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ABSTRACT

SHEHADA, I1ZZEDDIN, A.H., Masters: April : 2019,
Masters of Science in Electrical Engineering

Title: Development of Multi-Phase Variable Frequency Drives for the Oil & Gas Industry

Supervisors of Thesis: Adel Gastli and Lazhar Ben-Brahim.

Liquefied Natural Gas (LNG) plants rely heavily on LNG compressors exceeding 100
MW power range. These compressors are mainly driven by gas turbines and high power
helper motors operated via Variable Frequency Drives (VFDs). The VFDs offer a wide
range of control and flexibility to the typically large motors allowing the driven system to
meet desired process operation requirements in the LNG plants. Such motor drive systems
have the capability to meet the power demand required for starting very large LNG
compressors and provide additional power (helper) when necessary. High performance
VFDs contribute to a great extent in enhancing the performance of LNG compressors and
their reliability. Various types of VFDs are available in the oil and gas industry. Their
performance and reliability depend on the topology of the VFD system. To satisfy the
requirement of oil and gas applications and obtain the highest dynamic performance of the
drive, special considerations are taken in choosing the appropriate drive topology.

This thesis presents and discusses the design of a high power multilevel and multi-
phase motor drive system suitable for LNG compressor applications. Specifically, a 5-
phase 5-level Neutral Point Clamped (NPC) based high power motor drive system is
proposed. The proposed system was designed for a 33 MW 6.3 kV induction motor and its

performances were tested and simulated under different operating conditions. It showed



superior results compared to the widely and commonly used 3-phase 3-level NCP inverter.
The produced phase voltage has five levels, which had reduced the voltage and current
Total Harmonics Distortion (THD) significantly and provided smoother output torque with

minimized torque ripples.
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Chapter 1: Introduction

1.1 Background

Natural gas is the cleanest fossil fuel [1] and it has found its way to various applications
mainly in power generation and industry. It is estimated that demand of natural gas will
increase by around 40% by 2040 with approximately 26% share of world’s energy supply
[2]. Transporting natural gas by pipelines is inefficient for distances longer than 3500 km
[1] thus the natural gas is being liquefied into Liquefied Natural Gas (LNG) by cooling it
down to -162°C for easier storing and transportation. LNG has 600 times less volume than
natural gas which make it cheaper to transport and store. Regasification plants transformers
LNG transformed back to gas for the commercial use [3]. The process of gas liquefaction
takes place in LNG trains. Figure 1-1 shows schematic of typical LNG train.

The state of Qatar is the largest LNG producer with 14 LNG trains producing
approximately 77 Million Tons Per Annum (MTPA) of LNG. Recently Qatar petroleum has
announced its intention to increase LNG production from 77 MTPA to 110 MTPA within
the next 5-7 years by adding additional four up scaled trains with a capacity reaching up to

8 MTPA [4].

] -S=m = -

Gas Turbine Compressor Motor

Figure 1-1 LNG train refrigeration configuration



1.2 LNG Compressors

The most important process in natural gas liquefaction is the refrigeration process where
the gas is cooled in stages to reach the desired temperature. The cooling is achieved in series
of heat exchangers where fluids like propane (C3) or nitrogen are used as refrigerants as
displayed in Figure 1-2. The refrigerants are circulated using very large compressors that
are traditionally drive by gas turbines [5]. The compressor size depends on train size. In the
past, the LNG trains were designed to produce between 3 to 5 MTPA as shown in Figure 1-
3 [6] however recently large LNG trains with 8 MTPA capacity exists [7]Error! Reference

source not found..

Natural Gas I LNG
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Figure 1-2 Optimized cascade liquefaction process
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Figure 1-3 LNG train capacity trend

The up scaled LNG trains require larger compressors for the refrigeration processes and
larger turbines have to be used to drive them. However with demands exceeding 110 MW,
gas turbines alone are not enough to deliver the required power especially during overloads
[8]. In addition, as it can be seen in Figure 1-4 the turbine efficiency is sensitive to ambient
temperature and the performance degrades during the hot seasons [9]. Hence a high power
VFD driven motor is used along the turbine to cover the shortage of power demand and

compensate for the gas turbine deficiency during summer.
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Figure 1-4 Turbine efficiency with respect to ambient temperature

1.3 Variable Frequency Drives

Production, distribution, refining processes and applications in the oil and gas industry
depends heavily on electric motor-driven pumps and pumping systems. Designing and
maintaining efficient and reliable electric motor drive systems is very vital for ensuring
maximum productivity and profitability especially for operations at peak performance. For
continuous optimum drive system performance, researchers are focusing on VFD to regulate
the electric motor speed and effectively controlling its energy use.

VFD changes the output voltage to have full control of speed and torque of the motor to
optimize operational cost and enhance efficiency [14]. A generalized VFD schematic is
shown in Figure 1-5. The VFD usually have integrated input multi-winding phase shift
transformer that draw AC power from electrical utility and step it down to suitable voltage

matching the rectifiers ratings that it feeds. Rectification stage in medium voltage VFDs is



often done using parallel multi-pulse diode rectifiers. A combination of two or more sets of
identical six pulse rectifiers are powered by one of the secondary windings of the input
transformers. These rectifiers arrangement comply with line harmonics standards and
requirements. The basic principle is that the harmonics generated by one rectifier is being
cancelled by the harmonics generated by another rectifier. This achieved by proper design
of the phase shift input transformer so the harmonics will not appear on the primary side [8]

[15].

-
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Compressor
Power Supply Transformer Rectifier DC Link Inverter Motor (Load)

Figure 1-5 General Schematic of VFD

In order to have rigid DC voltage supply for the voltage source inverters or a smooth
DC current for current source inverter, a DC link is required. The DC link is an intermediate
circuit that consist of capacitors or inductors that temporary stores energy for next section,
which is the inverter. The basic function of inverter is to convert the fixed DC voltage to
AC voltage with variable magnitude and frequency. The medium voltage inverters have
been designed in variety of topologies to produce the best possible waveform with highest
reliability and efficiency [8] [15]. The inverter feeds a motor to drive the load to meet the
required demand.
VFDs provide two main functions in LNG applications. The first is to accelerate the

compressor train till the speed reaches the turbine firing speed (turbine self-sustain speed).



The second is compensate for the gas turbine output fluctuation due to ambient temperature
variation during the day and different seasons. They also help during process overloading
conditions [16]. Using the VFDs to gradually ramping the motor up to speed and by
automatically controlling the motor torque, the drive allows the motor to run at full
horsepower only when necessary [17]. This results in reduced power peaks, lower energy
costs and higher operating efficiency. In addition, the motor is protected against starting
inrush currents which reduces the thermal effect on the motor and subsequently minimizing
downtime and maintenance cost.

VFD driven motors are essential part of the existing LNG trains in Qatar. The trains
have been built over a period stretching from 1993 till 2010 [10]. This resulted in various
types and topologies of VFD to be installed in the different LNG trains to drive the helper
motors on the liquefaction processes. The first trains with capacity of 4.7 MTPA are fitted
with 8BMW and 12MW ABB VFDs which utilities the Load Commutated Inverters (LCI) a
type of Current Source Inverters (CSI) [10] [11]Error! Reference source not found. . The
newer larger LNG trains of 7.8 MTPA capacity utilized the voltage source inverters. They
are equipped with 15MW Siemens EVFD which is based on multi-cell inverter topology
where the medium voltage is achieved by connecting a series of low voltage inverters. The
VFDs are connected in a unique way to a four-winding motor to supply a total power of
45MW [9] [12].

In addition, 3-level inverters based on Neutral-Point-Clamped (NPC) topology are used

by Ansaldo and TMEIC to drive helper motors up to 13MW in multiple processes [13].



1.4 Problem Statement and Thesis Objectives

Up scaled LNG trains with large compressors require larger inverter fed motors.
Oversizing typical inverters leads to several problems such as the high harmonics and torque
pulsation and has several limitations such as cooling requirement and increased components
ratings and size. To keep up with the increased power size, these issues should be taken into
account. LNG applications require high power VFD driven motors with high reliability,
fault tolerance capability, low torque ripples and low line side harmonics to ensure a reliable
and sustainable production.

The main objective of this project is to conduct a comprehensive study of current multi-
phase VFD topologies for oil and gas applications, then propose and develop a new VFD

topology suitable for LNG applications.

1.5 Thesis Outline

The thesis consists of five chapters. Background of LNG industry in the state of Qatar
and the importance of VFDs to LNG trains as presented in chapter 1. Chapter 2 presents a
literature review and theoretical background for the different motor types available and their
selection criteria for LNG application. It also reviews the common types of high power
medium voltage inverters used in oil & gas industry. Chapter 3 shows the mathematical
modeling of 5-phase induction motor in the dq domain and a general modeling of multi-
phase machines as well. Chapter 4 describes the proposed design of 5-phase 5-level inverter
for LNG plants and explains its principle of operation. Chapter 5 investigates the
performance of the proposed drive system and compares it with other common VFDs

7



topologies using MATLAB SIMULINK. Chapter 6 concludes the thesis and suggests future

work.



Chapter 2. Literature Review

2.1 AC Motor Types

The most two common AC types of electric motors in natural gas compressor system
drives are AC synchronous motors and asynchronous motors or as more commonly referred
to as induction motors. Direct current (DC) motors of the brushless type may also be used
in combination with speed control and AC to DC power converters, but these are typically
not found in gas compressor installations [21].

The squirrel-cage and the slip-ring are the most used induction motors and from

synchronous motors the salient-pole and the cylindrical rotor.
2.1.1 Induction Motors

Induction motors are often the choice for various industrial production processes. The
two primary induction motors are the squirrel-cage and wound-rotor type. The wound type
motors have stator core constructed of laminated sheets and set of insulated electrical
windings wounded inside the slots of the laminated stator connected in either star or delta.
The rotor of this type compromise of cylindrical laminated core and sets of insulated
windings star connected at one end and the other windings ends are connected on slip rings
mounted on at the end of the shaft. An external varying resistance can be connected to the
wound type rotor through the brushes and slip rings. With this configuration, the total rotor
resistance can be changed and hence it can be utilized for speed control of the motor and
high starting torque can be obtained. Subsequently, wound type induction motors are

commonly used in high starting torque and low starting current applications. However, due

9



to the nature of these motor, the slip-ring type motors are not commonly used for natural
gas compressor drives are avoided due their higher hazard risk and higher cost
consequences. Therefore, this type of motors will not be considered in this thesis.

The most widely used induction motor is the squirrel cage. It is often used for driving
blowers, compressors and pumps. The construction is simple due to the absence of slip rings
and brushes. A major difference between with the wound-rotor type is the rotor winding.
The rotor winding is constructed of a series of longitudinal conductors bars arranged to form
a cylinder mounted in steel rings. The rotor conductors are shorted electrically with the help
of end rings called. The squirrel cage motors are known to have simple yet rugged
construction. The rotor is not connected to any external power source. Compared to

synchronous machine, the initial cost is cheaper.
2.1.2 Synchronous Motors

The stator of synchronous machine is identical to that stator of the induction. The rotors
of these machines classified into salient pole and non-salient pole (cylindrical) rotors. In
salient pole synchronous motors type, the rotor consist number of projected poles (salient
poles) made up from steel laminations. The windings are mounted on these poles supported
by pole-cap and winding supports. The shape of the salient rotor result in an air gap that is
not constant. However, the salient type is suitable for lower speed electrical machines
typically less than 1500RPM where in LNG compressor a speed of 3000 or 3600RPM is
required. Generally salient pole construction for such application is impossible because of
limitation of mechanical strength fixation for the poles and the field winding. For such

applications where higher speed is required, cylindrical rotors type is used [19].

10



In the cylindrical rotor, the field winding coils are slide in multiple slots around the rotor
periphery and arranged to produce constant radial air gap and weight distribution around
the rotor. This design is capable of providing larger overload capacity and will reduce the
harmonic components. In addition, it contributes to the motor’s superior starting
characteristics which sufficiently withstanding the load large moment of inertia [22].

DC current flows in the field coils setting up a magnetic field on the rotor that will
synchronize with that of the stator and the motor will then spin at the synchronous speed.
DC current is supplied by commonly via brushless excitation system. On the other hand,
brushed excitation needs require periodic preventive maintenance and these requirements

become more frequent and difficult with machine of higher speed and higher capacity.
2.1.3 Comparison of induction motors and synchronous

Synchronous motors can have larger air gap compared to the induction motors. This due
to the fact that the synchronous motors obtain their magnetic field by direct excitation
current whereas in the induction machines it is obtained through the air gap. Larger air gap
makes it feasible for the manufacture to build a physically smaller motor and cheaper than
the equivalent horsepower squirrel-cage induction motors [23].

Figure 2-1 shows the tradeoff between machine ratings vs. speed and it highlights the
area of each machine. It also shows the physical limitation of motors that can be realized.
The higher the rotational speed, the higher the centrifugal force it is applied to rotor which
increases the rotor radius. The rotor has limited stiffness thus the magnitude of centrifugal

force is can withstand is limited. Thus as the rotating speed is higher, the motor capacity

11



will be lower. The synchronous machines are often selected for high capacity application
[24].

Figure 2-2 provides generalized chart for sizing synchronous and induction motors.
Even though the induction motor rating range goes up to 25MW, the synchronous motors
are applied for power levels higher than 15 MW [25]. A rough rule of thumb states in [23]
that the initial cost of synchronous motors is less expensive compared to squirrel-cage

induction motors once the rating exceeds 1 HP per rpm.

100 =

Area of SM use

Limit due centrifugal force

v
=]
]

Area of IM use

Capacity (MW)

| 1
10000 20000
Rotating Speed (min?)

Figure 2-1 Area of use of induction and synchronous motors.

o

HORSEPOWER

Figure 2-2 Generalized chart for motor type selection.
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The LNG compressors are of high inertia and run at 3000 RPM and the synchronous
motor has been the choice in the up-scaled LNG trains.

However, recently the induction motor is taking over higher power range as there has
been a leapfrogging in induction motor design from 22 MW to 80 MW with rotation speed
up to 4,000 (rpm). This is the equivalent to the traditional largest synchronous motor used
in LNG plants; the 75-MW synchronous machine. The new induction motor has higher
reliability since it has much less rotating parts and smaller footprint (Figure 2-3) [21]. This
up scaled motor size was possible by the use of multi-phase motors.

Since the up time and the operational reliability is the most important in LNG plants and
since the induction motors is catching up to the current trend of up-scaled LNG trains, the

induction motors has been selected for the proposed topology in this thesis.

Figure 2-3 Largest 80MW induction motor during no-load test.

13



2.1.4 Multi-phase Motors

The increased size of motors capacity required equaled sized converters to meet their
load demand. This resulted in oversized power electronics devices of the drives and the use
of larger transformers. Oversized devices generate excessive heat, which requires bigger
spaces and cooling systems; which in turns result in excessive cost and eventually leads to
an impractical motor drive system [26]. In addition, oversized machine such as squirrel cage
induction motors result operates in poor power factor and efficiency [27]. Multi-level
inverter is one obvious solution to this problem. Multi-level inverters utilize lower rated
switching devices to build high power level converters. However, there are some limitations
factor such as the insulation level and rated power of semiconductor switches [28].

The advancement of power electronics technology allowed additional degree of freedom
in variable speed drives by providing multi-phase supply options. Traditionally, the choice
of three-phase stator comes from the three-phase power supply that is already available.
With the help variable frequency drives, it is possible to supply motors with a phase count
higher than three. A machine with more than three phases or has multiple three phases
windings sets that share the same rotor, each contribute to produce the overall
electromagnetic torque is considered a multi-phase motor.

In the last years, the multi-phase motors interest in medium and high power application
has been growing especially in where high torque, high power and higher reliability is
required. Multi-phase motor design offers many advantages such as lower torque pulsation,
less current per phase, reduced DC link voltage, lesser harmonics and higher reliability [29]

[30], which in turns reduces the voltage, and current rating requirement of converters and
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increases their fault tolerance capability [28] [33]. It worth mentioning that the multi-phase
design is independent of type of machines; it applied to both synchronous and induction
machines.

Using multilevel inverter, multi-phase machine or both is debatable but it depends on

the application and some limitation factors such as the insulation level and rated power.
2.1.5 Multi-phase Arrangement

There are various multi-phase motor winding schemes. It depends on the number N of
stator phases and on the spatial displacement between the phases. Two typical phase
arrangement are used; Symmetrical distribution of phases around the stator circumference
with 360/N electrical degrees phase shift as in the design of the five-phase and seven-phase
motors. The other arrangement is when the number of phases is multiple of three where the
windings are grouped into n sets of three phase windings have 60/n electrical degrees shift.
This arrangement is called split-phase [34]. Examples of symmetrical and split phase

arrangement are shown in Figure 2-4.

oy,

350
%

C1 B1

D C () B2 (b)

Figure 2-4 Example of multiple phase winding scheme: (a) symmetrical 5-phase (b) split
phase double star.
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Split Phase Motor with six phases composes of two similar stator windings that share
the same magnetic circuit. With such arrangement, it is possible to divide total power
requirement between two drives. Typically six-phase split-phase motor is built by dividing
the phase belt of a typical three-phase motor into two equal parts with spatial phase
separation of 30 electrical degrees as shown in Figure 2-4. With this, a split phase motor
will have two independent stator windings sharing the magnetic structure [29]. Dual stator
is another multi-phase configuration where it is not necessary to have two similar winding
groups. The two windings can have different number of poles, phases or ratings [35].

The split phase arrangement may has the advantage of using proven three phase
technology, however, faults in one of winding will be greatly de-rate of the motor power
whereas in symmetrical arrangement the de-rating is less. The multi-phase motor

arrangement selected for the proposed topology is the symmetrical arrangement.

2.2 VFD Inverter Topologies

Motors speed depend on the network supply frequency. Regardless of the driven load
changes, the motor speed remains constant. Variable frequency drives are being employed
to efficiently match load speed and torque demand. The advancement in power converters
and the progress semiconductor technology has allowed for the development of many
various types of drive topologies[31]. The topologies are usually classified based on main

power section components types, numbers and way of arrangement.
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To satisfy the requirement of oil and gas applications and obtain the highest dynamic
performance of the drive, special considerations are taken in choosing the appropriate drive
topology.

2.2.1 Introduction

There are different ways to categorize VFD inverters; the most common is by the
characteristic of their DC link; current-source inverter (CSI) and voltage-source inverter
(VSI). Inthree phase system, CSI converts the DC current to variable three phase alternating
current often with a large series inductor in the DC link whereas in VSI the DC voltage
converts to three phase AC voltage with variable magnitude and frequency often with shut
capacitors in the DC link [32]. The most common type of CSI in medium voltage application
is the LCI. It is undoubtedly that the LCI is a matured, well established and economical
solution, however, the LCI based drives have some inherit drawbacks such as high low-
harmonic torque ripples, input filter requirements and complex starting techniques[36]. This
makes the LCI based drives lose their dominance in the developing market for medium
voltage applications[37].

In high power medium voltage applications, Voltage Source Inverters (VSI) are
commonly used due to their superior performance; especially in multilevel topologies.
Industrial equipment power demands are in the level of tens of megawatt and almost
reaching hundred megawatt rated power[38]. In Free Port LNG facility in Texas, GE is
supplying six 75MW motors and 80MW motor in Nice France. Drives of this size are
usually connected to medium voltage grid (2.3~6.9 kV) and due to limitation of the

semiconductor switches, it is difficult to connect to single switch directly to the grid[39].
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To overcome this problem, various series and parallel arrangements are needed to withstand
the voltage and provide the required power.

Generally, the VSI is classified into the classical inverters and the multilevel inverters.
Multilevel inverters are the obvious solution to reduce the voltage stress on the
semiconductor switch. Smaller voltage steps than voltage supply (VDC) would lead to
waveform closer to the sinusoidal, improve the power quality and reduce the voltage
requirement on the semiconductor switch. Multilevel inverter basic concept is to
synthesizing a staircase voltage waveform by using series of semiconductor switches with
multiple lower voltage sources to achieve the power conversion. There is variety of high
power configuration proposed for multilevel VSI. Among these, the most common ones are
the Cascaded H-Bridge (CHB), flying capacitors and diode Neutral Point Clamped (NPC)
topologies[31]. There are many other hybrid topologies developed over the last decade

however these are based on the common inverters.
2.2.2 Classical VSI Inverter

The simplest inverter is the classical two-level inverter, which can produce line to
ground output voltage of either the DC supply voltage (VDC) or zero. A standard two level
inverter has six switches (Figure 2-5). The switches in one leg cannot be switched on
simultaneously because it will cause a short in the DC link. The output waveform would be
a square wave, which has a large differential voltage (dv/dt) and high harmonic content. The

require output waveform should be close to sinusoidal for effective operation.
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Figure 2-5 Two-level three phase inverter.

In order to have higher rated inverters, the voltage and current capability of the
semiconductors switches should be increased. The increase of the voltage results in
increased price and drop of the performance. Such limitation of the two-level inverter makes

them not suitable for high power application.
2.2.3 Cascaded H-bridge Inverter
The H-bridge is a power conversion cells that is composed of two legs each with a

pair of switching devices for each phase (Figure 2-6). The cell is able to produce output

voltage of either the full DC supply voltage (VDC) or zero.

Figure 2-6 Single phase H-bridge inverter.
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H-bridge cells can be connected in series in their AC side forming multi-level inverter
that is able to produce higher voltage. Hence the Cascaded H-Bridge (CHB) name came.
The CHB makes it possible to have medium voltage out using low voltage power module
each with its own isolated DC supply[40]. The number of cells required in cascaded H-
Bridge multilevel inverters is determined by the required voltage output. For n cells, the
number of levels is (2n+1). The number of levels is odd in this topology. A nine-level CHB
configuration is shown in Figure 2-7 where each phase leg has four H-bridge each with its

own separated DC source.

VDEB =

Voe =

Figure 2-7 Five-level CHB for one phase.
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In medium voltage application where higher voltage is required, higher number of cells is
used. For 7.2kV motor application, up to 7 cells are used per phase to obtain the required
voltage[46]. Even though the use of low voltage components has its economical advantages
but it results in huge number of components being used which could compromise the
reliability and increase the complexity. By-pass function are often provided with this

arrangement to enhance the reliability, however it adds in to the system complexity.
2.2.4 Flying Capacitor Inverter

This topology is also known as the capacitor clamped inverter. The voltage clamping
is done using capacitors in ladder form. For n level inverter, (n-1)*(n-2)/2 auxiliary
capacitors are required. By changing the switches states the output voltage can be produced
with various steps. Figure 2-8 shows five-level flying capacitor inverter for one phase. The
advantages of this topology are that it provides redundancy as two or more valid switching
states are possible [43] and the use of filter is unnecessary. This arrangement requires huge
number of capacitors which make it bulky, costly and complex [47]. However, this topology
is very challenging for inverter fed motor applications where machine back EMF and high

inductance resistance ration of motor must be considered [39].
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Figure 2-8 Five-level flying capacitor inverter of one phase.

2.2.5 Diode NPC Inverter

The diode NPC inverters started with three level inverters. In this topology, two
capacitors are connected in series across the DC voltage supply forming a neutral point in
the middle and in each leg two pairs of semiconductors are used. The center of each pair is
clamped to the neutral using clamping diodes rather than capacitors as shown in Figure 2-
9. This arrangement will make it possible to produce line voltage of half of the full DC
supply as well as the half of the DC supply in addition to zero (VDC, 0.5VDC and 0). The
resulted output waveform is three level square waves (figure-2-10), however, compared to
two-level inverter it is closer to the sinusoidal form and it has less harmonics. The

advantages of this scheme other than lower harmonics are allowing the use of switches of
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lower voltage and power rating and lower voltage stress because of the reduction dv/dt at
the output. Unlike the H-bridge cells, isolated DC supply is not always required and a
common DC bus can be used for all phase legs. The three level diode NPC inverters are

commonly used in the medium voltage applications [25] [41].

y

— x

C]_ — \

l V]

Vo = Ny
B i

1 F —‘<A

c, = 2

K

Figure 2-9 Three-level diode neutral point clamped inverter of one phase.
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Figure 2-10 Three-level diode NPC inverter voltage waveform of one phase.

The neutral clamping method can be extended to make five-level inverter. Increasing
the levels will result in better waveform closer to the sinusoidal form. As a result, less

harmonic distortion is obtained. An inverter of n levels requires (n-1)*(n-2) clamping diodes

23



for each phase leg [42]. The five-level NPC utilizes four capacitor series along the voltage
supply in each phase. The switches are connected to capacitors through clamping diodes.
Figure 2-11 shows the schematic for five level diode NPC inverter. This arrangement will
cause one quarter of the voltage supply to appear across each capacitor and result of voltage
levels VDC, 0.25VDC, 0.5VDC, 0.75VDC and 0 as depicted in Figure 2-12.

However, the increased number of capacitors increases the complexity of balancing the

voltage and the cost increase much further compared to the three-level inverter.
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Figure 2-11 Five-level diode neutral point clamped inverter of one phase.
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Figure 2-12 Five-level diode NPC inverter voltage waveform of one phase.
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Higher level inverter can be realized using neutral clamping method. Adding more
steps will synthesize sinusoidal waveform. Zero harmonics can be achieved by infinite
number of levels [39] however this causes this topology to be too bulky, impractical and too
complex for control for higher number of levels [43].

In NPC topology, each of the diodes must have a rating similar to the semiconductor
switches, so for an inverter of n levels, (n-1) (n-2) clamping diodes are required for each of
phases legs. For a multiphase machine, this results in huge increment of inverter components
count. Figure 2-13 shows a chart of the components number as function of voltage levels

for a five phase machine.
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Figure 2-13 Five-level diode NPC inverter voltage waveform of one phase.

2.2.6 Topology Selection Consideration

LNG compressor drive application requires drives with highest reliability. Even though

there is no comparable mean time between failures for the different drive topologies [44],
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however the number of components in a system and its complexity can be used to reflect its
reliability. The cascaded H-bridge topology with DC link voltage of ~600 VDC requires
high number of cells to achieve medium voltage output level. Although no extra clamping
diodes and capacitors are not required to increase the level but component counts is massive.
The flying capacitors topology will require (n-1)(n-2)/2 capacitor in each phase which
increase the requirement of voltage sensing and balancing of its capacitors making it
impractical and more challenging than it is. On the other hand, the diode NPC has reached
a mature state of development and has reliable operating conditions at the required power
rating. Enhancing the out voltage waveform by increasing the number of levels will increase
the components counts and may introduce some issues such as capacitors imbalance.
However, the use of decentralized DC link in modularized layout will prevent the voltage
imbalance from occurring[37]. In this thesis, diode NPC topology will be utilized in the
proposed topology. A five-level voltage output will be targeted to ensure a better system

performance without compromising its reliability.
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Chapter 3: Multi-Phase Motor Modeling

3.1 Mathematical Model of Five-Phase Induction Motor

The mathematical derivation is considered for symmetrical distribution of multi-phase
motors. The first phase count after the 3-phase motor is the 5-phase motor where the spatial
displacement between a phase and the next one is a=2z/5. A General assumption that the
stator and rotor are of same phase construction is made for the sake of simplicity. The 5-
phase machine, the stator has ten phase belts with spatial displacement of 36°, thus having
a phase displacement a of 72°. The model of the induction machine is made with the

assumptions that all phases are balanced and mutual inductances are equal.

Figure 3-1 Schematic of multi-phase induction motor (5-phase example).
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Using all standard assumptions of electrical machine theory, the voltage equilibrium and

flux linkage equations can be written as:

d
Vs = Rgls + aqjs (3.1)
. d
v, = R0, + E‘Pr (3.2)
W5 = Lsis + Lgiy (3.3)
VY, = L,.i, + Lyi, (3.4)

Where,

Vs = [Vas,» Vbs) Ves) Vas» Ves] 1S the stator voltage vector

Vy = [Vgrs Vprr Ver» Var Ver] T 1S the rotor voltage vector

Is = [igs) ips) Les Las) Les]T 1S the stator current vector

Ir = [lgr Lbr Ler Larr Ler] T IS the rotor current vector

Y = [Wes, Prs) Wes, Pas, Pes] 1S the statpr flux linkages vector
Y, = [Yur, Yor, Yor, War, Wer ] is the rotor flux linkages vector

r L, +M Mcos(e) Mcos(2a) Mcos(2a) M cos(a) T
M cos(a) L, +M Mcos(x) Mcos(2a) M cos(2a)

L, = |Mcos(2a) M cos(a) L,+M  Mcos(a) M cos(2a) is the stator

M cos(2a) M cos(2a) M cos(a) L+ M M cos(a)

| Mcos(e) Mcos(2a) Mcos(2a) M cos(a) L+ M |
inductance matrix, L;; is the self-inductance of the stator and M the magnetizing

inductance

28



r L, +M Mcos(a) Mcos(2a) Mcos(2a) M cos(a) T
M cos(a) L,+M Mcos(a) Mcos(2a) M cos(2a)
L, =|Mcos(2a) M cos(a) L,+M Mcos(a) M cos(2a) is the rotor inductance

M cos(2a) M cos(2a) M cos(a) L,+M M cos(a)

| M cos(e) Mcos(2a) Mcos(2a) M cos(a) L,+M ]
matrix and L, is the self-inductance of the rotor.

cos(6) cos(f + @) cos(8 +2a) cos(f —2a) cos(f —a) |
cos(6 — a) cos(0) cos(@ +a) cos(8+ 2a) cos(6—2a)
Lsy = M|cos(6 — 2a) cos(8 — a) cos(0) cos(f + @) cos(6 + 2a)| is the mutual

cos(f + 2a) cos(8 —2a) cos(6 — a) cos(6) cos(0 + a)

L cos(6@ + a) cos(6 + 2a) cos(8 —2a) cos(f — ) cos(8)
inductances matrix between stator and rotor windings and 6 is the angle between phase ‘a’
axis of the rotor with respect to the stator.

L, = Lg," is the mutual inductances matrix between rotor and stator windings
R,=diag(Rs; Rs Rs R R,) isdiagonal matrices of stator resistance

R,.=diag(R,, R, R, R, R,) isdiagonal matrices of stator resistance

The delivered torque can be expressed by:

LST'

do r

T, = Pil (3.5)
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3.2 Five-Phase Induction Motor Model in DQ Reference Frame

The induction motor analysis is commonly done in rotor d-q reference domain that is
associated with motor rotor. This will result in time-invariant coefficient for the voltage,
current and flux linkages equations. The transformation of the motor equations will reduce
the complexity mathematical equations [45].

The first frame is the static frame from the stator winding at 2z/5 degrees to each other
for the case of the five phase. The second is the frame af, which is orthogonal reference
frame where angle between the two axes is 90°. The angle between a-axis for static reference
frame and a-axis from the orthogonal reference frame is zero. The last one is the rotor frame
dg. In this frame the d-axis is along the north and South Pole of the rotor and the g-axis is
at 90° from the d-axis. The d-axis of this frame is shifted by angle 6 with respect to stator
static frame a-axis. The transformation relations between the three frames are shown by

Figure 3-2 and Figure 3-3.

) . Clarke inverse transform
Coordinates in

ABCDE >
Clarke transform

ABCDE2dq dq2ABCDE Coordinates
in af

Park transform

Coordinates in |«

dq - >
Park inverse transform

Figure 3-2 Relation between ABCDE, dq and of.
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For a 5-phase equally distributed machine, the transformation from abcdq to dgxy0 and

their inverse equaion are given in equation (3.6) and (3.7) [48].

Figure 3-3 Schematic of 5-phase induction machine frame transformation.

Vs

[Yas|
|vx5|=\[_

Vos

wui

[ 1 cos(8 — 2?11) cos(8 — 4?”) cos(0 — 6?”)

0 sin(6—=) sin(6—2) sin(g—2)
1 cos(Q—%n) cos(Q—s?n)

0 sin(6 — 4?”) sin( 6 — 8?”)

T

1

T

1 \/E_

1

T

Noa

T

12m.

cos(6 — T)

12m.

sin( 6 — T)
\/i_l

1

r 1 5 2m s 4m 5 6m
cos(. z ) cos( z ) cos( z )

0 sin(s 2m (6 4 in( & 6m
sin( z ) sin( z ) sin( z )

1 5 4m 5 8m 5 12m
cos( z ) cos( z ) cos( z )

0 sin(s 4m in( 8m (& 12w
sin( s ) sin( s ) sin( S )
1 \/E_

cos(f — 8?”) |
v -
sin(6 — =) Ivi
cos(6 — 1?—”) Ve
. 16T Va
sin( 8 — T) v, |
ﬁ—l
5 8m_ 7
cos( z )
(& 8m
sin( z )

l6m
cos(d — T)

l6m
sin( 0 — T)

\/5—1

(3.6)
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6 is the angle between phase a axis of the stator and d axis, § is the angle between phase a
axis of the rotor and d axis where § = 68, — 8 . Applying the transformation matrix, the stator

and rotor equations are referred to rotor domain. This yield to the following equations for

voltage:

. d 3.8
Vgs = Rsigs + awds - welpqs ( )
4 (3.9)

Vgs = Rslqs + Elpqs — WeWys
) d 3.10
Vs = Rglys + Ewdx ( )
, 3.11
Vys = Rslys + Elpdy ( )
.. d 3.12
Vos = Rsips + alpOy ( )
. d 3.13
Vgr = Rplgr + alpdr - (w, — wr)lpqs ( )
. d 3.14
Vgr = erqr + Elpqr — (we — wr)lpqr ( )
) d 3.15
Vyr = Ryplyy + war ( )
. 3.16
Vyr = eryr + Elpyr ( )
. d 3.17
Vor = Rplpr + ElpOr ( )

The stator & rotor linkage equations are given by:

Yas = Ligigs + Ly (igs + iar) (3.18)
lobqs = Ligigs + Lm(iqs + iqr) (3.19)
Yys = Lisiys (3.20)
lzbys = Llsiys (3.21)
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Yos = Lisips (3.22)

Yar = Liplar + L (ias + lar) (3.23)
Yar = Liplar + Lip(igs + igr) (3.24)
Yr = Liplyr (3.25)

Yyr = Liply, (3.26)

Yor = Lirlor (3.27)

i, = PasClurtln)—Lnar (3.28)

(LisLir+LisLm+LirLm)

P = lpqs(Llr + Lm) - Lmlpqr (329)
= (LlsLlr+LlsLm + Ller)

i= lpdr (Lls + Lm) - Lmlpds (330)
@ (LlsLlr+LlsLm + LlTLm)

P= lpqr(Lls + Lm) - Lmlpqs (331)
v (LlsLlr+LlsLm + Ller)

Vds, Vgs, Uxs, Vys, Vos, Vdr, Var, Uxr, Uyr, Vor, ids, Lgs, ixs, Lys, L0s, Ldr, Lgr, Ixr, Lyr, Lor, are the d-q
axis stator & rotor’s voltage and current, Was, Wqs War, Wqr are d-q axis flux linkage.
The mechanical dynamics of the motor is studied by the electromagnetic torque of the
motor. The developed electromagnetic torque expressed in dg-domain is given by:
T, = PLyy(Waiq + Wyi,) (3.32)
Equation (3.33) is used to relate the load torque to the electromagnetic torque:

J d (3.33)

Te _TL =Fawm

Rotor electrical speed and angle are given by (3.34) and (3.35)

(3.34)

Wy =

2
por
6, - f o, (3.35)
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Te is electromagnetic torque, T is load torque, J is moment of inertia, P is number of
pole pairs, Lm= %M is mutual inductance of the stator to the rotor and w rotor electrical

speed [49].

3.3 Multi-Phase Induction Motor Modeling

The d—q models of induction machine can be extended to any number of phases.
Considering symmetrical design of multiphase motor with phase displacement a=2z/n with
all phases connect to one neutral point and the induction machine equations already
transformed into the rotating frame at angular speed we, the generalized transformation

matrix shown in 3.36 can be applied[50].

(Vg v,

1 cos(@—a) cos(8—2a) cos(d—3a) - cos(6—na)
! 0 sin(6—a) sin(6—2a) sin(f—3a) - sin(6—na) ’
_ \/E 1 cos(@—2a) cos(d —4a) cos(f —6a) - cos(6 —na) (3.36)
" 0 sin(6—2a) sin(0—4a) sin(6—6a) - sin(8—na)
a7t vz vz a |
ol e vz o V7

LO_ Vn

The first and second rows state the variables that will lead to production of the flux and
torque. The two zero sequence components are in the last rows of the matrix where the last
is used only when the phase number is even. The zero sequence doesn’t exist for odd phase
number star connected multiphase motor without grounding the neutral. The x-y

components are in between and they do not contribute to the produced torque. Thus
equations 3.8 till 3.35 can be applied with the exception that Lm=%M where n is the number

of phases of the multiphase machine.
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3.4 Comparison of Multi-Phase Induction Motor

As established in the previous chapter, increasing the phase count of multi-phase
machine has many advantages but on the other hand, it impacts the power electronics
requirement on the inverter side. In order to determine the optimum phase number for
proposed scheme, a simulation comparison was conducted for multiphase machines of
similar coil design but with different phase count number. The details of the simulation are
in Chapter 5. Two indicators have been defined, the current total harmonic distortion and
the torque ripple. The result of the comparison is shown in Figure 3-4. It shows that both
current harmonics and torque ripples don’t improve much when phase count increased

beyond five. Thus, the five phase machine has been selected for the proposed topology.

Torque (N.m)
T
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Figure 3-4 Torque and current waveform of different phase count machines.
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Figure 3-5 Schematic of 5-phase induction machine frame transformation.
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Chapter 4. Development of a New High Power 5-
Phase-5-Level Electric Drive System
for LNG Plants

4.1 Introduction

As established earlier the up scaled LNG compressors requires high power starter and
helper inverter fed motors. To satisfy the reliability as well as high power requirements, a
high power drive system using multi-phase machine (5-phase) is proposed instead of a three-
phase machine and multilevel inverter topology connected in an innovative way.

The 5-phase machines have lower torque ripples, greater efficiency, higher torque
density, and reduced required rating per inverter leg [41] [51] [52][42]. To design the
proposed 5-phase drive system, an appropriate power electronics converter such as Voltage
Source Inverter (VSI) is selected. The VSI based on Insulated Gate Controlled Thyristor
(IGCT) has inherent advantages regarding power factor, torque ripples and grid harmonics.
To cope with the LNG plants requirement such as high power, efficiency and reliability, a
topology based on 5-level Neutral-Point-Clamped (NPC) inverter is used for the proposed
electric drive. NPC inverters are widely used in high power applications and have the
highest converter efficiency among the available topologies and are thus the most preferred
choice for many industrial MV applications, such as in oil/gas [29] [36]. Also, this type of
inverter has reached a mature state of development. Most drive manufacturers have these
inverters readily available as modules in reliable operating conditions, and at the required

power rating. In the proposed drive system, a special topology for the selected 5-phase
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machine drive is proposed. Each of the 5-phase of the induction machine is fed by a special
Full-Bridge NPC (two NPC legs) as shown in Figure 4-1. This NPC-Cell based
configuration uses IGCT devices to achieve high power drive system operating at low
switching frequency, low loss, and high voltage handling. A high reliability is achieved
using the proposed simple circuit topology using a small number of devices. The proposed

topology can drive a motor with 6.6 kV with a power up to 50 MW.

5-PHASE
IM

Figure 4-1 Proposed inverter fed motor topology.
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4.2 One Cell Five Level NPC Operation

The principle of operation of the 5-level one-cell of NPC is depicted in Figure 4-2. A
single phase inverter consists of two legs of a 3-level inverter. The batteries represent a
common DC bus structure of the inverter with a positive, negative and a neutral connection.
Each bus contributes to half of the voltage E/2 and combined they produce the full voltage
E. This circuit topology can output different voltage levels by changing the voltage

produced by each of the inverter legs.

-— - -
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Figure 4-2 Schematic of one cell five level NPC cell.
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The reference point of these levels is the neutral bus and is obtained by combination of

output voltages from the two legs of single phase inverter as shown in Figure 4-3.

\y

2

Figure 4-3 Operation principle one cell five level NPC cell.

Each leg is capable of producing three levels; +E/2, zero, -E/2. Then with the proposed
configuration, it possible to output the following five voltage levels or steps: +E, +E/2,
zero, -E/2 and -E.

Starting with the full negative output —E, it requires E/2 voltage on leg A; by and -E/2
voltage on leg Ax. This is achieved by turning on Q1 and Q2 on leg A1 and Q7 and Qg on leg
Az while all other IGCTs are off. Figure 4-4 illustrates cell condition at Van=-E. The second
level is —E/2. It can be achieved by two different combinations. Either by having the E/2 on
leg A1 and 0 on leg Az or by having 0 of leg A1 and —E/2 on leg A.. Figure 4-5 illustrates

the two different combination for —E/2 level; by turning on Q1 and Q2 on leg Az and Qe and
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Q7 on leg A2 while keeping the rest in off condition (Figure 4-5A) or by turning on Q2 and

Qs on leg Az and Qs and Qe on leg A2 whereas the rest in off condition (Figure 4-5B).

+E/2
—
——
PPU—
Neutral 0
—_—
LT
—
I

+E/2

Figure 4-4 Cell illustration for Van=-E.
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+E/2

Figure 4-5 Cell illustration for Van=-E.

The third level is the zero voltage level, it can be achieved by three different
combinations; zero voltage in each of the inverter legs or by having similar voltages on both
of the cell legs. Figure 4-6A shows the case of zero voltage obtained by turning of Q2 and
Qs in leg one and Qs and Q7 in leg 2 while all other IGCTs are off. In this case each of leg

produces zero voltages and thus the resultant is zero.
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Figure 4-6 Cell illustration for Van=0.

The other case of zero voltage output is shown in Figure 4-6B & Figure 4-6C. By turning
on Q1 and Q2 on leg one and Qs and Qe 0N leg 2 while the rest are off, both legs will have
+E/2 voltage and resultant will be zero. Similarly it can be achieved by having —E/2 output
in each leg by turning on Qz and Qa4 on leg one and Q7 and Qs on leg 2 whereas the rest are

off.
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The next level is +E/2. Similar to —E/2 level, it can be achieved by two different
switching combinations. Either by having the 0 on leg A1 and -E/2 on leg A2 or by having
E/2 of leg A1 and 0 on leg Az. Figure 4-7 illustrates the two combination for E/2 level; by
turning on Q1 and Q2 on leg Al and Qs and Q7 on leg A2 whereas other switches are off
(Figure 4-7A) or by turning on Q2 and Qz on leg A; and Qs and Qs on leg A2 while keeping

the other switches in off condition (Figure 4-7B).

Figure 4-7 Cell illustration for Van=+E/2.

The final level is the full voltage level +E. It is realized by having the —E/2 on leg A:
and E/2 on leg A. This is accomplished by turning on Qz and Q4 on leg Az and Qs and Qs

on leg A2 while the other IGCTs are off as illustrated in Figure 4-8.
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Nes2
Figure 4-8 Cell illustration for Van=+E.

Table 4-1 summarizes the different voltage levels and the possible combinations to

achieve the required voltage level. Figure 4-9 shows the output voltage levels of the

proposed 5-level NPC cell.

Table 4-1 Combination of voltage levels of star-connected circuit

Voltage Level# 1 2 3 4 5
V OtophaseA -E/2 -E/2 0 -E/2 0 +E/2 0 +E/2 +E/2
1
V OtoNeutral +E/2 0 +E/2 -E/2 0 +E/2 -E2 0 -EI2
2
Van=V2-Vi : -E -E/2 0 +E/2 +E

5 voltage levels
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Figure 4-9 Voltage levels of one cell five level NPC inverter

4.3 Five Phase Five Level NPC Operation

As the name implies, five inverters are required for a five level inverter. The
inverters are connected in start formation by linking the neutral connection of each inverter
together as shown in Figure 4-10. Modular design with isolated DC source is selected to
ensure continuity of operation even if one leg is lost in addition to avoiding voltage
unbalance issues.

Similar to single cell operation, the other four phases’ inverters operate in the same
manner but with a phase shift of 2a/5 of each other. This will result in two different values

for line-to-line voltage; one for the consecutive phases and one for nonconsecutive phases.
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Figure 4-10 Five level five phases NPC inverter schematic

Figure 4-11 shows the phase’s voltage waveform of phase A, phase B and the line
voltage Vae (Van-Ven). The produced consecutive line to line voltages has 7 levels; +3E/2,

+E, +E/2, zero, -E/2, —E and -3E/2.
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Figure 4-11 Line voltage levels of five level five phase NPC inverter

Compared to the 3-level NPC inverters, the expected number of levels is nine. The
8" and 9" voltage levels do not appear in the consecutive phases as the peaks of Van and
Ven do not overlap because of the smaller phase shift. Table 4-2 shows the voltage levels of

two consecutive phases and the resultant line voltage over one complete cycle.

Table 4-2 Phase and line voltage of consecutive phases in five phase inverter topology

-EI2 -E -E -E -E -E/2 0 E/2 E E E E E/2 0
Van
VBN E E/2 0 -Ef2 -E -E -E -E -E/2 0 E/2 E E E
_ -3E/2 -3E/2 -E -E/2 0 E/2 E 3E/2 3E/2 E E/2 0 -E/2 -E
Vag =Van-
Ven
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The performance of the 5-level 5-phase inverter is investigated in the next chapter.
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Chapter 5. Modeling and Simulation of 5-Phase-
5-Level Inverter fed Motor

5.1 Introduction

To study the performance of the proposed system, the model of the drive system has
been built in MATLAB/SIMULINK software platform. The simulated model comprises
three main parts: 5-level inverter, 5-phase indication motor and controller. This chapter

describes the details of the modeling of these 3 parts of the drive system.

5.2 Parts’ Modeling

5.2.1 Controller Block

The open-loop volt-per-hertz (V/f) control is used for the simulation of the 5-level 5-
phase inverter. The control is defined by voltage and frequency base point for the motor. As
the motor speed rises, the stator voltage rises proportionally to maintain the voltage to
frequency ratio constant, which leads to approximately constant flux operation. The motor
operates at optimum point below the base point because of the constant ratio and hence the
maximum torque is constant (Figure 5-1).

MATLAB/SIMULINK functions are used to generate five voltage reference signals
with V/f concept. The reference signals are input to the PWM generator. The five level
PWM generator is realized by four high frequency triangular carrier waves generator and

comparators (Figure 5-2). This will generates the pulses for each of the inverters’ IGBTs.
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Figure 5-1 V/F controller curve.

( Reference Signal )—

= = =5 =

Figure 5-2 PWM firing signals.

Different types of PWM are possible

base
point
base frequency [Hz]
frequency
>
P NOT
» NOT
Firing Pulses )
¢ >
P NOT
4 >
» NOT

. Level shifted phase disposition PWM (PDPWM)

is first used. In this scheme four carriers in phase are used. The selected carrier frequency

50



is 750Hz, which is common for large power inverters. The carriers are compared with five

refernce signals; one for each phase to generate the firing pulses (Figure 5-3).

0.5

N\ N \ N N

0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02
Offset=9.98

Figure 5-3 Phase disposition PWM for five phases.

5.2.2 Inverter Model

MATLAB/SIMULINK uses ideal power electronic components. Thus, in terms of
operation the IGCT can be built using ideal IGBT model component (simplified mode of an
IGBT /Diode pair where the forward voltages of the forced-commutated device and diode
are ignored with default values for internal resistance and snubber resistance & capacitance).

Figure 5-4 shows the equivalent IGBT schematic of one cell of the 5-level inverter.
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Figure 5-4 IGBT based 5-level inverter used in MATLAB/SIMULINK.

5.2.3 Induction Motor Model

The mathematical model equations for the multi-phase induction motor presented in
chapter 3 are used to build the SIMULINK model. The motor model blocks are shown in

Figure 5-5 and the selected motor parameters are listed in Table 5-1.

ved Ld
vds
vds Lq
b x is
w We.PhiQr 1_d2
Productd |d3
D_Block
Vags 2-5 Phase Conv.
- ohi s Las
vQgs
vgs
P phi_gr I_ar 4’“
'e.phiDr N
Productq Phi Q Block
Q_Block
phi_ds I_ds
qr
; phi_dr I_dr I_dr
.2 omegar
omegar =9 ‘ Curr D Block
o L]
> _d 23
isd _ds
G e— 1% CO——rw
vys
b e
taul
v0s
Torque_speed_Block Vxy0 Block

Figure 5-5 SIMULINK model of 5-phase induction motor
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Table 5-1 Motor Parameters

5.2.4 Five Level Five Phase Inverter Fed Motor Model

Parameter Value
Rated Power 33 MW
Rated Voltage 6.3kV
Rated Speed 3000

Stator Resistance 9.9m Q
Rotor Resistance 6.9m Q

Stator Self-Inductance 0.632m Q
Rotor Self-Inductance 0.442m Q
Mutual inductance 47.4m Q
Number of Poles 2

By integrating the controller, the five-level inverters and the motor, the system is

complete and ready for simulation. A schematic diagram of the integrated system is shown

in Figure 5-6.

Wy f

Figure 5-6 Schematic of 5-level 5-phase inverter fed induction motor

Open Loop
V/F Controller

Vs
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5.3 Performance Measure

At each simulation case, the system performance has been measured against the below

defined key indicators.
5.3.1 Voltage Total Harmonic Distortion (THD)

The inverter output voltage is non-sinusoidal thus the sum of all phases’ voltages is not
zero at any instant. The nonlinearity is caused by the PWM process. The modulation
technique has influence on the over the voltage. VVoltage harmonics have negative effect on

the motor as they cause further core losses in motor.
5.3.2 Current THD

The non-sinusoidal current waveform results in increased current harmonics that adds
to the heating losses in motor windings. Similar to the voltage harmonics, the current
harmonics are greatly related to the modulation technique.

5.3.3 Torque Ripples

Because of the switching nature of the inverter, torque ripples always exist. It is as a
result of the non-sinusoidal voltage and current waveform. Larger torque ripples magnitude
raise the concern for torsional excitation of train string.

5.3.4 Pulsating Torque Frequency

Pulsating torques refers to the set of torque harmonics of the motor. By neglecting the
torque pulsation associated to the machine construction, the frequencies of pulsating torques
are entirely dependent on the inverter topology and control, but the machine parameters

contribute to their magnitudes. The shaft Eigen mode excitation is impacted to great extent
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by the pulsating torque frequencies rather than their magnitudes. Knowing the pulsating

torque is convenient for torsional analysis.

5.4 Simulation Results of 5-Level 5-Phase Inverter Fed Motor

The developed SIMULINK model has been simulated with parameters in Table 5-1.

Different operating conditions and controller parameters have been considered to study the

dynamic performance of the 5-level 5-phase inverter fed induction motor.

5.4.1 Inverter Performance

Figure 5-7 shows the phase voltages and Figure 5-8 shows phase voltages Va and

Vg and their resultant line voltage Vag. It is observed that each phase voltage exhibits 5

levels as expected while the line voltage has 7 levels only. The line voltage total harmonic

distortion at full speed is measured to be 25.88%.
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Figure 5-7 5-level 5-phases’ inverter phase voltage
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Figure 5-8 5-level 5-phases’ inverter line voltage

5.4.2 Motor Starting Characteristics

Direct motor start up by applying rated voltage and frequency without loading the motor
was simulated first. As can be seen in Figure 5-9, the motor exhibits very high transients
during starting because of the uncontrolled start. The motor starting took more than 6 sec
due to the huge inertia of the motor. At steady state, the average torque went down to zero

when the speed reached 3000 rpm (synchronous speed).
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Figure 5-9 Dynamic of direct motor start

Figure 5-10 shows the speed and voltage responses of the system. The speed reference
was increased in steps and the motor speed followed the speed reference very closely. The
voltage level and switching increase as per the reference speed. At very load speed, using

this control scheme, the inverter behaves like 3-level inverter.
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Figure 5-10 Speed and phase voltage plots

5.4.3 Motor Loading Characteristics

The model was simulated at full speed at no load then the load was gradually increased
at constant rate up to rated value over three seconds. The dynamic response of the motor is

shown in Figure 5-11.
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Flgure 5-11 Dynamlc response of motor loading

The no load current is 700 A, which accounts for 40% of the rated current. At full load,
the speed drops to 2947 rpm (98.2% speed) and the current increases to 1750 A. The five
phases’ output currents are shown in Figure 5-12. The THD percentage at full load steady

state operation is 1.09% (Figure 5-13).
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5.4.4 Torque Characteristics

The steady-state motor torque characteristic at full load operation is shown in Figure 5-

L 108 Torque (N.m)
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Figure 5-14 Motor torque waveform at full load

It is observed that the torque has a torque ripple components of 0.95%. The torque
pulsations are mainly due to the non-sinusoidal voltage waveform resulting from the 5-level
NPC inverter’s switching. The effect of the inverter’s switching over one eighth of a cycle
is illustrated in Figure 5-15.

Then, a Fast Fourier Transform (FFT) of the resultant torque has been analyzed and
plotted in Figure 5-16. The torque harmonic frequencies depend on the switching frequency

and the frequency of the fundamental component of the stator current.
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5.5 Effect of PWM Technique

The controller used in the previous simulation applied phase disposition PWM to
generate the pulses signals. The torque pulsation is heavily affected by the modulation
method. Other common modulation techniques have been investigated for their effect on

the drive system performance.
5.5.1 Phase Opposition Modulation Technique

In this modulation technique, the carriers on the upper half and on the lower half are

phase disposed from each other by 180° as shown in Figure 5-17.

LN

N

The dynamic response of the motor voltage, current and torque at full load and in steady

state condition are illustrated in Figure 5-18. The current %THD is 2.79% and voltage
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%THD is 26.16%. The torque waveform has peak-to-peak ripples of 9%. Figure 5-19

presents the harmonics contents of the torque.

%10° Torgue (N.m)
11 ! Il\l III.II Ill'\l i JN‘IL/J' I|I fﬂl |h= ﬁ | b I'P]Ilja'l IIlI (fl .II\lt /ﬂ III
. il 1 1 v il | |
il Il\l A III '/ I'I I| i l—/' | J‘. | f LA |If I'ul II/ LA ﬁ i Il | } I', /'I: | \ II/ \
105 .lull U I'\ I.'I .IUJ. " I'Jf I'. A III |l A (1 B |Ur ! J.l Ty 1 il I '“'| Ilr\llf/nII (1 /. 7 UJ ,vlr a1 5
9 II ’ II"'III \H II. II'\" ||”’ I/ Ill ||/1|| .'II I III | I'JI
J V N AN
9.95 9.955 9.96 9.965 9.97 9.975 9.98 9.985 9.99 9.995 10
Phase Current (A)
2000
T T T
0
'200_395 9.955 9.96 9.965 9.97 9.975 9.98 9.985 9.99 9.995 10
Phase Voltage (V)
5000 I AT I 1N
’_”JI_IIIIU\_‘ [_”JLIIIILI\_l ]_“JI_IIJILI\T
D \_\ oo I—‘IfJ U I‘\ 1| I—HJU
-5000 | I

9.95 9.955 9.96 9.965 9.97 9.975 9.98 9.985 9.99 9.995 10

Figure 5-18 Motor dynamics with phase opposition PWM
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Figure 5-19 Torque waveform harmonic content with phase opposition PWM
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5.5.2 Alternative Phase Opposition Modulation Technique
This modulation technique generates the firing pulses by comparing the reference

voltage to carrier signals that are out of phase by 180° of the adjacent ones as depicted in

Figure 5-20.

| 1

Flgure 5-20 Alternative Phase opposition PWM for five phase system

The steady state voltage, current and torque response of motor at full load operation are

shown in Figure 5-21.
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Figure 5-21 Motor dynamics with alternative phase opposition PWM

The current total harmonic distortion is 1.28% and voltage total harmonic distortion is

25.9%. The torque waveform has ripples of 9%. Figure 5-22 shows the harmonics contents

of the torque waveform.
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Figure 5-22 Torque waveform content with alternative phase opposition PWM
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5.5.3 Phase Shift PWM

The phase shift PWM technique is another type of multicarrier PWM where the carrier

signals are of the same amplitude and frequency but shifted by 90 degrees of each other as

shown in Figure. 5.23.

Figure 5-23 Phase shift PWM for five phase system

The plots of full load steady state voltage, current and torque waveforms are shown in Figure
5-24. The current total harmonic distortion with this technique is 0.84% and voltage total
harmonic distortion is 25.98%. The torque waveform has ripples are reduced to 1.9%.

Figure 5-25 shows the harmonics contents of the torque waveform.
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Figure 5-24 Motor dynamics with phase shift PWM

30 -

N
(3]
[

1

N
o
T

1

Mag (% of Fundamental)
) o
T i
| |

ONMMHI....|..I.. ‘H‘.‘\.\‘u‘ L S O N T Y M

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Frequency (Hz)

Figure 5-25 Torque waveform harmonic content with phase shift PWM

5.5.4 Phase Disposition PWM with Phase Shifted Carriers

This method is similar to the phase disposition one except that other phase’s carrier

signals are evenly shifted by 72° as shown in demonstrated in Figure 5-26.
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Figure 5-26 Phase disposition shifted carriers PWM for five phase system

The motor dynamic response of the motor is shown Figure 5-27. It can be observed that
the overall performance is worsen because of concurrent switching among three adjacent
levels at certain intervals. The current total harmonic distortion is 3.60% and voltage total
harmonic distortion is 25.49%. The torque waveform has ripples are reduced to 9.5% and

torque harmonic contents are very high as presented in Figure 5-28.

69



10 Torgue (N.m)

i fy A i} A
1A AW | N \ Wl \ 5 A
N YA /\ YA ,/\ YA / MV K/\ [\
'/".r.ﬂ\ \/H i ji/\ Ayt ‘/\/'.f L fw".f LA J‘.ﬂf
1.08 w7V TRy Lr.[ ¥ 7 Illl[ v '.{ i T I'f 1] v 7 II}[
"./ "y | U Y \/ Y \ 'y
1 ! | | \ |
9.95 9.955 9.96 9.985 9.97 9.975 9.98 9.985 9.99 9.985 10
Phase Current (A)
2000
0
o S N
2009es 9.955 9.96 9.965 9.97 9.975 9.98 9.985 9.99 9.995 10
Phase Voltage (V)
5000 i e o An arran
‘_/U | "uLlﬂ /_ILI | Hl_ILH_1 ’_H_I I IUL\H
D \_\ [ I—HJU l_\ ] I_lljl_r
-5000 o -

9.95 9.955 9.96 9.965 9.97 9.975 9.98 9.985 9.99 9.995 10

Figure 5-27 Motor dynamics with phase disposition shifted carriers PWM
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Figure 5-28 Torque harmonic content with phase disposition shifted carriers PWM

5.5.5 Phase Disposition with 5" Harmonic Injection

In this modulation technique, a certain portion of the fifth harmonic is injection into the

reference signals sine waveforms to produce saddle like shape waveforms. Then, the new
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signal is compared with phase disposition PWM to create the firing pulse as illustrated in

Figure 5-29.
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Figure 5-29 Phase disposition with 5th harmonic injection PWM for five phase system

Simulation results of current, voltage and torque show clear improvement (Figure 5-30).
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Figure 5-30 Motor dynamics with disposition with 5th harmonic injection PWM

The current total harmonic distortion reduced to 0.95% while voltage total harmonic

distortion reduced to 22.7%. The torque ripples go to as low as 0.94%. The torque harmonic

contents are presented in Figure 5-31. The 6™ harmonic of the carrier has more significant

value where the 1%t and 2" harmonics reduced.
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The current, voltage and torque are plotted in Figure 5-33. The current total harmonic
distortion went down to 0.83% while voltage total harmonic distortion to 23.15%. The
torque ripple went as high as 10%. The torque harmonic contents are presented in Figure

5-34. The fifth harmonic injection increased the torque pulsation by exciting the 3" carrier

harmonics.
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5.5.7 Comparison of PWM modulation Techniques

Table 5-2 summarizes the observation of the effects of different modulation techniques
on the voltage and current harmonics in addition to their effect on the torque ripples. Notice

that phase disposition with 5™ harmonic injection has the best performance.

Table 5-2 PWM Techniques Comparison

PWM Technique V%THD 1%THD Tripple
Phase Disposition Technique 25.88 1.09 0.95
Phase Opposition Technique 26.16 2.79 9.00
Alternative Phase Opposition Technique 25.90 1.28 9.00
Phase Shift PWM 25.98 0.84 1.90
Phase Disposition PWM with Phase Shifted Carriers 25.49 3.60 9.50
Phase Disposition with 5" Harmonic Injection 22.70 0.95 0.94
Phase Shift with 51" Harmonic Injection 23.15 0.83 10.0

5.6 Modulation Frequency Effect

The high-power and medium-voltage IGCTs can operate safely at switching frequency
up to 1000 Hz (depending on the load). The effect of lowering or increasing the IGCTs
switching frequency on the motor performance is investigated in this section.

5.6.1 Reduced Switching Frequency

The carriers frequency used in the PWM is reduced to 550 Hz. Simulation of the system
at full load (Figure 5-35) shows that the current and voltage %THDs increased to 2.16%

and 24.35%, respectively. The torque harmonic content is shown in Figure 5-36.
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Figure 5-36 Torque harmonics with 550Hz switching frequency
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5.6.2 Increased Switching Frequency

The PWM carriers’ frequency is increased to 1000 Hz and the system was simulated at

full load. The steady state results are shown in Figure 5-37. The current and voltage %THDs

improved slightly to 1.07% and 25.93%, respectively. The impact on torque ripples is not

very noticeable.
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5.7 Comparison with 2-Level & 3-Level NPC Inverters

To compare the performance of the 5-, 3- and 2-level 5-phase inverter fed motor drive
systems have been modeled and simulated. Single-open-loop V/f controller was used to
generate the reference signals for the three systems. Phase disposition PWM with carrier
frequency of 750Hz is used for all systems. Figure 5-39 shows schematic of simulated drive

systems.

Open Loop
V/F Controller

Figure 5-39 Schematic of 2-level, 3-level and 5-level inverter fed motor
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The same motor parameters in Table 5-1 have been used in the comparison simulations.
The motor performances were observed over a wide range of different speeds and loading
conditions to test the functionality of the modeled systems. The speed, torque, current, phase
voltage and line voltage responses are plotted in Figures 5.40, 5.41 and 5.42 for the 2-level,

3-level and 5-level systems respectively.

Speed (RPM)
2000 b’
o L/ E\w—-— A
m%»-r\
-2000
0 2 4 6 8 10 12 14 18 18 20
%105 Torgue (N.m)
2 | | I L.
-2 1 1 1
4
0 2 4 6 8 10 12 14 16 18 20
104 Phase Current (A)
b
0 i
-1 |F
0 4 6 8 10 12 14 16 18 20

Phase Voltage (V)

0 2 4 6 8 10 12 14 16 18 20
w104 Line Voltage

Time

79



Figure 5-40 Two level inverter fed motor dynamic response
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Figure 5-41 Three-level inverter fed motor dynamic response
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Figure 5-42 Five-level inverter fed motor dynamic response

The comparison between the three different systems are done at steady-state, full-speed
and full-load conditions. The voltage waveforms of the phase voltage and line voltages are
presented in Figure 5-43 and Figure 5-44. Notice that the inverters output voltage levels
appear correctly. The line voltage of the 2-level inverter has three levels and the 3-level

inverter shows 5 voltage levels while the 5-level inverter outputs seven levels.

81



2L - Phase Voltage

T

AT

7.99

7.99

LIIHIHVJU

I[ERE]]

798

7.97

7.98

7.97

il
VT

L!H\IH(M

UEET

7.96

7.95

3L - Phase Voltage

7.96

inmall
UTT

7.95

5L - Phase Voltage

L\ﬂIIﬂJU

I[EE ]

7.94

7.94

mmal]
VT

7.93

P

7.93

LVHIIHAU

NN ]

7.92

7.92

I

AT

791

79

]THIIHAU

UELI

-6000

79

79

5000

]

-5000

7.96 7.97 7.98 7.99

7.95

.92 7.93 7.94 T
Figure 5-43 Phase voltage of different level inverters.

791

7.9

2L - Line Voltage

0.1

0.1

——
[=—= |WU
= =

= N
M
2 |LW g L
=] ==} =] —
— | =
_— ”,l
—_— -
= g = 2
=] =] = m.mu
== 11|
= L_”" 5 L
e = e ==
_ =
— =1
mm WM
© = @
o =]
= =1 =
f—
) S )
=—=| 3 = | 3=
— o — =]
g 3 — e 3
s 2 —= s 2 =
] o 4 IM
) _— )
- — — ”—“
52} = _ wn
2 —— g L
° == S | ==
— =
|SE— |1
L) m )
=l =l —
(=] == =1 -
[ =
— = |
= MM
8 - 8
= = = ==
—
—
b qu s
s = = =
—
_— = |

I — « | = - N

3 HMH 3 Jm
o " o 7
>

0.5

0

0.5

-1.5

1

0.5

0

0.5

El

-1.5

0.5

0.5

0.06 0.07 0.08 0.09 0.1

0.05

.03 0.04 T
Figure 5-44 Line voltage of different level inverters.

0.02

0.01

82



Comparison of the phase current and torque waveforms are shown in Figure 5-45. The

current %THD for the 2-level inverter fed motor is 2.46% and torque ripple is %3.33, on

full-load steady-state condition. While the 3-level inverter fed motor shows a better

performance with 25% less current % THD and 75% less torque ripples. On the other hand,

the proposed 5-level double leg NPC inverter demonstrated superior performance with a

reduction of 60% of current %THD and more than 70% less torque ripples. Comparison

of torque waveform harmonic contents is shown in Figure 5-45. The 5-level inverter has by

far less harmonic contents. Table 5-3 summarizes and compares the performance of each of

the inverters.
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Figure 5-45 Torque and current waveform comparison
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Table 5-3 Inverters performance comparison

Inverter Levels V%THD V %THD |1%THD Tripple

Two-Level 99.53 105.81 2.46 3.33
Three-Level 50.42 43.25 1.84 2.38
Five-Level 25.88 23.06 0.98 0.95

4500
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Chapter 6: Conclusion and Future Work

6.1 Conclusion

Up scaled LNG trains with large compressors require larger inverter fed motors.
Oversizing typical inverters leads to several problems such as the high harmonics and torque
pulsation and has several limitation such as cooling requirement and increased components
ratings and size. This thesis explored the pros and cons of the common types of VFDs
available in the oil and gas industry and presents a solution for large LNG compressors
drives, which is a 5-level 5-phase inverter fed motor drive system. The 5-level inverter
design is based on NPC type of inverter, which reached a mature state of development and
has reliable operating conditions at the required power rating. It utilizes the 3-level NPC in
double leg arrangement to have a one-cell 5-level inverter.

MATLAB/SIMULINK was used to develop a model for the proposed 5-level 5-
phase inverter fed motor drive system to test and demonstrated its dynamic performance. A
6.3kV 33 MW induction motor parameters were considered in the simulation. The
performance was evaluated over a wide range of operating conditions. The results were
compared to the common 2- and 3-level NPC inverter driving the same motor. The dynamics
response of the proposed system showed much superior performance. Indeed, the current
total harmonic distortion of the 5-level inverter was reduced to 0.98% compared to 1.84%
when it was driven by 3-level NPC inverter. The produced electromagnetic torque has

torque ripples 50% lower of what is produced by the 3-level inverter.
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6.2 Future Work

There is plenty of scope for future work. Investigating long cable effects on inverter
fed large motors is a field worth exploring as the distance from the VFDs to the motors can
be as far as 100 meters. Another area is VSI inverters effect on the torsional vibration
excitation and ways to supress it. That is in addition to common mode voltage elimination.
The common mode voltage is not new problem but it could intensify in the future with new

faster switching devices.
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