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ABSTRACT

Variable Frequency Drives (VFDs) are an integral component of the industry in today’s
age. VFDs provide a great range of control for electrical machines, and can be integrated
in a variety of applications to meet the desired objectives of operation with improved

reliability and efficiency.

This thesis presents the Load-Commutated Converter (LCC) drive, which belongs to the
Current Source Converter (CSC) based drive system family. Such drives are widely used
in high power applications, due to power handling capabilities and the maturity of the
drive system. The application under study is that of a helper/starter motor for a turbine
compressor in a Liquefied Natural Gas (LNG) plant. Primarily, the thesis presents real-
life scenarios of drive system operation such as constant/variable speed operation at
constant/varying torque. The respective controllers for the LCC drive are presented

alongside their results.

In addition to simulating the drive system in this LNG application, current harmonic
mitigation measures are presented in this study. The typical converter topology presented
in this thesis is the 12-pulse type, however comparisons with different topologies (6, 18,

and 24-pulse) have also been presented.

Finally, a dual-purpose external Voltage Source Inverter (VSI) is used both as a starter
and an Active Power Filter (APF), therefore addressing the issues of drive/load induced
harmonics and LCC starting. As a conclusion, a controlled LCC drive model is simulated

in SIMULINK to emulate the drive operation in actual plant conditions. The controlled

1ii



drive is further studied for the presence of harmonics and their subsequent mitigation, by
using passive as well as active power filters. The results obtained present the adequacy of

the control system as well as the efficacy of the filters used for harmonics mitigation.

Future work revolves around improving the efficiency of the APF, and the drive control
system to be more robust and reliable. The system can further be investigated for

enhancements as per operational requirements.
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CHAPTER 1. INTRODUCTION

This thesis addresses a Load Commuted Converter (LCC) drive for synchronous motors
in high power applications in the field of Liquefied Natural Gas (LNG) plants. The
building blocks of the drive system, namely the rectifier (Load Commutated Rectifier
(LCR)), inverter (Load Commutated Inverter (LCI)) and the control system are separately
discussed, simulated and relevant case studies are presented throughout the thesis,
followed by LCI starting and filtering techniques in order to improve the performance of

the drive while preventing current harmonics to be injected to the grid.

Qatar has roughly 14% of the known global gas reserves, making it the third most
abundant country [1] after Russia and Iran. QatarGas and RasGas (both owned by Qatar

Petroleum) are jointly producing approximately 77 million tonnes of LNG per annum.

1.1 BACKGROUND

SCR is a semi-controlled semiconductor device used in high power conversion [47] and
control in industrial applications. Due to the high power (up to 12 kV and 5 KA ratings)
capabilities of the modern SCRs, they have become quite a reputable choice of switching
devices in such high power fields.

The first member of the thyristor family is the SCR. Compared to transistors; the

thyristors have less on-state conduction losses and greater power handling capabilities



[48]. In addition to full controllability, transistors however have a higher switching
frequency capability.

In high power applications, such as helper motor drives for LNG compressors, switching
elements, such as thyristors are used due to their power handling capabilities. With SCR
used in LCC, active power conversion from full negative to full positive rating is
possible, however inductive reactive power is absorbed by the system [48-49]. The DC
current in this conversion is controlled from 0 to rated value, however the DC voltage can
be controlled between =+ rated value.

The switching capabilities of thyristors do introduce a lot of harmonics in the current that
could be fed back to the grid or utility provider. Effect of such harmonics [2-4] in the
system lead to transformer losses, create metering conflicts, and also cause disturbances
to the other connected equipment to the grid.

In order to meet the specifications of the IEEE standards [49] for current harmonic
distortions, different methods can be implemented such as:

a. Using inductors [50] as a passive filter or with combination of a capacitor,
however the latter is not a desired technique due to the possibility of resonance
occurrence at specific frequencies.

b. Using multi-phase [51] rectifiers/inverters as they cancel out the harmonics from
the line-side converter currents.

c. Multi-winding transformers [52-54] that are used to feed the multi-phase rectifiers
also introduce a phase shift of 30" at the secondary side of the transformer that

cancel out the 5™ and 7™ harmonics from the line side currents. The effect of these



phase-shifting transformers is illustrated in the following sections in a detailed
manner.
In simple terms, the thyristor looks like a diode with an added gate signal. This gate
signal is responsible for controlling the thyristor. As seen from the current-voltage
characteristics, when forward biased, the thyristor continues to conduct even if the gate
signal is removed. Turning the thyristors off would require commutation techniques,
which are discussed further ahead.

Thyristors have three states:

a. Reverse blocking state: Voltage is applied in the direction that would be blocked by
a diode.

b. Forward blocking state: Voltage is applied in the direction that would cause a diode
to conduct, but the thyristor has not yet been triggered into conduction

c. Forward conducting state: The thyristor can be triggered into conduction by applying
a gate current and remains in conducting state until the forward current drops below
a threshold value known as the holding current.

Once the thyristor begins to conduct, the gate signal can be removed and it continues to

conduct as a diode. It is to be noted that the thyristor cannot be turned off by the gate

signal. The thyristor turns off when the anode current goes to negative polarity. This

enables the gate signal to turn on the thyristor if it enters the forward blocking mode. At

reverse bias condition, below the reverse breakdown voltage, a very small amount of

leakage current passes through the thyristor. Usually, the forward and reverse blocking

voltage ratings are the same. The gate signals of the thyristors are switched on and off in



a sequence that enable the output to be maintained as a DC. The angle to be controlled is

also known as the firing angle.

Firing angle is the phase angle of the voltage at which the SCR is turned on, which is
done by applying a gate signal to the thyristor. For fully controlled converters, the
average DC voltage output remains positive (rectifier mode) until the firing angle, a <

90°, and goes negative (inverter mode) when a > 90°.

In order to turn on thyristor, the following two conditions need to be fulfilled:
1. Positive forward voltage (Potential difference between anode and cathode)

2. Positive gate current

However to turn off a thyristor, the current through it has to be zero.

1.2 PROBLEM STATEMENT AND THESIS OBJECTIVES

This thesis emphasizes on a type of variable frequency drive (VFD) that is used alongside
a helper/starter motor in an LNG producing company. The primary objective of the thesis
is to develop a working model of the LCC drive system in order to enable studying and
proposing improvements. The drive system that is being modeled in this thesis is an
integral and critical part of the production train that is being referenced, and therefore a
study of the system is of a vital importance. The objectives also extend to proposing

solutions for the harmonics mitigation and starting methods for the LCC drive.



With all the added advantages of using LCC drives, there are also some problems that
arise. Some of those problems are highlighted in this study alongside their control

measures for mitigation and improvement in the over-all operation.

1. One of the most critical drawbacks of using an LCC drive is the introduction of
current harmonics [2-4] to the utility or the primary power provider. This is dealt
with by showing the impact of

*  Multi-winding transformer
* 12-pulse system over a 6-pulse system
* Power filter deployment

2. Torque fluctuations at low speeds [5].

3. Start-up methods. Being able to smoothly start [6-9] the drive system is of vital
importance and is critical in LCC applications. A start-up technique is proposed
alongside the discussion of other available starting methods.

4. Over-voltage and over-current [10] on the drive end, causing troubles such as
diode failures (rotating diodes on the rotating transformer of the exciter). Such
over-voltage and current instances can be attributed to operational instabilities
such as speed and torque fluctuations.

5. Thyristor faults caused by deterioration, over-heating, snubber circuit failures, etc.

The primary problems tackled in this thesis study are the mitigation of current harmonics

that are re-injected to the power grid, alongside the external starting for the LCC drive.



1.3 DRIVE SYSTEM

With growing industry and processes, the need for a flexible and robust means of
operation is of high significance. VFDs allow the operation to be adjusted in order to
optimize the output, reduce operational costs, and increase efficiency [11-12] to a large
extent. This thesis emphasizes on LCC drives that fall under the category of Current

Source Converter (CSC) drives.

There are different types of drives [13], namely electrical, hydraulic and mechanical,
however this thesis targets electrical drives in specific. An electrical drive consists of

three main components as shown in Fig. 1.1.

Mains Supply

- v
(AC-DC & DC-AC)
Actual
Reference

Control and Feedback

Figure 1.1: VFD general schematic



The applications can vary greatly. This case is dealing with a compressor load, and the

electrical drive functions both as a helper and starter for the motor.

In order for LNG to be supplied, it needs to be cooled down to about -162 deg. Celsius
that reduces the volume to 1/600™ [14-15] of the actual volume, therefore enabling large
volumes to be supplied in tankers. For this scale of gas liquefaction, the gas is passed
through stages of heat exchangers, where the heat exchange takes place by expansion of
the refrigerant. To close the loop, the refrigerant is then re-compressed, cooled and fed

back to the heat exchangers. This process can be illustrated in Fig. 1.2 as follows:

Cooled Refrigerant Cooled Refrigerant

> >
Propane Refrigerant Mixed Refrigerant _

AM LN AN
>
AR NN NNNN
> AN N NN > A MM LNG)
NamralGas NN N NN SN NN NN

Figure 1.2: Simplified LNG process



In large-scale operations, the compressors are quite large and require turbines to run,
however the role of VFDs are quite integral in providing start-ups and steady-state

assistance as well.

Typically a separately excited synchronous motor is used in such applications, however
the motor being used for simulation in this thesis is a permanent magnet synchronous

motor (PMSM).

1.3.1 ADVANAGES OF ELECTRIC DRIVE SYSTEM
There are several advantages of using a drive system in real life electrical applications.

Below are some key points that pinpoint the pros of having an electrical drive system:

1. Energy Savings

Energy saving is a direct or indirect benefit of employing electric drive system. Direct
energy saving is normally obtained by having loads that require to run at constant speeds;
therefore it eliminates the need for physically maintaining speeds by altering the process
cycle [13]. The electrical drives alongside speed controllers can be used to allow for
constant speed operation with high reliability and efficiency. Examples of such cases are

centrifugal pumps or fans that require running at constant speeds.

2. Reduced stress

Using a motor with an electric drive system as opposed to a direct online (DOL) motor
has advantages associated to the reduction of mechanical wear and tear of the machine

itself. DOL motors also cause high in-rush currents at start up and poor power factors.



Having a controlled start-up can be managed using a VFD and it considerably cuts down

motor maintenance, and prolongs the lifetime of the machine.

3. Improved process control

This is an integral factor that introduces a higher efficiency in the process line.

Since the application of compressors in LNG process plants is being referenced to, the
general configuration of a turbine, compressor and motors can be demonstrated as

follows:

Torque Demand Motor Coatrol

==

Coupling
Synchronous Motor

Figure 1.3: General process schematic

As seen in Fig. 1.3, the VFD provides an interface between the turbine and the motor.
The torque requirement is input as a reference signal to the VFD control system and the
motor is expected to track the necessary reference values accordingly. This process
ensures that the compressor maintains the temperature of natural gas at -162 degrees for

the gas to remain at liquid state.



Furthermore, the motor can act both as a helper or starter, providing starting, as well as

adding extra torque depending on process requirements.

1.3.2 ADVANTAGES OF LCC DRIVES
Some of the main advantages of using an LCC drive system can be summarized as

follows [16-18]:

1. Using the LCC drive system in high power applications (above 1000 horsepower)
can result in drive efficiencies exceeding 95% at rated power.

2. As compared to the self-commutated converters, the LCC has a simpler design
and lesser losses since there is no need for self-controlled switches.

3. LCC drives can also allow for regenerative braking that allows the synchronous
motor to be operated as a generator. In this mode, the machine converter works as
a rectifier with the generator supplying it with voltage and the line side converter

works as an inverter feeding power into the grid.

1.3.3 DISADVANTAGES OF LCC DRIVES

With the numerous benefits, there are also some drawbacks [19] that the LCC drives
introduce to the system. Apart from the increased cost of the drive, it’s cooling and the
extra space requirements are the cons of having this drive system. Moreover the
harmonics that are introduced by their deployment are considered disadvantages of the

LCC electric drive systems. This is explained as shown below.

1. Harmonics and mitigation

10



The drive acts as a non-linear load to the utility or the main grid supplying the power.
The harmonics [20-22] that are generated, negatively affect the electrical network, and
the direct effects can be seen as over-heating of transformers, motors, cables, and
generators connected to the same network. Different drive configurations are aimed at
reducing these back feeding harmonics by having a multi-pulse inverter configuration
(6,12,24 pulse, etc.), or actually having RLC filters implemented alongside the drives.

The different methods of mitigating harmonics are summarized in the Table 1.1 [20-22]:

Table 1.1: Harmonic mitigation approaches

Harmonic Mitigation Pros Cons

12 pulse Bridge Elimination of 5", 7" 11™and 13™ harmonic issues

17th, and 19" harmonics

Passive power filters Least expensive Site checks necessary
Applies filtration at PCC ~ Cable failures
Aging of components
Filter tuning
Active power filters Efficient Expensive
Higher bandwidth

2. Machine side harmonics and consequent impact on motor
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The operation of the LCC drive also introduces high current harmonics to the machine
side; therefore the motor must be designed specifically to accommodate the harmonic

content [23].
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CHAPTER 2 . LITERATURE REVIEW

2.1 INTRODUCTION

This section covers the common types of converters used in medium voltage drives for
high power application, alongside the one that is presented in this thesis. Since details of
other converters are not a major scope of this thesis, only basic information is presented

in this section. Fig. 2.1 illustrates the main types of medium voltage drive systems.

Medium Voltage Drives

!

l

Line Self-
Commutated Commutated
Converters Converters
[24-25] [26-29]
| | }
6-pulse 12-pulse 24-pulse Current Source Converter Voltage Source Converter
[40-41] [30-31]
2-Level Multi-Level 2 Level Multi-Level
[42-43] [44-45] [32]
Diode Flying Cascade H- ~ Modular Multi-
Clamped Capacitor Bridge level
[32-34] [35] [36-38] [39]

Figure 2.1: High power medium voltage converter classification

13



2.2 LINE COMMUTATED CONVERTERS (LCC)

Power converters use semiconductor devices for switching purposes to turn on and off
repetitively in order for a certain conversion to take place. The LCC employs semi-
controlled devices (can be controlled for turn on yet turn off is achieved naturally) as
thyristors. When the switch turns off, the current commutates away from the switch. In
case of a diode or a thyristor, a reverse bias voltage can cause the commutation to be
achieved. Since no external source is required for the commutation to take place [24-25],
these types of converters are also known as natural commutated converters. It is
important to notice that an LCC can only be used with an AC source since the alternating

waveforms are required for commutation purposes.

2.2.1 6-PULSE

The 6-pulse topology is presented below, where thyristors are used as switching elements
in a load commutated rectifier (LCR) example. Fig. 2.2 shows the general schematic that
is used in this thesis in order to build the 12-pulse topology (primary topology of the LCC

model being studied) as shown in the next section.
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Figure 2.2: 6-pulse LCR

2.2.2 12-PULSE
Building on what is presented in the 6-pulse model, the pulse number increases and also
introduces a multi-phase transformer. This is the key topology being presented in this

thesis, and a generic schematic is presented in Fig. 2.3.
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Figure 2.3: 12-pulse LCR

With higher pulse number of the converter alongside the dual secondary windings of the
transformer the 12-pulse topology has advantages over the 6-pulse topology as the
converter ratings can be increased for high-power applications, as well as harmonic

mitigation is effectively done on both grid and load side.

2.3 SELF COMMUTATED CONVERTERS

The commutation in Self-Commutated Converters (SCC) takes place using the
components present in the converter itself, and do not rely on external circuit source.
SCCs use switching devices that have controlled turn-on and turn-off capabilities, and
altering the switching of these devices varies the resulting voltage/current waveforms. It
is to be noted that a large stored energy is involved as result of switching at rated

current/voltages, therefore presenting the need of costly snubber devices [26-29].
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2.3.1 VOLTAGE SOURCE CONVERTER (VSC)

Voltage Source Converters (VSCs) are used quite commonly to transfer power from DC
to AC system, or back-to-back AC systems [30-31]. The general structure of a VSC
connected to an AC system includes a DC capacitor between the rectifier and the inverter
blocks in order to provide a smooth DC voltage. In VSCs, the DC voltage has one

polarity and the power flow is determined by the polarity of the DC current polarity.

1. 2level

The 2-level converters are capable of producing two output phase voltage levels, (namely
V+and V -). The circuitry as illustrated in Fig. 2.4 is quite simple however the output AC

waveform is high in harmonic content with high dv/dt.

Figure 2.4: VSC 2-level Converter (Single phase)

2. Multilevel
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In the multilevel conversion, series-connected switching devices are sequentially
switched at the fundamental frequency in order to produce a voltage waveform in steps.
As a result, lower order harmonics are reduced as well as reduction in dv/dt ratings [32]

of the switching devices is possible.

a. Diode clamped

An n-level diode clamped converter [32-34] produces n-level of voltage per phase and
also has n-1 capacitors at the DC bus. As this type has less harmonic content as compared
to the 2-level converter type, it does have some disadvantages too. The capacitors suffer
from the problem of voltage imbalance. The blocking diodes as shown in Fig. 2.5 also
require to be rated for high voltages, and this number increases as the voltage levels

increase, introducing more complexity and cost factors.

Figure 2.5: Diode Clamped (single phase leg)
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b. Flying capacitor

As compared to the diode clamped converter, the flying capacitor type as shown in Fig.
2.6, consists of floating capacitors and this number increases as the intended levels [35]
increase. While the disadvantages of such converter include cost and complexity, it does
provide ride through capabilities during outages due to the presence of the capacitors.
The capacitors however need to be precharged to prevent uncharged capacitors from high

voltages at startups.

Figure 2.6: Flying Capacitor Converter (Single phase leg)
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c. Cascade H bridge

A single branch of an H bridge configuration can produce three voltage levels (V+, 0 and
V-). If this configuration shown in Fig. 2.7 is cascaded in a series format, each staircase

step of the voltage output corresponds to an individual H bridge.

For an n-level converter, each phase needs to have (n-1)/2 H bridges. In one side, the
extra diode and capacitors are removed as shown in the different converters. Yet, this

type requires separate DC sources, and this gets difficult at higher voltage [36-38] levels.

s 4
FeEX

o—e

Figure 2.7: Single H-Bridge cell

d. Modular multi-level
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This topology as illustrated in Fig. 2.8 uses cells, where each cell consists of a primary
switch and an auxiliary switch. Mostly, the output voltage ranges between V+ and 0,

unlike the H bridge configuration where the V- level is also present.

© o L
{K} T =
V12 7= <|' ,_(;7_:
‘{ T =
Vil2 R 0—@
{L/‘} T =

Figure 2.8: Modular multi-level (single phase leg)

At the 0 level, the capacitors either charge or discharge depending on the polarity of the
load current and it can cause a voltage imbalance. The capacitor voltages can be
controlled by controlling the switching of the different cells at the 0 output voltage level.

The inductors help in circulating the current during voltage balancing, and limiting the in-
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rush currents. At higher levels of this topology [39], higher voltages can be supported and

it can be operational without the use of filters, giving it an edge over other topologies.

2.3.2 CURRENT SOURCE CONVERTER

In a typical Current Source Converter (CSC), the DC current is kept constant using a DC-
link reactor, providing a current source at the DC side of the converter. The direction of
power flow in a CSC is determined by the polarity of the DC voltage, however the

current flow is unidirectional.

CSCs can be divided into categories of PWM-based CSCs, and LCCs, where the former
uses symmetrical Gate-Turn Off (GTO) or Integrated Gate Commutated Thyristors
(IGCTs) as switching elements, and the latter uses Silicon Controlled Rectifier (SCR)
devices. The main drawback [40] of the CSCs lies in their dynamic performance in high
power applications, due to the use of large inductors in the DC-link. In high power
applications, the use of LCC is preferable due to power handling capabilities, however
the power controllability is limited to two-quadrant operation. The increasing power
ratings of the self-commutating switches are enabling the CSCs to be used in high power
applications. In CSCs, the forced commutation of the switches from rated to zero current
requires high electromagnetic energy which is stored in the AC system inductance.

Therefore, coupling the CSC to the AC system requires large capacitors.

With LCCs, synchronous motors (SM) are commonly used as the SCRs in the inverter do
not have self turn-off capabilities, and leading operation [40] of the SM assists the

commutation. Compared to the IGBTs/IGCTs, the thyristors have higher energy
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efficiency and low production cost therefore giving the LCCs an edge in high power

applications [40].

There are main two types of CSCs, namely the 2 level [42-43] and the multi-level (3-

level) [44-45]. A three phase self-commutating CSI is presented in Fig. 2.9.

Figure 2.9: Three-phase CSI

2.3.3 COMPARISON BETWEEN LCC AND VSC

As a summary of this section, some key points differentiating the different converters
types are presented here. VSC topologies generally work with both induction and
synchronous motors. However, LCC drives require motors with low commutation
reactance [46]. LCC drives also introduce more current harmonics into the system;

therefore, harmonics mitigation measures need to be implemented. Other than being a
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reliable and mature technology, the LCC is preferred in high power applications for

robustness and the power handling capabilities of the switching elements.

2.4 LOAD COMMUTATED RECTIFIER (LCR)

The rectifier (line-side converter) unit is quite an integral part of this motor drive. This is
where the AC input is converted into DC and fed to the machine-side converter. The
rectifier unit, as shown in Fig. 2.10, is made up of a thyristor bridge with 6 thyristors in
each block, i-e, 2 thyristors per phase. This is used simultaneously with another 6-pulse

rectifier block to formulate a 12-pulse rectifier.

DC Reactor
T O
+
1 3 5%
8
Vb F
—® e Vdc
Ve 4 %
e
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Figure 2.10: Six-pulse rectifier
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The basic principle of rectification is where the semiconductor device only conducts so as
to keep the flow of current through the load in a positive direction in order to remove the

negative cycle of the incoming alternating voltage.

2.4.1 MULTI-PULSE SCR LOAD COMMUTATED CONVERTER (LCC)

As mentioned earlier, the switching phenomenon of the thyristor bridge introduces
several harmonics, so the multi-winding transformer [54] is used in conjunction with the
multi-pulse rectifier to mitigate the effect of these harmonics. There are 12, 18 and 24

pulse SCR LCCs that are commonly used in the industry.

The application being studied in this thesis is the 12-pulse rectifier unit (2 cascaded 6-
pulse rectifiers), as shown in Fig. 2.11. This topology is chosen in order to have a base

model to match the one used in the actual case being presented.

Line side converter Machine side converter
Y YN\

Figure 2.11: 2x6 pulse configuration
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This configuration is a modification of having two SCRs in series, where issues of
voltage sharing are present. Two SCRs in series are used for high power applications to
provide redundancy in case of thyristor failures. Switching in a synchronized manner is
also difficult with such configuration. The configuration shown in Fig. 2.11 improves the
functionality of the SCRs, whilst reducing grid current harmonics due to the presence of
the phase-shifting transformer. During steady-state motoring mode operation, the line

side converter functions as a rectifier and the machine side converter as an inverter.

As the pulse number of the rectifiers increases (18 and 24), the secondary windings of the
transformer also increase resulting in lower harmonics. Such configurations suit large
power applications, however the cost factors have to be weighed against the advantages,

for practical implementation.

DC Reactor

Vdc

6 pulse rectifier

Figure 2.12: 6 pulse load commutated rectifier switching sequence
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With the configuration shown in Fig. 2.12, in order for the current to pass through, one
SCR from (1,3,5) and one SCR from (4,6,2) should be conducting in turns (during 120
degrees of each supply voltage cycle), to create a path from the positive to the negative

pole of the rectifier respectively. The line current of phase a can be expressed as follows:

lg = lscr1 — lscra (2.1)

The load current (i;) is the sum of (igcr1, iscrz and igcgrs), and is shown as a constant

value in case of a highly inductive load presented at the DC side.

As presented in figure 15, the current pulses through SCR 1, 3, and 5 turn on every 120
degrees [55]. The current passing through SCR4 can simply be related to the SCRI
response as it completes the negative cycle of the passing current. I, is obtained by

subtracting SCR4 from SCR1 current sequence.

If the value of the inductive load current (ripple free) is known (1), the RMS of the line

current (I, pys) can be obtained from the following expression:

2
Iorms = \/;IL (2.2)

2.4.2 THYRISTOR OUTPUT VOLTAGE AND CURRENT
The output of the thyristors is controlled by the firing angle, a (also known as delay
angle). As mentioned previously in the introduction, the greater the value of a, the lower

the output voltage and this is illustrated in Figs. 38-40 in later sections. Each supply cycle
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has 6 ripples in the output voltage. The average voltage output (load voltage) (V,, qperage)

is presented as:
Viaverage = 37 Vi, cosa =1.35Vy; cosa 2.3)

Where V;; is the RMS line voltage. From (2.3) it is seen that as the value of a increases,
the voltage across the load decreases in either rectification or inversion modes. So while
the value of @ <90°, the voltage is positive, i-e being transferred from the source to the
load, hence the converter is called to be operating in the rectifier mode. However, if a
>90°, energy is being transferred from the load to the source, and the converter is
operating in the inverter mode. Theoretically, the value of a ranges from 0 to © radians,
however in practice this range can be assumed to be between 10°and 170°. The ideal
range of (0- m rad) is only true for the case when source impedance is assumed 0 (infinite
short circuit level). Therefore as the source impedance [56] increases (weak power

system), the range of a shrinks.

The source impedance of actual AC systems is seldom zero. Due to this impedance,
current commutation between different valves takes a non-zero finite time. This
commutation delay is a result of source impedance [56], source voltage and the firing

angle. Considering the delay, the rectifier terminal voltage Vj is presented as follows:

V
Vg = % (cosa + cos(a + ) 24)

Where Vy is the ideal no-load direct voltage, and p is the commutation delay angle.
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Since the commutation delay is not always readily known, another expression is of the

following form:

3wL, (2.5)
I

V4 = V4o cosa —

Where, L. is the source inductance and I is the rectifier current.

a-

Figure 2.13: Phase distribution for 6 pulses Figure 2.14: Phase distribution for 12 pulses

For the two 3-phase (2x6 pulses) thyristor bridges, there is a commutation every 30
degrees, therefore each fundamental cycle has 12-pulses. These differences between a 6

and a 12-pulse configuration is illustrated in Fig. 2.13 and 2.14.
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2.5 MUTI-WINDING TRANSFORMER IN 12-PULSE TOPOLOGY

The reason for introducing the multi-winding transformer here is to have a basic concept
before discussing the 12-pulse converter configuration and its significance. As discussed
earlier that the LCC drive introduces a harmonics problem that is quite critical, therefore,
having multi-winding transformers helps greatly in the reduction of these harmonics [52-

54]. The type of transformer used in the relevant application is shown in Fig. 2.15.

Secondary Delta Winding

Primary Delta Winding

Secondary Wye Winding

Figure 2.15: Multi-phase winding

Modern electrical distribution systems suffer greatly from harmonic currents due to the
presence of non-linear loads such as VFDs as being presented in this thesis. The effects
of harmonics range from motor failure and poor power factor to overloaded transformers.
A multi-phase or dual-secondary transformer uses the concept of phase shifting to

counter the harmonics at the grid side.
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The output of the transformer secondary is phase shifted by 30° due to the wye-delta
configuration. The primary idea of phase shifting is to displace [52] the harmonic
currents until the pairs reach 180° in order to cancel each other out. Positive-sequence
currents counter the negative-sequence currents, and the zero-sequence currents act
against each other. The triplen harmonic currents are zero-sequence vectors, 5", 11", and

th . . th th th .
17" harmonics are negative-sequence vectors, and 7, 137, and 19" harmonics are

positive-sequence vectors. The case presented in the thesis, introduces a 30 “ shift,

therefore suppressing 5™ and 7™ harmonic current pairs.

An illustration of grid currents with and without dual-secondary transformers is presented

below, alongside the respective harmonic content.

Line side converter Machine side converter

Figure 2.16: Simple schematic with single transformer secondary winding
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Figure 2.17: Current waveforms at the utility side
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Figure 2.18: Spectrum of grid current harmonics

Grid voltage is stepped down from 33kV to 3.3kV; DC-link inductor of 10 mH, and
synchronous motor with 2 poles is used for this simulation to closely match the parameter
shown in table 4.1. For the topology presented in Fig. 2.11, the following grid current

waveforms are obtained.
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Figure 2.19: Grid currents dual transformer secondary windings
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Figure 2.20: THD of grid currents

The significant impact of the dual-secondary transformer is clearly seen in Fig. 22-24,
where the THD of current is greatly reduced, and 5™ and 7™ order harmonics are

eliminated.

2.6 PULSE NUMBER

This section illustrates the significance of converter pulse number. The voltage output
from a typical six-pulse rectifier is illustrated in Fig. 25, where the base voltage is

approximately 1000 V.
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Figure 2.21: Rectified voltage with 6 pulse configuration

However, when a 12-pulse rectifier is used in conjunction with a dual-secondary

transformer, the output DC voltage (across a resistive load) is presented in Fig. 2.23:

1 T T T
\%08 e R R , .......................... .. ......................... -
v -

& ;
-‘;; 0.6 Feeereereeeemre b .................................................... i
0.4 i i ;
0.015 0.02 0.025 0.03 0.035
Time (s)

Figure 2.22: Rectified voltage with 12 pulse configuration

As seen from Fig. 2.23 and 2.24, the rectified output voltage from a 12-pulse rectifier

fluctuates much less and resembles a DC waveform as opposed to a 6-pulse rectifier.
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2.7 INVERTER

The output of the rectifier goes through a DC link that in this case is an inductor. Having
an inductor presents the input to the inverter as a current source, therefore making this a
current source inverter (CSI). The rectifier block in Fig. 2.24 could be either diode or

active front end; however this section is only presenting generic illustrations.

Rectifier Inverter

Ty

Figure 2.23: CSI structure

Rectifier Inverter
1

: -0

Figure 2.24: VSI structure

Figs. 2.24 and 2.25 illustrate a basic schematic of the LCC and VSC drives. As compared

to the VSC drives, the LCC drives are advantageous to use in high power and torque
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applications, however current harmonics are introduced that require appropriate

mitigation measures, as shown later in the thesis.

By having a 12-pulse configuration the introduced harmonics in the system are
minimized. Using (2.6), it can be seen that the order of harmonics present in the system

reduce significantly as the ‘pulses’ of converter increase [53].
H=kq+ 1 (2.6)

Where H is harmonic number (integer multiple of the fundamental), k is any positive
integer, and q is the converter pulse number. A 6-pulse inverter has Sth, 7th, llth, 13th, etc.
harmonics present in the system. However the 12-pulse configuration gets rid of 5™ and

7t harmonics, and the system has llth, 13th, 23rd, 25th, etc. harmonics present.

2.8 LCC STARTING TECHNIQUES

At start-up, the back-emf is not sufficient for natural commutation [6-7] of the thyristors,
therefore the motor needs to be run either using a starter motor separately that is
decoupled after a speed threshold is achieved, or a starting mechanism must be adopted
for ensuring a smooth start. A methodology used by some drive manufacturers allows the
drive to start by altering the control angle of the thyristors in the line-side converter to
operate in the “inverter” region, or by simply pulsating the angle between, e.g. 60 degree
to 150 degrees. This pulsation (also known as pulse-mode operation) allows for the rotor

to gain enough speed to begin natural commutations, typically above 6% of nominal
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speed. In this thesis, an external VSI is used as a starter until sufficient speed is achieved
to allow natural commutation of current through the thyristors. The purpose of this
external inverter will be discussed in detail towards the end of the thesis, as it functions
as a dual-purpose converter. The VSI, alongside acting as an external starter also acts as

an active power filter for harmonics mitigation as will be presented in later sections.
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CHAPTER 3. LCC DRIVE CONTROL AND 6-PHASE

MOTOR MODELLING

Of all the different types of drives and topologies present, this thesis emphasizes on the
LCC drive for an LNG plant Applications [55]. These drives are also known as naturally
commutating drives and this natural commutation of current through the thyristors is
generally achieved with synchronous machines at speed above 10% of synchronous
speed [56-59]. The back-emf is responsible for this commutation; therefore at start-up the
back-emf is not sufficient to provide current commutation to the motor bridge. At start-
up, the line-side converter may be used as an inverter to have the DC-link current to be
zero to enable changing the states of the machine-side thyristors. The start-up is discussed

in a later chapter.

The LCC drives have gained great popularity in high power applications (typically up to
100 MW) [59]. The simplicity of the converter design and the maintenance free motor
design are common advantages of the LCC drives. Some problems of the LCC drives

include introduction of grid current harmonics and torque pulsations at low speeds.

3.1 OPERATION OF LCC

The LCC is a reliable option for an adjustable frequency drive when it comes to high

power applications. A simple schematic of the LCC drive system is presented in Fig. 22
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earlier. An LCC drive is the source of three-phase currents to the motor. The frequency
and the phase of these three-phase currents are synchronized with the position of the
rotor. Commutation of the currents in the inverter to supply the right sequence to the
motor phases is managed by the back-emf of the motor. The amplitude of the currents
however, is dependent on the phase-controlled line side converter with the DC-link

inductor Ly. This inductor has two main purposes:

a. Reducing the current harmonics that are being fed to the machine side
converter and the motor eventually, and

b. Ensuring that the input to the inverter appears as a current source.

By controlling the firing angle of the thyristors in the line-side converter, the DC output
voltage can be controlled; therefore controlling the magnitude of the current passing

through the inductor Ly. The line-side converter normally operates as a rectifier.

The machine side or load side converter normally operates as an inverter, but is similar to
the line side converter in design (thyristor-based). The commutation of current is

provided by induced back-emf from the synchronous motor.

In the LCC, the current passing through the DC-link inductor is constant and this means
that for power to be transferred from the line side to the machine side, there should be

voltage or potential difference between the two sides.

To counter the effect of inter-harmonics, the DC-link inductor and the number of pulses

chosen for the converters play a significant role. Harmonic mitigation is more effective
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with a higher inductor value and number of pulses. However, this is not the case due to

design and cost constraints.

It is important to know that in start-up or at low speeds of operation (below 10% rated
speed), the back emf of the synchronous motor might not be sufficient to provide current
commutation and therefore, the line-side converter operates as an inverter [18] to force
the current passing through the inverter to be zero. This is done in order to provide the

turn-off signal to the thyristor gates of the machine-side converter.

3.2 LCC DRIVE TOPOLOGIES

Apart from the topology presented in Fig. 2.11, there are some variations to the LCC

drive topologies [61] as shown in Fig. 3.1:

Line-side converter Machine Side Converter

Figure 0.1: LCC drive topology 2
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Throughout this thesis, the former LCC drive topology presented in Fig. 2.11 is used in
order for the presented cases to resemble the actual drive topology being studied.
However, as the thesis progresses, higher order topologies (18,24-pulse) are presented in

Appendix A.

3.3 OPERATION AND CONTROL APPROACH

As mentioned in the earlier sections, the terms inverter and rectifier are described in an
absolute and generic context. However, the two converters, i.e. line side and machine
side, function in a way that the operation can be interchanged at some instances. It has
been established thus far that the converters are using thyristors as the switching elements
and therefore the control angle (firing angle) is responsible for the operation of the

convertor blocks as a rectifier or an inverter.

There can be a number of ways to control [59, 62] the LCC. The type of control adopted

in this study is illustrated in the Fig. 3.2 below:
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Figure 0.2: General LCC control mechanism

The speed reference is compared to the actual speed of the synchronous motor. Since the
speed is related to both flux and the therefore current, a gain is used to obtain the
reference current for the system. This is compared with the actual current that is passing
through the inductor and the output of the controller is used as feedback to the line side
converter. In simple terms, if the actual speed is less than the reference, then the error
signal is amplified and the new current reference would be greater than the actual current
(Ia). The output from the controller increases the DC link voltage applied, which in turn
increases the current, finally providing the increased amount of torque to match the speed

reference.
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3.4 SIX PHASE MOTOR MODELLING

The multi-phase machine has various advantages over a conventional three-phase
machine. For high-power applications such as the one presented in this thesis, a 6-phase
motor is commonly used. Further, there are two types of multi-phase [64-65] machines,
namely, symmetrical and asymmetrical type. For a symmetrical machine, the stator
windings are shifted 60° spatially, whereas the winding shift for asymmetrical machines

is 30° as illustrated in Fig. 3.3.

One primary benefit of using multi-phase machines is the fact that for a given rated
power, the current per phase is reduced, alongside the reduction of electromagnetic
torque ripples. The factor that makes the asymmetrical type more favorable than the
symmetrical machine is due to the interferences [64-66] caused in individual phases in
symmetrical machines. The asymmetrical model also enabled elimination of the 6™ [66]

harmonic of the torque ripple, which is caused by the 5™ and 7" stator current harmonics.
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Figure 0.3: 6-phase motor: (a) symmetrical and (b) asymmetrical

Another key advantage of the asymmetric type over the symmetric type is better fault ride
through capabilities. In the presence of a fault in one of the phases of the symmetrical
machine, a greater de-rating [66] of the machine has to take place as compared to the

asymmetric model.

This section will present a mathematical model of the dual three-phase permanent magnet
synchronous motor (PMSM), using winding transformation initially. The modeling is

performed under the following conditions [40]:

a. Uniform motor airgap

b. Uniform magnetic field in air gap

c. Magnetic saturation of the motor core is neglected and damper windings have
been transformed into d-q axis respectively as shown in Fig. 33. Damper windings
are used in synchronous motors for two main reasons. One is to assist in self-

starting, as these windings are short-circuited and carry current at start-up since
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the synchronous motor works as an induction motor during start up. These
windings also provide flux compensation in transient fluctuations caused mostly
by unbalanced or unsteady loads, resulting in machine reaching synchronism
again.

d. Steady-state current is sinusoidal.

The schematic of a 6-phase motor is presented in Fig. 33, where it is seen that the
windings A;B;C; lead windings A,;B,C, by 30°(spatial electrical degrees). The two
windings produce identical fundamental magnetomotive force (MMF) in the air gap;
therefore resultant for a 6-phase motor is the summation of the both. Transforming from
six-phase to equivalent three-phase model, number of turns are added, therefore the phase

voltage doubles, however phase current remains the same.

iA = iAl (31)
uA = ZuAl (32)

Where iy, and uy; represent the phase current and voltage of the dual three-phase
machine, and i, and u, represent the phase current and voltage of equivalent three-phase

machine respectively.

Supposing that the stator resistance and leakage inductance per phase for the 6-phase
motor is Ry and Ly, and d-q axis armature reaction inductances are Laqi and Lag
respectively. Then, the equivalent resistance and inductances for the equivalent three-

phase motor are given by:
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Figure 0.4: Six phase motor illustration

R, =2Ry
Ly=2Lg
(3.3)
Log = 2 Lags
Laq =2 Laql

Equations presented (7-9) are equivalent mathematical representations of a three-phase

PMSM derived from a six-phase PMSM.

3.5.1 SIX-PHASE SYNCHRONOUS MOTOR MODEL IN SYNCHRONOUSLY
ROTATING REFERENCE FRAME

Presenting the three-phase windings in equivalent d-q representation [67], and as shown
in Fig. 3.4, the d-q coordinates and the rotor (depicted by the use of a magnet) rotate with

the same angular speed. The equivalent three-phase motor model in d-q frame is
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presented as follows. Voltage equations are presented in (3.4), flux linkage in (3.5) and

torque equations in (3.6).

Ug = Rslg + pYYyg — wih,
Ug = Riig + pPy — w0y
0=Rpip +pYp
0=Ryip + 1Y

Vg = Lsqiq + Lipaip + Y5
lpq = quiq + Lmde
Yp = Lipglq + Lypip + l/)f

Yo = Lingiq + Liglg

T, = np(l/)diq - l/qual)

T, = ny(Yriq + (Lsa — Lsg)iaiq + (Lmaipiq — Lingliaio))

T, —]dW-I-T
B_npdt L

w = p¢

Where the abbreviations are as follows:

Lind, Lmgq : Stator and damper winding mutual inductance in d-axis and g-axis

respectively

(3.4)

(3.5)

(3.6)
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Lg( : Self-inductance of equivalent two-phase stator windings in d-axis

Lgq: Self-inductance of equivalent two-phase stator windings in gq-axis

Lip, LyQ : Damper windings self-inductance in d axis and q-axis respectively
¢ : Permanent magnet flux linkage

w: Rotating speed of the rotor and d and q coordinates

¢: Electrical degrees by which d axis leads phase Al

Np: Number of Poles

3.5.2 SIMULATION CONSIDERATIONS

As presented in earlier sections, the actual motor design is of asymmetrical type, with the
stator winding spatially shifted by 30°. Furthermore, in regards to the control schematic
that is simulated in this thesis, the motor current is used as an input, as illustrated in Fig.
3.2. For control purposes, the d-q coordinates of the motor current are used as available in
the machine model from Simulink. However, in reality there are two different sets of d-q

responses from the stator of the 6-phase machine.

It is critical to understand that the motor model can be distributed into three orthogonal
fames [68], namely a-B, x-y, and zero-sequence frames. Where, o-f frame is the
fundamental frame that provides electromechanical energy conversion. The x-y frame,
also known as the losses or harmonics frame, therefore does not contribute to the
computations, since the motor current component iq is used in the control schematic as

illustrated in Fig. 3.2.
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Finally, a 6-phase machine is not used, and a dual-secondary coupling transformer is used
on the output of the machine-side converter in order to couple the 6-phase output from

the 2x6 pulse machine side converter to a 3-phase PMSM.
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CHAPTER 4 . SIMULATION RESULTS

This section will present all the different phases during the design and simulation of the
LCC drive system. All the building blocks of the complete LCC drive are presented in

this section alongside the respective results.

4.1 RECTIFIER STAGE

This is the first block that interfaces the drive to the utility or the power grid alongside
the transformer. A 6-pulse rectifier is implemented in Simulink, which is further
developed into a 12-pulse converter to match the system under study. This is also useful
to present the output of the converter with a varying control angle. Note that for this

example a fixed control angle is demonstrated and the different outputs are presented.

The pulse generator is an in-built Simulink block that was used where the control angle is
chosen to be a constant, and the frequency is obtained from a phase-locked loop block to

match the frequency of the voltage instantaneously.

An input to the pulse generator block is the control angle for the thyristor gates, which

was obtained using the control as shown in Fig. 4.1.
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2x6 pulse rectifier bridge
2x6 pulse Inverter Bridge

! Current Reference Kp=100
| > + - bk -

| —

Actual Current Ki=1

Figure 4.1: 12 Pulse Rectifier configuration with current control

Plots of the output voltage of the rectifier block with varying control angles are presented
below, as well as the current-controlled case. The results are shown for both 6-pulse and

12-pulse rectifier simulations.

As shown in Fig. 4.1, a Proportional Integral (PI) controller is used to control the current.
The error signal from the difference of actual and a reference current is passed through
the PI controller to achieve a zero error condition and consequently track the reference
signal adequately. It is to be noted that the control parameters are chosen by trial and

CITor.
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Figure 4.2: Rectified voltage at 0 degrees for 6-pulse rectifier
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Figure 4.3: Rectified voltage at 30 degrees for 6-pulse rectifier
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Figure 4.4: Rectified voltage at 60 degrees for 6-pulse rectifier

The results of the rectified voltage as shown in Figs. 4.2-4.4 are in accordance with

theory. The DC output from the rectifier block is fed to the inverter block through a
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reactor or an inductor (DC-link). If the same is done for the 12-pulse rectifier block as

shown in Fig. 4.1, the following is obtained:

== va
wh
= == vc
g
=
0.025
Figure 4.5: Rectified voltage at 0 degrees for 12-pulse rectifier
== va
—_ wh
=
N == vc
go —dc
>° R

0.025 0.03 0.035 0.04 0.045
Time (5)

Figure 4.6: Rectified voltage at 180 degrees for 12-pulse rectifier

4.1.2 RECTIFIER WITH CURRENT CONTROL

Apart from having a free running rectifier block, a simple control system is established to

regulate the current output from the thyristor block. In a complete back-to-back system,
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this current would be the DC-link current. The system parameters are similar to the ones

mentioned in table 4.1.

1000

= Actual Current

Reference Current

Current (&)

. | | | |
0.1 02 0.3 0.4 0.5
Time (s)

Figure 4.7: Current control implemented in rectifier Block

As seen from Fig. 4.7, the current controller allows the rectifier module to track the
reference well. The same controller concepts are implemented at 12-pulse and back-to-
back configurations. Control parameters of the PI controller can be set using different
methods, however in this case a trial and error approach was used to obtain a system
where the actual current tracks the reference well. The parameters were set primarily to

achieve minimum over-shoot and quick response to the changes to the reference.

4.2 INVERTER

To model the inverter block, the following schematic is simulated. The simulation block
can be seen in the appendix C, however it is to be noted that the simulations performed in

this thesis use 3-phase PMSM as the load.

54



______________________________________________

< 1 Pulse

< Generator
-—

i
T
i
i
i
i
i
i
i

(

18 D —
«— Pulse

«—]
<——— Generator
-—

£

P

Current Source

Figure 4.8: 12-pulse inverter schematic

The schematic shown in Fig. 4.8 presents only a free running system with no proper
feedback controlling the firing angle of thyristors. A control system would be introduced
later on in this section to demonstrate the control philosophy and its simulation and

results.

For the simple 6-pulse configuration, an external voltage source is used for a short time
period in order to start the machine, and then disconnected to let the LCI run by natural
commutation of thyristors. Fig. 4.9 illustrates the voltage build-up before and after the
external voltage source is cut-off using a three-phase breaker. In order to ensure that the
thyristors are functioning well, different control angles are used for the firing of the
thyristors and the voltage varied within a range, alongside the motor speed, which is a

primary output parameter.
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Figure 4.9: LCI input voltage waveform

For the simulation of the inverter block, a PMSM is used as the primary load. A constant
mechanical torque is applied as an input to the synchronous machine and the rotor speed
is presented in Fig. 4.10. As the external starter goes off, the motor starts operating at a
higher speed as compared to when the starter is present. The starter provides adequate
motion to have back emf sufficient to allow natural commutation of the thyristors. This
example presents a freely running system with no speed control, however this speed is
regulated as shown in later sections. The increased speed can also be verified by the
increased frequency of the voltage waveform shown in Fig. 4.9. The results presented in

this section are corresponding to the following motor/system parameters:
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Table 4.1: Motor Parameters

Motor Parameters Value
Rated Power 8 MW
Rated Voltage 3kV
Number of Phases 3
Transformer Primary Voltage 33kV
Transformer Secondary Voltage 33kV
Back EMF Waveform Sinusoidal
Stator Resistance (Ohms) 0.2
Flux Linkage (V.s) 0.175
Inertia (kg.m"2) 0.9
Viscous Damping (N.m.s) 0.005
Poles 2
Rated Speed 3000 rpm
3500 T T T T T
2 3000 External Stﬂﬂe”ume“ o
B : § §
= 2500 ot e S ot N SRRSO R S— _
1B 000 oot 1 400 N S SRR S R _
S soo ki A ___________________________________ ST — ______________________ i
100%5 DAlé DAI'? EIAIS 1I l.ll 1 12 1 .l3 1 l4 15
Time {s)

Figure 4.10: Motor speed

Fig. 4.10 presents the speed response using the external starter and shows the instance

when the starter is cut-off and the LCI drives the load independently. The starting speed

is presented at steady state only. After testing the open loop operation as shown above,

the speed control is established further.
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4.3 SPEED CONTROL

As shown in the Fig. 4.11, the errors signal from the speed difference is passed through a
PI controller and the actual current component (I,) is compared to the current reference.
The output is again passed through the PI controller in order to achieve the right control

angle to achieve the desired current, which in turn provides the desired speed.

1

1

_ i

Kp=1 i+ Kp=1 E i

machine

PI [ PI -1 :
. =4 i

Ki=10 : Ki=2 Limiter E

q i

(thl"’ -~ :

Stator Current Limiter :

A OO @

Thyristor Gate Pulses

Figure 4.11: Control angle feedback block diagram

This methodology is implemented in Simulink, and speed references of different steps are
applied to the system. As presented in the Fig. 4.12, the speed reference is well tracked
with the help of this speed controller. More details regarding the LCC control are

presented in Appendix C.
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Figure 4.12: Speed response with controller

The control parameters for the proportional and integral gains are provided in Table 4.2.
The controller has high bandwidth as the current control parameters have a faster
response than those of speed control, in order for the inner loop to be faster than the outer

loop and enable rejection of disturbances before they propagate to the outer loop.

Table 4.2: Controller gains

Control Ki Kp
Speed 10 1
Current 2 1

Since the control methodology successfully tracked the speed references provided at 6-
pulse topology, it was further developed into a complete back-to-back system with both

line and machine side converters being used in a 12-pulse topology.

The schematic for the 12-pulse LCC configuration is illustrated in Fig. 4.13.
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Figure 4.13: Schematic for back-to-back converter configuration

There are various configurations for the LCI drive; however this simple model is used for
the simulation in this section. The control mechanism as illustrated in Fig. 4.8 is used at
the 12-pulse topology as well. In this model, the voltage is stepped down to a level of
around 3kV (as shown in table 4.1) on both the secondary windings, where it is input to

the line-side thyristors.
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Figure 4.14: Speed response with modified controller gains

Fig. 4.14 presents the speed controller test results, where the actual motor speed tracks
the desired reference as specified. A brief description of the rectifier (line side converter)

thyristor pulses is presented in the appendix B.

4.3.1 LCC OPERATION WITH CONSTANT SPEED VARIABLE TORQUE

This section illustrates the system response where the torque requirement is altered
during operation, as the previous cases of speed control were presented under constant
torque. This is critical to perform, as it will demonstrate the robustness of the speed

controller and present a real life scenario.
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Figure 4.15: Improved electromagnetic torque response of motor

The mechanical torque or the torque demand is variable as shown in Fig. 4.12; however
the speed is maintained constant. This case is analogous to actual scenarios where the
load feedback from the turbine is variable, however the motor is to be run at a desired

constant speed.

Similar to Fig. 4.14, the speed response presented in Fig. 4.16 tracks the reference well
and the torque fluctuations as shown in Fig. 4.15 do not affect the speed response of the

motor. The response was similar even with higher torque references.
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Figure 4.16: Speed response with incremental mechanical torque

This section presents the case closely related to actual scenarios where the LCC drive is
used in a speed and torque controlled manner. Fig. 4.17 shows the stator currents where
the steps of a 12-pulse converter can be visually seen. The shown current waveform is for

the constant speed operation of the LCC drive.
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Figure 4.17: Stator currents at constant speed operation
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The results of this section show that the speed response of the machine is well controlled
using the LCI drive, as shown in Figs. 411-4.13. The speeds are presented for varying

ranges of torque and the speed tracking is satisfactorily accomplished.
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CHAPTER 5 . MITIGATION OF HARMONICS

5.1 HARMONICS

As discussed prior to this section, harmonics are great problems associated to the LCC
drives, and non-linear loads as presented in this thesis. The presence of non-linear loads
can be generalized to the equipment/components that have non-linear voltage and current
characteristics, such as, VFDs, transformers, electrical motors, etc. The power providers
are committed to providing voltages with low distortion, and the client is responsible to
lower the current harmonics being injected back to the grid. For the healthiness of this
mutual power loop, it is critical from the customer’s perspective to manage the current

harmonics being re-injected to the grid [70].

The standard term used to refer to the harmonic content present in the voltage/current
waveforms is known as total harmonic distortion (THD). THD is basically the ratio of the
rms value of the harmonic components to the rms value of the fundamental component of
the measured parameter. The points at which THD measurements are of importance in
this thesis are at the primary winding of the utility transformer feeding the LCI
drive/motor. Following section will be illustrating the THD plots of the grid currents with

different topologies and additional filters.
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5.2 POWER FACTOR

In sinusoidal voltage/current waveforms, the active power component is defined as the
product of the voltage and current components, and reflects the actual or useful power
being transferred. Reactive power is the component that is orthogonal to the active
power component and it does not cause real flow of energy, albeit increasing the steady-
state current [70-72]. In mentioned scenario, the power factor is resultant vector of the
active and reactive power vectors, however due to the presence of non-linearities; the

definition of power factor varies as shown below.

Loading power and power factor

Loading power [70, 73] can be broken down into active and fictitious power components.
Where active power contributes to real flow of energy, reactive power does not do so,
rather it increases steady-state currents in sinusoidal systems. Fictitious power includes
all the components causing the loading power to exceed active power. Furthermore, the
fictitious power can be split into reactive and deactive components, also known as
uncorrelated fictitious power. Reactive power also has two components, namely the
fundamental, which is the cross product of fundamental current and voltage components,
and the residual, which accounts for the difference between reactive and fundamental
reactive power. The presence of non-linearity of loads does not allow the representation
of non-fundamental currents to be represented in a two-dimensional coordinate system.
Therefore, the currents components are divided into orthogonal components namely, the

active, reactive, and distorted components [73].
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Displacement factor:

Having reactive components in the load leads to reactive currents to flow alongside the
resistive current components. The current can lead or lag the voltage waveforms
depending on the load being either capacitive or inductive, respectively. The
displacement factor is due to the phase shift between the voltage and resultant current at

the fundamental frequency.

DisplacementFactor = cos(6) (5.1)

Where 0 is the angle between the voltage and current at the fundamental frequency.

For the rectifiers, the displacement factor equals the cosine of the firing angle (@), and the

following holds:

S=4P2+Q? (5.2)

P « cos(a) (5.3)

Q « sin (a) (5.4)
From (5.3-5.4), it can be seen that as the firing angle (@) equals 90 degrees, the active
power approaches zero, and reactive power is at its maximum. For this reason, it is not

desirable to have the firing angle close to 90°.

Distortion factor:

Since there is a presence of non-linear loads, in order to measure power factor, the

presence of harmonics in the system needs to be taken into consideration [71].
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1

J(1+THD?)

The equation to calculate the power factor in the system can be written as follows:

DistortionFactor =

Power factor = (Displacement factor).(Distortion factor)

(5.5)

(5.6)
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5.3 6-pulse topology

To emphasize the effect of 12-pulse topology (as presented in this thesis), the harmonics
and the THD of the utility side current is presented in Fig. 5.1 and 5.2, where the
frequency spectrum of the line side current is illustrated with a 6-pulse converter
topology and the subsequent use of a single-phase transformer, as shown earlier in Fig.

2.17.
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Figure 5.1: Grid current with 6-pulse topology
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Figure 5.2: THD with 6-pulse system
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The harmonic content is quite high as Sth, 7th, llth, 13th, 17" and 19" order harmonics are
present in the system [2], contributing to a THD of 27%. It is to be noted that no triplen

harmonics (3", 6™, 9™...) are present, due to the balanced three-phase system.

5.4 12-PULSE TOPOLOGY

Despite having a multi-phase transformer and 12-pulse converter topology, there is still a
presence of 11"™ and 13™ order harmonics at the utility/line side as illustrated in fig.
5.3/5.4. This accounts for the THD of approximately 15% and can be improved as shown

in the following section.

12-pulse Topology

b
o
o

b

o

o
T

Grd Current (&)
o

Figure 5.3: Grid current with 12-pulse topology
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Figure 5.4: Grid current THD with 12-pulse topology

5.5 12-PULSE TOPOLOGY WITH PASSIVE FILTER

The current waveforms in Fig. 5.3/5.4 is the system employed currently in the specific
case being studied in this thesis, and it is seen that even though it’s better than the 6-pulse
configuration, there is room for improvement in the power quality at the utility side.
Using an appropriate passive filter, the 11" and 13" harmonics content (as shown in Fig.

5.5) can be removed, resulting in better THD measurements as shown below:

71



12 pulse topolog with passive filter

[ )
o
o

[ ]
[
o

Grid Current (&)
o

084 085 086 087

Tirae (s)

08 081 082 083

Figure 5.5: Grid current with 12-pulse topology with input filter
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Figure 5.6: THD with 12-pulse topology with passive filter

The passive filters for this application can have multiple designs. Filter banks as
illustrated in Fig. 5.7, consisting of series LC components for 11" and 13™ harmonics are
used in this thesis. The plots illustrated in Figs. 5.5/5.6 use simple LC filter banks to
attenuate 11"™ and 13™ harmonics in specific, and the attenuation is quite visible as

compared to former plots without a filter.
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Figure 5.7: Passive filter configuration

The cut-off frequency is obtained by the following expression:

1
fcut—off - an

Filter parameters for 11" Harmonics (550 Hz):

R=20Q
C=1755uF
L =479 uH

Filter parameters for 11™ Harmonics (650 Hz):

R=20Q
C=1755uF
L =343 uH

As presented in Fig. 5.6, the THD was brought down to 4.48%, compared to the 15%

where no input filter was used, and 11™ and 13™ harmonics were greatly reduced.
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5.6 24-PULSE TOPOLOGY

Another presented case is for a 24-pulse system with both line and machine side

converters having 24 thyristors each. The schematic can be viewed in appendix A, and

the results are shown in Fig. 5.8/5.9.

24 pulse topology with passive filter
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Figure 5.8: Grid current with 24-pulse topology
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Figure 5.9: THD with 24-pulse topology

The 24-pulse topology is used with a passive filter at the input side. For clarity, the

schematics of the presented topologies are shown in Appendix A.

A summary of the THDs and power factors, alongside different topologies that are

presented in this section is shown in Table 5.1.
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Table 5.1: THD comparison with different topologies

# Topology

1 6-pulse converter

2 12-pulse converter (a)
3 12-pulse converter (b)
4 12-pulse converter with

passive filter
6 24-pulse with passive filter

THD on Line
Current

29.1 %

14.8 %

13.2%

4.48%

0.75%

%

Improvement

49%

54%

83%

97%

0.96

0.96

0.97

0.98

Power Factor
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CHAPTER 6 . ACTIVE POWER FILTER

6.1 Introduction

The previous section demonstrated different topologies and varying THDs at the utility
side. The input filters used were passive filters and the lowest THD was obtained with a
24-pulse topology and a passive RLC filter at the input side. This section presents an
Active Power Filter (APF) to have a better control over the harmonics on the utility/grid
side, as well as the reactive power. APFs are used in power systems to reduce harmonics,
compensate reactive power and neutral currents if parallel connected. These filters might
be employed to mitigate voltage harmonics and balance voltages in an un-balanced

system if series-connected [74].

As compared to passive filters, APFs have improved harmonic compensation
characteristics [74-76], as the impedance varies according to the AC grid, and frequency
varies as per the harmonic current components. To achieve this harmonics and VAR
compensation a PWM based inverter is generally used, where a VSI has regulated DC

voltage on the DC-capacitor, and the CSI has regulated DC current across the inductor.

6.1.1 ACTIVE FILTER OVER PASSIVE FILTER
This section presents factors that lead to the introduction of an APF to the drive system.
As presented in the previous section, the passive filters provided adequate harmonic

filtering, where 11" and 13" harmonics were primarily minimized.
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Some of the drawbacks of passive filters are described as follows:

1. An increase in harmonic currents might lead the filter to be overloaded.

2. Overvoltage problems occur due to the parallel resonance [70] between source
and the filter.

3. As the RLC filter elements age, detuning of the filter occurs and might require
component replacement.

4. The operational frequency of the AC system varies depending on the load and this
is to be taken into account while designing the passive filter

5. Passive filters are designed to only mitigate frequencies they are tuned to, and
therefore unnecessary frequency component might go undetected.

6. The passive filter should be rated considering that both fundamental and harmonic

components will be flowing through the filter.

Some general drawbacks of the APF are as follows:

1. Higher starting and operational costs
2. Higher losses and complexity as compared to passive filters

3. Design restriction in terms of high power ratings and dynamic current response.

For demonstration purposes, the 12-pulse topology is being presented. A general
schematic showing the implementation of active power filters for harmonic mitigation

and power quality improvement is presented below:
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Figure 6.1: Active power filter schematic

As shown in Fig. 6.1, the APF can be connected parallel to the non-linear load (LCC
drive and SM) and the inverter could be either a CSI or VSI type. This thesis presents a
VSI type for the APF due to its suitability in the specific application as summarized in
Table 6.1. Using an APF over a passive filter allows the system to cancel harmonics, and

to supply active power components while cancelling the reactive power component.

APFs can be classified in categories such as series, shunt or a combination of both [73].
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6.1.2 CSI APF vs VSI APF

A brief and general comparison between current source APF and voltage source APF is

presented in Table 6.1.

Table 6.1: Current and voltage source inverter APF

Topology

Advantages

Current Source Inverter APF
(CSI APF)

) KoK

51
E o Va
- ‘ O Vb
E ®—O V¢
5]

It acts as a non-sinusoidal
current source providing
harmonic current compensation
for non-linear loads.

This type of APF is quite reliable

however; the losses and the
inductance are high as well.

Voltage Source Inverter APF (VSI
APF)

Y
: ﬁ}HH

The VSI type is quite prominently
being used as an APF due to lower
cost and the option to expand to
multi-level operation [46], such as
cascaded bridge, diode clamp or
flying capacitor structures.

6.1.3 SHUNT APF VS SERIES APF

A comparison between shunt and series active power filters is presented in Table 6.2.
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Table 6.2: Shunt and series APF comparison

Topology

Compen-
sation

General
Comments

Function

Load Type

Shunt APF

Non-Linear Load
Gnd

.‘I‘ -~ LCI Drive o

=X

VL
ST
Shunt APF
The shunt APF carries
compensation current components
alongside the fundamental current
component [73] for compensation
of losses, while maintaining a
steady voltage across the DC
capacitor. Shunt APF acts as a
current source.

This type of APF can be used for
both harmonic reduction and
reactive power compensation. The
shunt APF might not be able to
mitigate the harmonics, and may
cause issues related to introducing
a DC ripple, and therefore a series

inductance is required alongside a
shunt APF

Primary function is to filter current
harmonics, reactive current
compensation and current
imbalance mitigation.

Used with inductive/current source
loads

Series APF

Non-Linear Load
Gnd

LCI Drive
Na AW

e

Unlike the shunt APF, the series
APF doesn’t compensate load
current harmonics, however it
provides high impedance to the
harmonic current components
from the source. Series APF acts
as a voltage source.

As compared to the shunt APF,
the series APF are not very
common for industrial use, as
they have to handle the high
current ratings of the load. An
advantage of this type of filter is
the ability to mitigate voltage
harmonics and balance the
voltages at the point of common
coupling (PCC).

Primarily function is to reduce
voltage  harmonics,  voltage
imbalance mitigation, reactive
current compensation, and current
imbalance mitigation.

Used with capacitive/voltage
source loads

80



6.2 HARMONIC CURRENT EXTRACTION

Various techniques exist for the extraction of harmonic currents, and some are presented
in this section followed by the technique used in this thesis. The current extraction

techniques can be based on time or frequency domains.
1. P-Q Theory

Also known as the instantaneous power or reactive power theory [77] uses Clarke

transformation and therefore voltage and currents can be written as shown in (6.1).

Ua 1 _?1 _?1 va ia 1 _?1 _71 ia
(vﬁ):\/g 0 NER ] (vb)‘ ig :J: 0 NER ] (ib) (6.1)
3 2 2 . 2 2 .

Yo 1oL [\ fo o1 1)\
V2 V2 2 V2 V2 2

For a three-phase, three wire system, the instantaneous active power and reactive power

in @ — f§ coordinates can written as (6.2) and (6.3) respectively:

+ (6.2)

e}
<)

P = Vglyg + Vgl =

+ (6.3)

2
Q|

q = Vglqg +Vpig =
Where p and § are alternating active and reactive power components respectively. p and

q are average instantaneous active and reactive power components respectively.
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Alternating active and reactive power components are undesirable and can be extracted
by filtering the reactive power [77]. For non-linear three-phase loads, compensating

currents can be written as:

(:;) - (—vg,; ﬁi)_l (q fr q) (6.4)

2. Synchronous reference frame

In this technique the load currents are transformed into the synchronous rotating frame

(d-q) as shown in (6.5):

g (8 21 (0 2w\ T i
(id)_ o [ sin  sin( —?) sin( +?) (iZ)
i
q

~ 3 2. 21 (6.5)
cos@ cos(0 — ?) sin(8 + ?)

%

Where 6 is the rotation angle of d-q coordinates which is equivalent to wt. The d-q
components of current characterize active and reactive power components of current
respectively. Current components are then split to fundamental and harmonic/reactive

components.
3. Capacitor voltage control

This method uses regulation of capacitor voltage for extraction of harmonics [71-72].
This technique uses power balance, where the real load power and inverter losses should
equal the source real power. For this power balance to be maintained, the capacitor must

instantaneously provide compensation.
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In the shunt APF that is being introduced into the system, there are two different control
stages, i-e the harmonic extraction and the current control. The capacitor voltage at the
inverter of the shunt APF is controlled in a manner so as to instantaneously compensate

for the unbalance between source and load power.

The control schematic for the implemented APF can be illustrated in Fig. 6.2:

Non-Linear Load

Mains Supply

- e e P

VSI

¢ s IGBT Gate
, Pulses

Figure 6.2: APF control schematic

The error signal of the voltage reference and the actual DC voltage is passed through a PI
controller and the resultant is compared to the current component (Id), which is obtained

using the Park transformation (abc-dq). Using another stage of PI controllers provides us
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with the voltage references and using inverse park transformation, alongside a PWM
generator, the gate signals are generated. The THD for the supply current with a standard
12-pulse topology is 14 %. With an LCL passive filter this topology provided a THD of
about 6 %. To implement the APF, the phase voltage that is input at the drive end was

6kV. The parameters are summarized below:

Table 6.3: APF testing parameters

Source Phase voltage 6 kV
DC-voltage reference 15 kV
Line Inductance 1 mH
Capacitor 3 mF
Switching frequency 4 kHz

The DC reference of 15 kV was fully tracked by the control and the plots of actual

voltage and current of the VSI are presented below.
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Figure 6.3: DC voltage across capacitor of APF inverter

As presented in Figs. 6.3, the APF controller worked as required, tracking both the
voltage and current components well. For testing purposes, the data in table 7 is
implemented with the LCI drive system and the motor is set to run with a constant speed.
The current response of the APF control scheme is presented in Figs. 6.4/6.5, where the

reference and actual plots of the d-q current components are shown.

2000 T T T

m———Actual Current (Id)
=—Reference Current (Id*)
ISDD_ ....................................................................... -o ................ =

Current (4)

IUDU _\ .................. .................. R ,, ................ =

0.6 0.7 0.8 0.9 1 1.1 1.2

Figure 6.4: 1d current component
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0.6 0.7 0.8 0.9 1 1.1 1.2

Figure 6.5: Iq current component

The grid currents are presented with and without the APF, alongside the respective THD

components in Figs. 6.6-6.9.

@ 12 Pulse Topology with no APF

% IUDD .......................................................................
g ; |

£-1000 : :

v ; ; ;

D5}

',_8) 0.8 0.82 0.84 0.86 0.88

Figure 6.6: Grid current without APF
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Figure 6.7: THD of current without APF
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Figure 6.8: Grid current with tuned APF
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Figure 6.9: THD of current with APF

In general, the THD of the line/grid currents reduced by approximately 80% as presented
in the Figs. 6.8-6.9. It is to be noted that this thesis presented both cases of active and

passive filter implementations on the 12-pulse topology, and harmonics were reduced
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greatly in both cases. The selection of one method over the other is primarily based on

the client, where factors such as cost and performance have to be balanced.

6.3 APF FOR VAR COMPENSATION AND HARMONICS

MITIGATION

As mentioned earlier, generally the operating firing angle of the rectifier block is around
30-40 degrees. This means that there is a reactive power in the system that might need
compensation in order to achieve desirable power factor. This section provides the results
obtained by using a PI current controller for the APF [74] for harmonic reduction and

VAR compensation. The illustration in Fig. 6.10 presents this technique:

Non-Linear Load

__________________

Mains Supply

__________________

Figure 6.10: PI current control of APF
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It is to be noted that the results presented next are at a high firing angle; therefore there is
a large presence of reactive power in the system and its consequent compensation using
the APF shown in figures presented. The plots from the simulation are presented as

follows:

Figure 6.11: Load current

Mag (¥ of Fundarmental)

Harmonic order

Figure 6.12: Harmonic content in the load current

In this technique the supply current is obtained by subtracting the filter current from the

load current. The filter current and harmonic content is presented in Fig. 72/73.
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Figure 6.13: Filter current
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T
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Figure 6.14: Harmonic spectrum

From Fig. 6.13, it is seen that the filter current is in quadrature to the supply current (Fig.
6.11) as and this signifies the compensation of reactive power in the supply currents.
Following figures illustrate the supply voltage and current in phase with each other and

consequently an ideal unity power factor.
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Figure 6.15: Supply voltage alongside current
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Figure 6.16: Filtered Supply Current
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Figure 6.17: Frequency spectrum of supply current
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Fig. 6.16 illustrates the spikes in the current waveform in order to see the impact of ideal
“steps” of the converter topology, which isn’t present in practical cases. The presented

results show reactive power compensation alongside harmonics mitigation.

6.4 DUAL FUNCTIONALITY OF THE VSI

The previous section presented the addition of an APF to the LCI drive system for
harmonic mitigation and power factor improvement. Since, an external VSI is already
being used as a starter for the presented drive; it can also function as an APF once the
drive has started successfully. Fig. 6.18 illustrates the basic configuration of allowing

both starting and filtering of harmonics using the same VSI.
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Starting
Breaker

-

__________

Figure 6.18: Dual function VSI

Initially, the starting breaker is closed and the filter breaker is opened. However when the
drive starts operating the starting breaker is opened while the filter breaker is moved to
closed condition. It should be noted that both the breakers are not to be in the closed state

at the same time, therefore an interlock prevents this from happening.
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CHAPTER 7 . CONCLUSION AND FUTURE WORK

The primary motivation of this thesis is to build a simulation model for the LCI drive and
propose solutions and improvements regarding some of the encountered issues and
problems mentioned earlier in the problem statement. Majority of the issues faced in
practice deal with current harmonics being injected to the grid by the drive/load. To
counter such problems, measures such as implementation of dual-secondary transformers
are demonstrated in contrast to a conventional single secondary winding transformer.
Higher pulse orders for the converters are also presented alongside a section dedicated to
the implementation of passive and eventually active power filters, leading to

improvements in THD of grid side currents.

Regarding the starting up of the LCC drive, an external VSI drive is put in place to allow
easy start-up of the LCC drive. This VSI is further incorporated with an APF to provide

the benefits of a starter as well as a harmonic filter.

The LCC drive model simulation design shows adequate speed and torque responses,
matching actual operational conditions. The harmonics issues are dealt with multi-
winding transformer and a 12-pulse converter topology. Instead of having a separately
excited motor, a PMSM is used in this thesis, so issues with excitation currents, rotating
diodes failures are not dealt with.
1. LCC drive model with speed control
The LCC model simulated in this thesis demonstrates a level of control and

operation that is coherent with the actual drives used in this application. The
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primary goal of the control is to maintain a steady speed while the torque

fluctuates, and this was presented in the results accordingly.

. Topologies for THD reduction

The topology implemented in this thesis is a 12-pulse topology. However, this
thesis presented the advantages of this topology over a 6-pulse topology, as well
as the possibilities of having 18, and 24 pulse topologies. The results are
presented in terms of harmonic reductions and overall control response.

. Active power filter implementation

Harmonics reduction is one of the most important factors related to the
implementation of VFDs or LCC drives to be specific. Several THD reduction
measure such as multi-winding transformers, multi-phase topologies are covered
in point 1 and 2 as mentioned above. Apart from presenting the use of passive
filters, active filters are implemented on the LCC drive topology to obtain reduced
harmonics in the grid side and account for a major contribution to this thesis.

Dual functionality VSI

Finally, the external starter for the LCI drive is merged with the APF introduced
in the later part of this thesis, enabling it to serve the function of a starter as well

as a filter for the drive system.

FUTURE WORK

From the results presented in this thesis, a complete LCC drive has been modeled with

the control system to study the topology further and propose solutions for the identified

problems. Nonetheless, addressing all the identified problems in a Master thesis would be
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difficult. Studying different starting techniques and implementing different motors such
as separately excited type are considered as two main points to be addressed thoroughly.
APF for high power applications can be further investigated in order to achieve better

harmonic reduction and power factor correction.

Such drives are quite widely used in high power application and the points mentioned

here can lead to major operational improvements if applied in practice.
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APPENDIX A: LCC TOPOLOGIES
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Figure AA.1: 18-pulse rectifier topology
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Figure AA.2: 24-pulse topology
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APPENDIX B: THYRISTOR FIRING

A sample from the pulse-train of the thyristor firing sequence can be seen as shown in
Fig. A.1 a relation between the frequencies of the firing pulses with the relative speed

being tracked is also visible here.
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Figure AB.1: Thyristor Firing pulses at 800 rpm (period =0.001 s)

As shown in Fig. A.1 and A.2, as the speed reduces to almost half, the frequency of the

fired pulses also reduces by half, providing justification for the operation of the pulse

generator.
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Figure AB.2: Thyristor firing pulses at 400 rpm (0.002 s)
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APPENDIX C: LCC SIMULATION BLOCK

General Schematic
This figure shows the overall LCC drive system, with the line side converter, machine

side converter in the 2x6 pulse configuration, the multi-phase transformers and the

control loops for machine and line side thyristor angles.
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Figure AC.1: LCC Drive System Model in Simulink
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Figure AC.2: LCC Control Schematic
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Figure AC.4: Under speed controller
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Note: For the line side thyristor control, similar approach is used with the actual signal coming
from the dc-link of the LCC.
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