount of ripple in the output current to
make it more like DC, leading to reduction of harmonic currents at the input of the

three phase rectifier bridge.
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Fig.4.15 shows the simulation results of the THDi for different inductance

values L, at various firing angle «.
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Fig. 4.15 Firing angle Vs. Lyq Variation

4.2.3 Case study 3. Variation of firing angle vs. load

1. In this case, the parameters are as follows:

Ls = 0.18 mH,R = 0.00567 (1, without additional AC inductance or DC
inductance L, and the load torque T} ,qq= 25%.

Table 4.14 Harmonic Currents and THD;% Values for Different Firing Angles and Tjy,q = 25%

Firing | Iy [A] | Is[A] | I;[A] |©L1[A]| hs[A]l | THD;% | THD,%
Angle

0 96.67 | 24.15 | 9.14 9.1 4 30.2 3.7

30 53.55 | 21.6 8 7.4 2.4 85.8 3.1

45° 65.9 | 24.6 5.5 6.2 2.6 86.4 3.1

60° 71 28.7 7.3 7.3 3.1 90.9 3.7

75° 29.5 | 187 10.8 14 | 315 | 1164 2.7
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Fig 4.16 shows the simulation results of the harmonic currents when varying the
firing angle and T},qq = 25%.
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Fig. 4.16 Simulated harmonic currents in terms of firing angle variation and T4 = 25%.

2. In this case, the parameters are as follows:

Ls = 0.18mH, R = 0.00567 (1, without additional AC inductance or DC
inductance L, and the load torque T} ,q4= 50%.

Table 4.15 Harmonic Currents and THD;% Values for Different Firing Angles and Tjy,q = 50%

Firing | I, [A] | Is [A] | I7[A] | i1 [A] | Lis [A] | THD% | THD,%

Angle
0 180.9 | 43.37 | 164 16.3 6.28 28.9 8
30 108.8 | 30.35 | 14.7 | 1245 6 67.2 7.15

45° 96 349 | 10.7 | 10.88 | 6.34 87.3 6.2

60" | 9226 | 379 | 1145 | 11.7 6.4 92.14 6.4

75" | 40.65 26 14.9 4.1 5.9 116.8 5
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Fig 4.17 shows the simulation results of the harmonic currents when varying the
firing angle and Tj,q,q = 50%.
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Fig. 4.17 Simulated harmonic currents in terms of firing angle variation and T4 = 50%.

3. In this case, the parameters are as follows:

L, =0.18 mH,R = 0.00567 (1, without additional AC inductance or DC
inductance L, and the load torque T} ,qq= 75%.

Table 4.16 Harmonic Currents and THD;% Values for Different Firing Angles and Tjg,q = 75%

Firing | I, [A] | Is [A] | I7 [A] | 11 [A] | 3 [A] | THD;% | THD,%
Angle

0’ 264 62 22.8 22.7 7.5 28 9.3

30 177.4 | 39.75 25 18.9 10.1 55.6 7.6

45° 123 429 | 169 | 15.14 94 85.9 6.6

60° 107.6 | 45.5 15.7 15.5 9.2 93.56 6.9

75° 53 349 | 205 7.2 8.9 119 7.6

AR\ Zyl_ilsl )

www.manaraa.com




Fig 4.18 shows the simulation results of the harmonic currents when varying the
firing angle and T}yqq = 75%.
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Fig. 4.18 Simulated harmonic currents in terms of firing angle variation and Tj,,q = 75%.

4. In this case, the parameters are as follows:

L, =0.18 mH,R = 0.00567 (), without additional AC inductance or DC
inductance L, and the load torque T} ,44= 100%.

Table 4.17 Harmonic Currents and THD;% Values for Different Firing Angles and Tjy,q = 100%

Firing | I [A] | I5 [A] | I; [A] | I11 [A] | Lis [A] | THD;% | THD,%
Angle

o

0 319 68 | 23.08 | 14.45 | 7.17 23.16 94

30° | 279.5 | 75.65 | 2395 | 10.2 | 10.14 30.6 8.9

45° | 2382 | 758 | 21.86 5 8.35 36 8.4

60° | 166.95 | 69.45 | 27.7 21.3 10.66 | 47.87 10

75° 92.45 | 53.55 | 35.95 9.5 13.78 73.6 8.9
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Fig 4.19 shows the simulation results of the harmonic currents when
varying the firing angle and Tj,5q = 100%.
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Fig. 4.19 Simulated harmonic currents in terms of firing angle variation and Tj,,5 = 100%.

Fig 4.20 shows the simulation results of the THDi for different load torque
Ti0aq at various firing angle a.
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Fig. 4.20 Firing angle Vs. Load Variation.
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4.3 Harmonic Voltage Distortion Calculations

To determine whether harmonic distortion produced by the three phase
controlled rectifier bridge driving a DC motor is acceptable or not then the THDv
at PCC should be found. For instance, for case study 1 (Table 4.2), where the

parameters are as follows:

Ly =0.18 mH,R = 0.00567 Q, with additional AC inductance L 34 = 0.2 mH,
without DC inductance L, the load torque T} ,,4=100% and firing angle a = 0.

The harmonic voltages can be determined as in equation (4.6):
Vi =1Ip % Zp = I * [R + Joih(Ls + Laaa)] (4.6)

For h = 5,then V5 = 15 *Zs = 15 * [R +](U1 * 5 % (LS +Ladd)]
= (52.9) * [0.00567 + j * 314 * 5% (0.18 + 0.2) * 1073]
=31.56£89.2° V

Forh=7,then V, =1,%Z;, = I, *[R+ jw; *7 * (Lg + Lgga)]
= (17.2) * [0.00567 + j * 314 * 7 * (0.18 + 0.2) * 1073]
=14.36289.6" V

For h = 11 then V11 = 111 * le = 111 * [R +](L)1 * 11 * (LS + Ladd)]
= (7.4) % [0.00567 + j * 314 + 11 * (0.18 + 0.2) * 10~3]
=9.71489.75" V

For h ~ 13, then V13 = 113 * Zl3 = 113 * [R +](J)1 * 13 * (LS + Ladd)]
= (3.5) *[0.00567 + j * 314 x 13 * (0.18 4+ 0.2) * 1073]
=543£89.79" V

Where:
Lg Source inductance.
Lqaqa  Additional inductance.

w The fundamental angular frequency.
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The THDv can be determined by equation (1.3):

V31.562 + 14.362 + 9.712 + 5.432
THDv = 160 =13.7%

V3
At PCC and when the bus voltage is equal to 69 KV and below (which-is

our case) the allowed THDv is only 5% or lower [3]. Since the resultant THDv is
significantly high, other mitigation methods should be applied. For instance,
single tuned passive filter can be tuned to cancel out specific harmonic order. It is
not only characterized by low cost, but also it can provide power factor correction
[31]. In the previous example, since the THDv is relatively high, this requires the
use of multi single tuned filters in order to get lower voltage harmonic distortion.
The highest harmonics (Sth, 7th, llth, and 13th) can be eliminated; therefore, the

parameters of each filter are determined.

To design single tuned passive filter to get rid of 5" harmonic the

following steps should be followed:

1. Decide the capacitor size Q. for the reactive power requirement of a
harmonic source.

2. Calculate the reactance of the capacitor at fundamental frequency

V2,

2,

3. Find the reactor that is necessary to tune the h'"™ harmonic using

using X, =

Q. can be calculated as in equation (4.7):

3V

X (4.7)

Q. =P, [tan(eold) - tan(gnew)] =

o

Let the new P.F =1.0 (unity power factor) = 6,,,, =0
and let the old P.F=0.9 = 6,,; = 25.8°

Q. = 200 * 746 * [tan(25.8) — tan(0)] = 72.12 kVAR
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The total Q, will be divided between two filters for the 5™ and the 7™ harmonic
distortion:

From equation (4.7) X, is equal to:

¥ = 3Vgn 3% 2652

€T Q.  721x103
2

=5.840Q

¥ 1 1
= =
¢ wc ¢ X w4

Cs =0.545mF

T 584+314

Lo Ko 584
5= k2 31452 T

Similarly, C; and L, can be calculated:
Cs = C; = 0.545mF

L, = X _ 584 = 0.379 mH
7T Wkt 31ax72 07

Table 4.18 Filter parameters.

Filter Parameters
Undesired Harmonic Order
L [mH] C [mF]
5t 0.74 0.545
7t 0.379 0.545
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It is worth mentioning that the filter is usually tuned slightly lower than
the intended harmonic order h. It is usually detuned to a lower frequency value of
about 0.95h. This detuning can prevent the harmonic component to be amplified

due to the resonance that may arise after the single-tuned filter is installed [35].

Fig. 4.21 shows the THDv of case study 1 (Table 4.2), which is equal to
13.7 % and before adding the 5™ and 7™ single tuned passive filters:

i .. L = | Ve . i x| -
Gn q T (7 (= ]

Fig. 4.21 Voltage waveform of case study 1 before adding filters.

Fig. 4.22 shows the THDv of case study 1 (Table 4.2), which is equal to
4.8 % and after adding the 5™ and 7™ single tuned passive filters:

ek -k L =4 - L. -ch- L.

[T [ g o (L2 ol

Fig. 4.22 Voltage waveform of case study 1 after adding filters.

it
i
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According to simulation results the THDv after adding the 5™ and 7"
single tuned passive filters is less distorted and is equal to 4.8%. This reduction in
THDv is compatible with IEEE recommended standards [3].

Fig 4.23 to Fig 4.32 show the reduction effect of bigger values of L,4q

over harmonic current waveform at different firing angle as well as the adverse
effect of higher firing angles on THD:.
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Fig 4.28 Harmonic current waveform at firing anglea = 45° and Loy = 0.2 mH.
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Fig 4.31 Harmonic current waveform at firing angle @« = 75" and L4 = 1.2 mH.
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Fig 4.32 Harmonic current waveform at firing angle @ = 75° and Lyyq = 0.2 mH.

It can be concluded from the simulation results that under the same
loading condition and the same firing angle the L,y3q has higher harmonic
reduction effect at the ASD input compared to Ly effect. For instance, when Lq is
equal to 1 mH the THDi will result in the same percentage of the THDi
when L34 = 0.6 mH. Moreover, higher THD1i will result when using higher firing
angle for all different cases. Additionally, in terms of firing angle variations
versus different load percentage, the simulation results show that the amount of
current distortion is at its minimum when operating at lower firing angle and
higher load percentage. It is noted that THDi differences between curves do not
change by equal distances for each equal increment of Ladd or Ld. Thus, it can be
concluded that there is a limit for THDi mitigation through addition of passive

elements regardless of the firing angle.

AR\ Zyl_ﬂbl )

www.manaraa.com




CHAPTER FIVE:

Conclusion and Future Work
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Chapter Five Conclusion and Future Work

5.1. Conclusion

In this work, the performance of a practical 6-pulse bridge rectifier driving
a separately excited DC motor is investigated. Evaluation of the line-side
harmonic currents in terms of firing angle variation is conducted and simulated
using MATLAB software. The system parameters are varied, and the
corresponding THDv and THDi are calculated for each study. It is known that
additional AC inductance L,44 and/or DC link inductance L, are used to reduce
the amount of line side harmonics and which results in THD1i reduction. However,
the simulation results show that increasing L,44 and/or L; above certain values
will not have significant effect on harmonic currents and THDi. Therefore, there
are certain limits govern such approach. As a result, alternative mitigation
techniques should be applied when less distortion is needed such as active or
passive filters. The ultimate way to get rid of harmonic currents produced by a
single ASD is to use L,44 and/or L; without the need to use other filtering types.
Nevertheless, when the electrical power system includes large amount of THDI, in
this case it is easier to use passive or active filters. Simulation results show a good
reduction effect when adding the 5™ and the 7™ single tuned passive filters to the
system under study. For case study 1, the THDv was about 13.7 % before
inserting the filter. However after adding the 5™ and the 7™ harmonic filter, the
THDv has reduced to 4.8 % which is in compliance with IEEE standard 1992.
The reason which led to increase of THDi with increasing firing angle can be
explained logically by the fact that, the thyristor is turned on with a delay angle a
therefore, distorted line current will arise, that means the more delay angle the

more the value of THDi will be.

5.2. Future Work

In this thesis, the line side harmonics produce by fully-controlled 6-pulse

bridge rectifier in terms of firing angle variation is assessed.
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For a future work, investigating the usage of active filter instead of passive
filters, because passive filters may case resonance in the system. Extended the
work for 12-pulse, 18-pulse or higher pulse order. Investigating practical system

taking into consideration power system line impedance.
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APPENDIX

Matlab Codes

Six Pulse Practical Rectifier Bridge parameters code
clear all

close all

clc

TL = 815;

Ls = 0.2e-3;

firing Angle = 45;

Ld = 0.2e-3;

Psc = 25 * 200 * 746;

V1l = 460;
f= 50;
w= 2*pi*f;

7Z = V11.72/Psc;
ratio = 10;

R = Z/ratio;
L=2/w:;
sim('sixpulse')

Six Pulse Ideal Bridge Rectifier plots code

clear all
close all

clc

R load= 5;

L load= 10e-3;

Ls = 0;

firing Angle = 30;
Ld = 0;

sim('sixpulseIdeal')

%% lsave data from simulink model
vax=va;
vbx=vb;
VCX=VC;
VPX=Vp;
vnx=vn;
VOX=VO;
iax=ia;
ibx=1ib;
icx=ic;
plx=pl;
P2x=p2;
p3x=p3;
pédx=p4;
P5x=p5;

%% choose part of signals
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div=21;
xmin=2500;
xmax=8500;
datamin = 1;
datamax 50000;

4

datamin:datamax
datamin:datamax
vc=vcx (datamin:datamax
vp=vpx (datamin:datamax) ;

va=vax ( )
( )
( )
( )

vn=vnx (datamin:datamax) ;
( )
( )
( )
( )

vb=vbx

4

4

4

vo=voX (datamin:datamax
ia=iax (datamin:datamax
ib=ibx (datamin:datamax
ic=icx (datamin:datamax

4

4

4

[SIe)

%% plot Vin

figure (1)

subplot (div,1,[1 2 3])
hold on

plot(va, 'b', '"linewidth', 2)

(va
plot(vb, 'r', "linewidth', 2)
plot(vc,'g', "linewidth', 2)
x1lim([xmin xmax])
set (gca, "xtick', [1])
set(gca, 'ytick', [1])
ylabel ('V', "fontsize', 14)

%% plot pulse signals

subplot (div, 1, 4)

plot (p3(1l:5:end), "'k', '"linewidth', 2)
x1lim([xmin xmax])

set (gca, "xtick', [1])

set (gca,'ytick', [1])

ylabel ("P1', 'fontsize',10)

subplot (div,1,5)
plot (p5(1:5:end), "'k', "linewidth', 2)
xlim([xmin xmax])
set (gca, "xtick', [1)
set(gca, 'ytick', [1)
ylabel ('P2', 'fontsize',10)

subplot (div, 1, 6)

plot(pl(l:5:end), 'k', 'linewidth', 2)
x1lim([xmin xmax])

set (gca, "xtick', [1])
set(gca, 'ytick', [1)
ylabel ('P3', 'fontsize',10)

subplot (div,1,7)
plot(p6(l:5:end), 'k', '"linewidth', 2)
x1lim([xmin xmax
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set (gca, "xtick', [1])
set(gca, 'ytick', [1])
ylabel ('P4', 'fontsize',10)

subplot (div, 1, 8)
plot(p2(1l:5:end), 'k', 'linewidth', 2)
x1lim([xmin xmax])
set (gca, "xtick', [1])
set(gca, 'ytick', [1])
ylabel ('P5'", "fontsize',10)

subplot (div,1,9)
plot(p4(l:5:end), 'k', '"linewidth', 2)
x1lim([xmin xmax])

set(gca, "xtick', [1])

set (gca, 'ytick', [1)

ylabel ('P6', 'fontsize',10)

%% plot Vp & Vn

subplot (div, 1, [10 11 127)
cla

hold on

plot (vp, 'k', "linewidth', 2)
plot(vn, 'k', "linewidth', 2)
x1lim([xmin xmax])

set (gca, "xtick', [1])
set(gca, 'ytick', [1)

ylabel ('V', "fontsize!', 14)

%% plot Vo

subplot (div, 1, [13 14 157)
plot (vo, 'b', "Iinewidth', 2)
x1lim([xmin xmax])

set (gca, "xtick', [1])

set (gca,'ytick', [1])

ylabel ('Vo', 'fontsize',14)

%% ‘plot currents

subplot (div, 1, [16 17])

plot (ic, 'b', "linewidth', 2)
x1lim([xmin xmax])

set (gca, "xtick', [1])
set(gca, 'ytick', [1])

ylabel ('ia', 'fontsize',14)
ylim([min(ic)-5 max(ic)+5])

subplot (div, 1, [18 19])
plot(ia, 'r', '"linewidth', 2)
x1lim([xmin xmax])

set (gca, "xtick', [1])
set(gca, 'ytick', [1)

ylabel ('ib', "fontsize', 14)
ylim([min(ia)-5 max(ia)+5])
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subplot (div, 1, [20 21])

plot (ib, 'g', "linewidth', 2)
x1lim([xmin xmax])

set (gca, "xtick', [1])

set (gca, 'ytick', [1)

ylabel ('ic', 'fontsize',14)
ylim([min (ib) -5 max (ib)+5])

THDi Vs firing angles plots code

clear all
close all
clc

%% Case 1

data = xlsread('datal.xlsx','Casel')
data = fliplr (data);

THDi1 = data(:,end);

data(:,end)=[1];

THDi = reshape (THDi, 5, 6)

firing angle = [0 30 45 60 75 ];

figure (1)

plot (firing angle,THDi, '-o', 'linewidth', 2)

xlabel ('firing angle (\alpha) ' ,'fontsize',14 )

ylabel ('"THD i' , 'fontsize';14 )

set (gca, "xtick', [0 15 30 45 60 75 90])
x1lim([-15 901])

grid on

legend('L a d d = 052mH', 'L a d d
O.6mH','L a d d="0.6mH','L a d d
1.2mH', "location!, "NW")

0.4mH','L_a d d =
1.0mH','L_a d d =

%% Case 2

data = xlsread('datal.xlsx','Case2')
data = fliplr (data);

THDi1 = data(:,end);

data(:,end)=[1];

THDi = reshape (THDi, 5, 6)

firing angle = [0 30 45 60 75 ];

figure (2)

plot (firing angle,THDi, '-o', 'linewidth', 2)

xlabel ('firing angle (\alpha) ' ,'fontsize',14 )

ylabel ('THD i' , 'fontsize',14 )

set (gca, "xtick', [0 15 30 45 60 75 901)

x1lim([-15 9017)

grid on

legend ('L d = 0.2mH','L d 0.4mH', 'L d = 0.6mH','L d =
0.8mH','L d = 1.0mH','L d = 1.2mH"', 'location', "NW")

%% Case 3

data = xlsread('datal.xlsx','Case3")
data = fliplr (data);

THDi1 = data(:,end);

data(:,end)=[];
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THDi = reshape (THDi, 5, 4)

firing angle = [0 30 45 60 75 ];

figure (3)

plot (firing angle,THDi, '-o', 'linewidth', 2)

xlabel ('firing angle (\alpha) ' ,'fontsize',14 )

ylabel ('THD i' , 'fontsize',14 )

set (gca, "xtick', [0 15 30 45 60 75 9017)

x1lim([-15 9017)

grid on

legend ('TL=25%"', 'TL=50%", 'TL=75%"', '"TL=100%", 'location', "NW")
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