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Abstract

An open-winding machine drive with two voltage source inverters was originally
conceived for high power applications in order to equally split the power into two
single inverters to reduce the voltage rating of each converter. Some FACTS devices
utilize voltage source inverter to generate reactive power for shunt or series
compensation. In this work, the possibility of applying FACTS concepts to smaller
single machine systems instead of utility sized power systems is investigated.
Specifically, a three-phase voltage source inverter with a DC link capacitor is used to
provide controllable reactive power compensation for open-winding PM machines. The
concepts of impedance control, power flow control and voltage control by the means of
series compensation are considered in different scenarios including both motoring and
generating operations.

For motoring operation, it will be demonstrated by simulation and experiment
results that the power supply DC voltage of a PM motor drive can be better utilized in
both low and high speed regions. By supplying reactive power from the auxiliary
inverter, the corner speed of the drive can be postponed to a higher speed. In addition,
the CPSR (constant power speed ratio) of the PM motor drive can be improved. A
control method for the open-winding PM motor drive is herein proposed and verified.
The sizing of the auxiliary inverter based on machine parameters and required CPSR is
studied.

For generating operation, a new diode rectifier based wind power topology
employing an open-winding PMSG is proposed. Compared to conventional diode
rectifier based wind power systems, the cost of the proposed system can be reduced by

avoiding a full scale DC/DC converter without sacrificing the capability of controlling



the generated power. The proposed open-winding PMSG wind power system is
applicable to both fixed and variable speed wind turbines. In addition, distribution side
voltage regulation of an open-winding PM generator in a small CVVF (constant voltage
variable frequency) power grid is also considered for generating operation.

The effectiveness of the proposed series compensation scheme has been verified by
simulation and experimental studies. It has also been demonstrated that the proposed
series compensation by open-winding configuration is a cost effective method

compared to the existing compensation methods.
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Introduction

I.1 Project Overview

This research is to investigate the applications of reactive power compensation of
open-winding permanent magnet synchronous machines (PMSM) by using a series
connected voltage source inverter (VSI).

PMSM are seeing increasing use in various applications including electrical hybrid
vehicles, renewable energy, more electric aircraft because of their high efficiency and
power density. Due to their intrinsic properties, PM machines, either as motors or
generators, are often equipped with a fully rated power electronics converters to supply
or extract real and reactive power.

Today most AC machines are three-phase Y-connected. The neutral point is left
floating to eliminate the path for zero sequence current. In contrast, the three-phase
windings of an open-winding machine do not have a connected neutral point inside the
machine. Instead, all six leads are brought out to the machine terminal. Traditionally,
open-winding machines are used with dual voltage source inverters as an alternative to
conventional three-level inverter in very high power AC drives. The power of the motor
is divided equally for the two inverters to reduce the size of each single inverter. In this
work, a VSI with a floating capacitor connected to one set of the three-phase terminals
is used as a reactive power source to compensate for open-winding permanent magnet
machines.

The function and control method of the proposed compensation inverter is similar
to the existing series compensation devices in the flexible alternating current

transmission system (FACTS). In power systems, reactive power can be injected to the



grid to change the voltage and/or power flow in the fashion of shunt or series
compensation. The FACTS devices utilize power electronics technologies to realize
such functionalities. The FACTS concept of controlling the system by reactive power
injection is adapted in smaller single electric machine systems in this research.

As a series compensation method, its capabilities to control impedance, power flow
and voltage will be studied and demonstrated for three distinct applications.

A series compensated open-winding PM motor drive is proposed. The motor and
compensation inverter together can be considered as a variable impedance machine.
The operating space of the motor can be extended when the inverter is powered from a
fixed voltage supply. For power flow control, a wind power generation system is
proposed. The compensation inverter is used to improve the generator utilization and
reduce the cost of the overall system. For voltage control, a small constant voltage
variable frequency (CVVF) AC distribution system is proposed. The load voltage can
be controlled using the series connected compensation inverter.

Although an interior permanent magnet machine (IPM) is used for investigation in
this work, the proposed compensation method and topology is applicable to non-salient
surface permanent magnet (SPM) machines or synchronous reluctance machines as

well.

1.2 Organization of Report

This document has six chapters. Chapter 1 reviews the state of the art that is related
to this research. The history of AC machine drives and power electronics is briefly
reviewed. As the origin of open-winding machine drives, high power AC drives are
studied. Previous literature on the open-winding machine drives is studied extensively.

The other major related area, flexible alternating current transmission systems (FACTS)



and the application of FACTS type of devices in smaller systems are reviewed as well.

Chapter 2 presents the concept of series compensation of open-winding PM
machine drives and the mathematical of the open-winding drive system. This chapter
develops the foundation for the latter chapters. Series compensation of open-winding
machines by PWM voltage source inverter with either DC voltage source or capacitor is
discussed in detail. The dynamic model of open-winding machine in rotor reference
frame with zero sequence circuit is given. The overall model including the machine and
inverters is presented.

Chapter 3 presents a new open-winding PM motor drive. A voltage source inverter
with a floating capacitor is used to provide the reactive power required by the motor. At
low speed, the compensation inverter can be controlled as a capacitor so that the main
inverter operates under unity power factor. The onset of flux weakening can be
postponed to a higher speed. At high speed, the compensation inverter is controlled as
an inductor to extend the constant power region of a PM machine. In both cases, the
utilization of limited DC bus voltage can be improved. The operating space of the drive
can be extended considerably. The sizing of the auxiliary inverter and applicability of
the proposed topology to other motors is discussed. Simulation and experiment results
are given to show the validity of the topology and control method.

Chapter 4 proposed a wind power generation system utilizing an open-winding PM
generator. A diode bridge rectifier and a series connected VSI are used to extract power
from the generator. System overall cost can be reduced comparing to a conventional
fully sized active rectifier because a fractional sized active converter is employed. The
generator underutilization issue in diode rectifier based system can also be solved by
the proposed topology. The sizing of the compensation inverter is studied. The
capabilities of the proposed topology to operate with both fixed and variable speed
turbines are verified by computer simulation and experiment.

Chapter 5 demonstrates the voltage control capability of the proposed



open-winding compensation scheme. A PM generator based small CVVF AC
distribution system for vehicular application is proposed. The voltage amplitude at the
distribution side can be controlled to be constant while the generator speed and load
condition varies. The proposed topology is compared with its shunt compensation dual
in detail. The impact of generator selection on dimensioning of the compensation
inverter is discussed. Simulation and experiment results are given at the end.

Chapter 6 summarizes the key conclusions and contributions. Suggested future

works are listed as well.



Chapter 1

State of the Art Review

This chapter presents a state of the art review of the areas that are related to this
work. Section 1.1 is a brief broad introduction of adjustable speed AC drives including
some historical perspectives. Section 1.2 reviews the area that the open-winding
machine drives are originated from, namely high power machine drives. Section 1.3
presents a detailed review on open-winding machine drives research in the existing
literature. Section 1.4 and 1.5 introduce the FACTS and some previous applications of

FACTS concepts in smaller systems.

1.1. Adjustable Speed AC Drives

For more than a century, electric machine drives have served us to enhance the
productivity of the industry and improve the quality of our lives [1-8]. It has been
estimated that 65% of the generated electric power is consumed by electric drives [1].
AC machines, particularly, are now used everywhere. To give a few examples, large
induction and synchronous machine drives are used in industry facility to power fans,
pumps and all kinds of different machinery. Smaller AC drives can be found at our

homes in air conditioners, washing machines, computer hard disk drives, etc.

1.1.1. AC Machines in Adjustable Speed Drives [1-8]

There are three major types of machines that are commonly used with adjustable



AC drives: induction machines (IM or asynchronous machines), synchronous machines
and switched reluctance machine (SRM).

Squirrel cage type induction machines have been around for more than 150 years.
The rotor of a squirrel cage induction machine is constructed with conductive bars
(copper or aluminum). The rotor bars are shorted together at the end of the bars.
Therefore, induction machines are very rugged and robust.

Synchronous machines are another major type of AC machines. Synchronous
machines include wound field synchronous machines, permanent magnet machines and
synchronous reluctance machines. Would field synchronous machines can be further
categorized as salient pole and round rotor according to the shape of rotor. Permanent
magnet (PM) synchronous machines are becoming more and more popular in low to
medium power level due to their higher efficiency and power density. Like induction
machines, synchronous reluctance machines do not have excitation on the rotor. But
synchronous reluctance machines do not “slip” like induction machines. The torque is
created due to the saliency on the rotor.

Switched reluctance machines are not traditional multiphase AC machines. The
SRM is not excited from balanced multiphase sinusoidal voltage. A power electronics
converter and absolute position sensor are usually required in SRM drive. SRM drives
can be found in high speed applications because it is robust and it usually has low
losses in the rotor. In addition, there is no high back-emf like for PM machines in SRM.
SRM is also a good candidate for applications like mining equipment which often work

under environment of high temperature and conductive dust.

1.1.2. Early Drives

Prior to the 1950’s, applications that required accurate speed or position control

were domain of DC motor drives because of the ease of control due to their roughly



linear relationship between armature current and produced torque. However, continual
efforts were constantly spent on the development of adjustable AC drives because of
the disadvantages of DC machine such as more frequent maintenance, larger size and
lower reliability [3].

The evolution of adjustable speed AC drives can be dated back to the beginning of
the 20™ century. Before the introduction of thyristor, electromechanical AC drives
dominated the industry AC drives in the first half of the century. Electromechanical AC
drives such as Kramer systems and Scherbius systems for wound rotor induction
machines were used for decades [2]. However, many fundamentals of electronic AC
adjustable speed drive were developed in early 1900°s after the invention of various
triggered-arc switches like thyratrons and ignitrons. These concepts include phase
control, natural commutation, forced commutation, dc-to-ac inversion, cycloconversion
and many others that are still with us today [2]. But due to their high cost and
vulnerability, those ancestors of modern AC drives were never widely used in the

industry.
1.1.3. Current Source Inverter

In 1957, thyristor, also known as silicon controlled rectifier, was commercialized
by General Electric, marking the beginning of modern solid state power electronics era
[2]. Simple thyristor based phase control and line commutated rectifier were well
accepted as AC-DC front end of AC drive. Thyristor bridges are the most popular type
of current source inverters (CSI) [3]. An inductor is placed between the rectifier and the
inverter to smooth the DC current. CSI is usually used to drive large AC machines.
When driving synchronous machines using thyristor based CSI, load commutation is
possible by proper advance triggering. Extra forced commutation circuits are required

to drive induction machines. The CSI is naturally good for power conversion that



requires regeneration. Electric power can be fed back to the grid simply by varying the
firing angle of the switches. The disadvantages of a CSI are apparent. To name a few:
lower order harmonics are generated on both machine side and grid side; it has a bulky
DC link inductor, and produces large voltage spikes. Nowadays, PWM type of CSI is
commercially available. Self turn-off devices are usually used in this type of CSI. For

this type of CSI, AC filter capacitors are often required at the output of the inverter.

1.1.4. Voltage Source Inverter

Self turn-off devices became available in late 1970’s and early 1980’s. Major
devices like gate turn-off thyristor (GTO), power metal-oxide—semiconductor
field-effect transistor (MOSFET) and insulated-gate bipolar transistor (IGBT) were
introduced during that time period. Voltage source inverters (VSI) became possible
which brought a major change in power electronics and electric drives. The VSI is the
dual of the CSI. A DC capacitor is used in the DC link as the energy storage element to
“stiffer” the DC voltage seen by the inverter and to handle the transient current due to
switching events [4]. Power MOSFET is the dominant device in low voltage adjustable
AC drives nowadays. It usually can switch at higher frequency than IGBT and GTO.
The IGBT is probably the most popular power electronics device in industrial AC
drives. It can be found in most industrial AC drives of voltage levels ranging from 120
V to several kV. It has higher voltage blocking capability than MOSFET. Switching
frequency is between MOSFET and GTO. A GTO is mostly used in very high voltage
and high power level drives. The switching frequency of GTO based drive is often
below 1 kHz. There are new types of devices being developed and some of them are
becoming commercially available in small amount. Gallium arsenide (GaA) and silicon
carbide (SiC) devices can operate at higher temperature. As a result, higher switching

frequency is possible because the junction is able to handle the extra heat generated by



increased switching events in the same time period. SiC devices are also able to block
higher voltage in their off state. Diamond also has great potential as good material for
power electronics device [4]. It can be predicted that electric drives performance will be

improved once those new devices become widely available.

1.1.5. Matrix Converter

Matrix converters use an array of bidirectional solid state devices and converter
directly between arbitrary voltage sources. With proper control, matrix converters can
be DC/DC, DC/AC, AC/DC, AC/AC converters. The most popular application is the
matrix converter motor drives, driving three-phase AC motor from three-phase AC
source. Ideally, matrix converters have numerous benefits such as no energy storage
link (capacitor or inductor), controllable input power factor, and regenerating capability.
However, because matrix converters use more power electronics switches (often the
most expensive parts in a converter) than other drive topologies, there are few
commercialized AC drives based on a matrix converter. In addition, the complexity of
control and reliability issues also inhibits its adoption in industry. Complicated
commutation technology is usually required to make sure there is no short circuit at
input side or open circuit at output side [5]. The size of three filter capacitors required at
the input of the converter is often not much smaller than a DC bus capacitor in VSI.
There are several topologies proposed to reduce the number of active switches in matrix
converter [6]. But in those topologies, some of the features like regenerating capability
are no longer available. Although matrix converters have been under research
constantly, but matrix converters can not compete with VSI or CSI in industry up till

now.



1.2. High Power Drives

The size of electronic drives is usually limited by the rating of available switching
devices. Traditionally, CSI is popular in high power electric drives. Although the
capability of power electronics devices has been improved dramatically during the past
few decades, it is still difficult to directly extent normal six-switch two-level VSI
topology into high power application. There are two common trends in high power AC
drives: using multilevel voltage source converter on three phase machines and

employing higher phase order machines with multiple inverters.
1.2.1. Multilevel Drives

Multilevel converter is a more common way to handle high power [9,10]. Inverters
with rating in MW range are usually powered from medium voltage grid (several kV) to
reduce the current requirement and the losses. Up till now, it is still difficult to use
single device to block such high voltage. Although GTO has very high voltage blocking
capability, the limited switching frequency introduces high harmonics pollution to the
power grid. Multilevel converter includes an array of devices and capacitors at different
voltage levels. By proper switching, output voltage waveform is of more than two
levels [9]. Diode clamped multilevel converter, flying capacitor clamped multilevel
converter and cascaded H-bridge multilevel converter are the three most popular types
of multilevel converters.

The cascaded H-bridge topology utilizes single-phase H-bridge inverters with
1solated DC source connected in series [11]. Different number of cells can be used in
each phase. With a high number of cells, the output voltage will contain very low
harmonics. If the windings of the secondary of input transformers are properly phase
shifted, the input power factor can be very close to unity even with diode rectifier is

used for each cell. The cost and size are the major disadvantages of the cascaded
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H-bridge topology.

In [12], Peng discussed about a generalized multilevel converter with self
balancing capability. Wang and Li also pointed out that many multilevel converter
topologies with reduced number of switches or capacitors (including diode-clamped
and flying-capacitor topology) can be derived from the generalized topology [10].
Several active-neutral-point-clamped (ANPC) multilevel converter topologies have
been reported as well [13,14]. Commercial five-level ANPC based medium voltage
drives are already available on the market [15].

The advantages of multilevel converter include reduced voltage rating on each
device, better voltage waveforms, lower differential mode (dv/dt) and common mode
voltage and higher effective switching frequency. The disadvantages are apparent as
well. The control complexity and higher possibility of failure are the major ones. Many
modulation algorithms have been proposed for multilevel converters including carrier
based modulation, space vector modulation for different purposes [11,16,17]. Capacitor
voltage balancing, harmonics elimination and other purpose can be achieved using
redundant switching states of the converter. Reference [18] compares several of the
existing multilevel converter modulation techniques.

As mentioned above, the possibility of failure in multilevel converters are higher
than two-level converters due to the increased parts count. The failure mode analysis,
fault protection and post-fault operation of multilevel converters have been investigated
by various researchers [19, 20]. Extra switching devices and other parts are usually
required for protection and post-fault operation.

At the moment, the advantages of multilevel converters are still over its
disadvantages in very high power applications. Before more advanced devices become
widely available, multilevel converters will continue to serve the industry as a very

attractive option for high power AC drive.



1.2.2. Multiphase Drives

Multiphase is another trend in high power AC adjustable speed drives. Since
adjustable AC drives are mostly based on power electronics nowadays, the number of
phases of AC machines is no longer limited to the available number of phases of the
electrical grid. In high power applications, it is possible to reduce the per phase
converter rating by employing machines with higher phase order [21]. Five-phase,
six-phase (also known as split-phase or dual three-phase machines), seven-phase and
nine-phase are the most popular choices among multiphase machines. Khan and et al.
compare the different types of multiphase machines from the point of view of machines
themselves with an emphasis on three and six-phase machines [22]. It is suggested in
the paper that the benefits of multiphase machine are sensitive to the voltage supply
angle of the two set of stator windings and 30 degrees phase shift is optimal for six
phase machines.

There is a significant number of publications on modeling and control of
multiphase machines since 1980s. Lipo published a d-q model for a six phase induction
machine [23]. Later, Zhao and Lipo proposed a space vector PWM method based on
vector space decomposition method [24]. The original six-dimensional vector space
was mapped into three two-dimensional orthogonal subspaces. In the transformation,
there are a fundamental subspace (like the d-q plane in three-phase machines), a new
type of zero sequence subspace which rotates but does not create electromechanical
torque and finally the regular zero sequence harmonics. The authors later extended this
work to modeling and control of induction machine under structural unbalance [25].
Rockhill and Lipo applied the theory to nine-phase generalized n-phase synchronous
machines [26]. In three-phase machines, third harmonics do not create any average
torque. Lyra and Lipo investigated improvement of torque density by injecting third

harmonics into a six-phase induction machine [86]. Control methods like direct torque



control [27] and independent field-oriented control [28] of six-phase machines have
also been reported. Yazdani and et al. proposed a space vector classification algorithm
for six-phase machine drives to fully utilize the inverter [29]. There is also research on
driving more than one multiphase machines using single inverter supply [30].

In addition to lower per phase converter rating, multiphase AC drives usually have
better fault tolerance capability. As a result, multiphase drives are also popular in
applications like aerospace, automotive and electric ship propulsion, where both power
and fault tolerant capabilities are of concern. Jahns investigated the improvement of
reliability in solid-state AC drives by means of multiple independent phase-drive units
[31]. Ouyang investigated a modular five-phase PM machine with fault tolerant
capability [32].

In the near future, three-phase machine will continue to dominate industry in most
applications due to its historical popularity and wide availability. However, multiphase

AC drives will become more popular in more specialized areas.

1.3. Open-Winding Machine Drives

Y connection is the most common connection method in three-phase machines. The
advantages of Y-connection over delta-connection such as lower cost and absence of
circulating current path were discussed long time ago [33]. Therefore, most AC
machines presently on the market are Y connected although delta-connected
transformers are sometimes used in power systems. Before the invention of power
electronics drive, star-delta starters were used to limit the starting surge current in
induction machines and relief the stress on the grid [34]. As shown in Fig. 1.1, the
machine has three independent windings. By external switches, it can be configured as

either star (Y) or delta connected. Essentially, the machine is an open-winding machine



[35]. A three-phase open-winding machine has three independent windings and six

leads.
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Fig. 1.1 Star-delta starter for induction machine [34]

Stemmler and Guggenbach proposed several high-power open-winding drives
based on two or three-level VSI in 1993 [36]. It is the earliest publication that is found
on an actual open-winding drive. Two possible configurations were discussed: two
inverters with common DC bus or isolated DC bus (Fig. 1.2). For the common DC bus
topology, there is a zero sequence current path in the circuit. Therefore, zero sequence
choke was used when two inverters shared common DC bus. It was also pointed out
that the voltage of each inverter did not have to be the same. In addition, inverters of
more voltage levels could be used on either side of the motor to obtain better voltage

waveforms.
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(b) Open-winding drive with isolated DC bus
Fig. 1.2 Open-winding machine drive configuration for high power application [36]

Since then, there has been some constant research efforts spent on the modulation
technique of open-winding drives. Shivakumar and et al. proposed a space vector PWM
control method for open-winding induction machine with isolated DC bus. Two 2-level
inverters results in 64 switching states. As shown in Fig. 1.3, the hexagon voltage
vector space was divided into 24 triangular sectors and a look-up table was used to
generate the switching sequence [37]. Shiny and Baiju proposed a SVPWM algorithm

without sector identification to reduce the PWM computational time [38].
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Fig. 1.3 Space vector modulation of open-winding machine drive [37]

Somasekhar and et al. investigated the effect of zero-vector placement in an
open-winding induction motor drive. By proper placing the zero-vector in each
individual inverter, zero sequence voltage in machine windings could be enforced to
zero in a sampling period average sense. The disadvantage of this algorithm was that
there was a 15% percent DC bus voltage underutilization [39].

Instead of minimizing zero sequence voltage in machine windings, Sivakumar and
et al. proposed a method to eliminate the zero sequence current paths in the machine
itself. The machine windings were broken into two spatially apart Y-connected sets as
shown in Fig. 1.4. The modified induction machine was similar to a six-phase machine
[40]. But the two set of windings did not have a phase shift like regular split-phase
induction machine. In the results shown in [40], there was significant ripple in current
waveform, which may due to the low impedance of differential mode current path

between the two sets of windings similar to that in split-phase induction machines.
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Fig. 1.4 Modified open-winding machine [40]

Open-winding drive is essentially a multilevel converter. In [41], it was shown that
open-winding drive was similar to three single-phase H-bridge converters driving
independent windings. When common DC bus is used, the voltage waveform of an
open-winding motor drive is identical to that of a six-leg bridge converter. Compared to
regular diode clamped or flying capacitor 3-level inverters, the open-winding dual
inverter drive has lower parts count. Moreover, the control will be easier in the dual
inverter open-winding motor drive.

Grandi and et al. presented a PWM technique to regulate the load sharing between
the isolated DC buses in an open-winding induction machine drive. A power sharing
ratio k was defined and the amplitude of voltage command of each inverter was
assigned based on the ratio [42].

Open-winding drives are also receiving attention in hybrid vehicle applications
recently. Rossi and et al. proposed a series hybrid powertrain based open-winding
configuration. An open-winding PM generator was coupled with internal combustion
engine. The generated power was split into two isolated DC buses through individual
converters. Two regular three-phase PM machine drives were used to drive two
individual shafts [43].

Welchko proposed an open-winding inverter drive system with isolated DC bus for
combined propulsion and energy management functions for hybrid vehicles with an

energy storage element. One of the DC bus is connected to an energy storage element,



for instance a battery. Regenerative energy during braking could be stored in the battery
and be used later when needed. Three control methods were mentioned: unity power
factor control, voltage quadrature control and optimum inverter untilization control
[44].

Kwak and Sul proposed a flux weakening control method for open-winding SPM
machine. Current reference modification and over modulation in flux weakening region
were discussed. The power flow through each inverter could be controlled
independently. A separate set of diode rectifier and an isolation transformer are used for
the second inverter. It was claimed the torque capability can be extended by 15% at the
top speed under the same current limit [45].

Kwak and Sul also proposed a grid connected open-winding SPM based distributed
generation system. Unlike conventional open-winding drive, only one inverter is used
with an open-winding SPM machine. The other set of the three-phase terminals is
connected to the load (and/or grid). There are multiple renewable energy sources in the
system including wind, solar, fuel cell and etc. All energy sources in the distributed
generation system are connected to a shared DC bus. The open-winding SPM is not
only used as a generator, but also as an interface between the DC power from other
local energy sources and the grid. The power from the DC bus and engine generator set

can be controlled simultaneously by only one inverter [46].
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Fig. 1.5 Open-winding SPM machine based grid connected distributed generation
system [46]

1.4. FACTS

The flexible alternating current transmission systems (FACTS) devices are solid
state power electronics based devices that are used to dynamically control the power
flow, voltage, impedance and/or phase angle in the power grid. With the help of FACTS
devices, the existing grid can be better utilized, transmission line reliability can be
improved, dynamic and transient grid stability can be improved, quality of electricity
supply can be enhanced [47].

The static var compensator (SVC) is a shunt type FACTS device. Its function is
similar to traditional fixed shunt capacitor bank in power systems. But with the help of
modern power electronics devices, SVC is faster and continuously variable over a
specified capacitive and inductive range. The thyristor switched capacitor (TSC) and
the thyristor controlled reactor (TCR) with fixed capacitor are two thyristor based SVC
devices. Those devices still require reactive elements of similar rating as traditional
fixed capacitor banks. The static synchronous compensator (STATCOM) or static
synchronous condenser (STATCON) is a voltage source converter based shunt
compensation device. The STATCOM operates in a way that is similar to a rotating

synchronous condenser. By controlling injected current in quadrature with voltage at
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the point of coupling, the amount of reactive compensation can be adjusted. Compared
to thyristor based SVC devices, the STATCOM has faster response and only use one
DC capacitor. Nevertheless, filters or coupling transformer are usually needed. Fig. 1.6

gave some examples of the SVC [48].
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(c) STATCOM
Fig. 1.6 Examples of SVC devices [48]

Thyristor controlled series compensator (TCSC) is a line impedance control device.
Topologically, it is the same as TCR in parallel with fixed capacitor type SVC. It
includes a back-to-back pair of thyristors, an inductor in series with the thyristors and a
capacitor in parallel with inductor and thyristors. As shown in Fig.1.7, the capacitor
provides fixed capacitance in series with the transmission line. By controlling the firing
angle of the thyristor pair, the average reactive compensation seen by the line can be
continuously varied. As a result, the total impedance of the TCSC is controllable. Since

TCSC uses thyristors, the compensation can only be adjusted in an average sense [49].



21

Fig. 1.7 TCSC [49]

A more advanced series compensation FACTS device is the static synchronous
series compensator (SSSC). As a dual of the STATCOM, the SSSC is a VSC based
device. It can provide the same range of capacitive and inductive compensation. Power
flow is controlled by varying the equivalent impedance between two buses in power
grid. Series capacitors may cause sub-synchronous resonance in the grid [50]. The
SSSC, in contrast, is immune to the sub-synchronous resonance. If equipped with an
active power source or sink, the SSSC can even be used to damp oscillations in the grid.

A block diagram of SSSC is shown in Fig.1.8. [51]
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Fig. 1.8 SSSC [51]

The dynamic voltage restorer (DVR) is a means of mitigating voltage sag in power
systems. It is a series compensation device using VSC with coupling transformer
similar to the SSSC. Wang and Venkataramanan proposed a DVR using cascaded
H-bridge multilevel converter [52]. Kim and Sul used an open-winding transformer

with a six-leg converter to implement a DVR. A command feedforward and state
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feedback combined control method is proposed by the authors [53].

The magnetic energy recovery switch (MERS) is an emerging series type of
FACTS device. The MERS is a single-phase H-bridge with a DC capacitor. Under
proper control, the MERS acts as a variable capacitor. Power electronic switches in the
MERS only switch at the fundamental to minimize the switching losses. The waveform
of the MERS is very good since there is not much harmonics introduced by the
switching events. Unlike the SSSC, the MERS is inserted directly in line. Coupling
transformer is therefore not required. However, the MERS requires more power
electronic switches than the SSSC. Also, the total capacitance of all three phases will be
larger compared to the one DC capacitor in the SSSC because MERS is a single-phase

type of device. Fig. 1.9 shows the topology of MERS [54].

Fig. 1.9 MERS [54]

The unified power flow controller (UPFC) consists of two back-to-back converters
with a DC link in between. The two converters are like the STATCOM and the SSSC
with their DC bus tied together. The UPFC can provide independent shunt and/or series
compensation. The real power flow through UPFC can be controlled. The UPFC is a
very powerful real and reactive power flow controller and is able to control voltage,

impedance and angle at the same time. Fig. 1.10 shows a block diagram of UPFC [55].
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Fig. 1.10 UPFC [55]

Except for the major FACTS devices mentioned above, there are some other
devices. Phase shifter is uses a quadrature phase voltage to change the phase of bus
voltage [56]. E-controller is a series compensator using direct AC/AC conversion [57].
I"-controller is an AC link UPFC type of device [58].

To sum up, shunt compensation type of FACTS devices is good at controlling
voltage and reactive power in the grid. Series compensation is better for line impedance
and power flow control. UPFC type of devices have all the benefits of both shunt and
series compensation. Table. 1.1 is a comparison of functions of three major types of

FACTS devices.

Table 1.1 FACTS devices comparison

control capabilities| shunt compensation | series compensation UPFC

bus Voltage * - *
VAR flow * - *
power flow - * *

impedance control -

*
*

* | *

inject voltage -

phase angle - * *
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1.5. Application of FACTS Type of Devices in Smaller Scale Systems

FACTS devices are traditionally proposed for power grid scale applications.

However, similar ideas have been used in smaller systems as well.
1.5.1. Generator Voltage regulation

Self-excited induction generators (SEIG) are often used in rural or remote areas.
Traditionally, a large enough capacitor is connected to the machine terminal to supply
enough leading reactive power to balance the lagging reactive power required by the
magnetization induction generator. Hunt investigated steady state operation of SEIG
under line excitation, AC capacitors and electronic excitation via voltage source inverter.

The electronic excitation is basically a small scale STATCOM [59].
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Fig. 1.11 Two SEIG with a continuously controlled capacitor topologies [60]

In his PhD dissertation, Al-Saffar used continuously controlled capacitors to
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regulate the voltage of a SEIG system. As shown in Fig.1.11, an anti-parallel pair of self
turn-off switches is connected in parallel with an AC capacitor. The continuously
controlled capacitor is similar to a TSC or a MERS. But unlike TSC which use thyristor
in series with AC capacitors, self turn-off switches are used in parallel with the
capacitor. Compared to MERS, two instead of four switches are used for each phase by
the controlled capacitor. However, DC capacitors can not be used in the switched
capacitors [60].

For three-phase SEIG, Muljadi took a different compensation approach. Fig.1.12
shows Muljadi’s method. An open-winding induction machine was used. A series
compensation method by VSI and battery was proposed. The author discussed the
concept of equivalent impedance and used admittance diagram to obtain proper
compensation value. This is the earliest publication found on the series compensation

using open-winding machine configuration [61,62].
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Fig. 1.12 Series compensated PWM inverter with battery supply applied to an isolated
induction generator [61]
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Naidu and Waters proposed an induction machine based generating system with a
diode rectifier and a PWM inverter for automotive application. All real power went

through the diode rectifier into the battery. Although there is no AC load in the system,
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the system operated in a way that is similar to the STATCOM-based SEIG. An auxiliary
PWM MOSFET VSI was used to injecting reactive power into the machine. The output
DC voltage of diode rectifier was controlled in a way similar to that in a SEIG system

[63].

Diode Bridge

Induction Rectifier
Generator

PWM
Current
Controller

Fig. 1.13 Induction machine based generating system for automotive application [63]

Huggett and Kalman patented a generating system using a PM machine and the
shunt AC regulator. The regulator was basically a VSI reactive power source. The
amplitude of the voltage is regulated by injecting reactive power into the generator. It is
similar to SEIG but a PM machine is used instead of induction machine. The diagram is

shown in Fig.1.14 [64].
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Fig. 1.14 Generating system using PM machine and shunt AC regulator [64]

Nishida and et al. proposed a similar system for automotive application. Instead of
only having AC load at the generator terminal, the system also included a nonlinear
diode rectifier. The shunt connected VSI was used for both regulating AC voltage and
as an active power filter for harmonics generated by diode rectifier. A deadbeat current
controller is used in the system [65].

Recently, Clements proposed to use the PM machine generating system invented
by Hugget and Kalman in vehicular applications. The author found that the size of
power converter could be reduced significantly if IPM generators of proper saliency
and characteristic current value. A control method based on modulation index
magnitude and angle with respect to rotor angle was proposed to improve system
performance. Mitigation of failure mode was considered by proper selection of

generator characteristic current [66].

1.5.2. Motor Drive Systems

Muljadi and et al. applied the same continuously controlled capacitor used by
Al-Saffar to a single-phase induction motor. AC capacitor is often used to help starting
single-phase induction machines. Sometimes another capacitor is used to improve

motor efficiency during normal operation. The controllable capacitor is connected in
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series with the auxiliary winding of a single-phase induction machine. The capacitance

is controlled to be different during starting and normal operation [67].
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Fig. 1.15 Single-phase induction machine with controlled capacitor [67]
Muljadi and Lipo also investigated the application of series compensation of an
open-winding induction machine in the motoring region. But a split-phase induction
machine instead of open-winding (used in SEIG application) is used. The main set of
windings is connected to the power line. A VSI with a DC capacitor is connected to the
second set of the windings to supply reactive power required. The machine with
compensator together only extracts real power from the grid (unity power factor at the

point of coupling) [68].
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Fig. 1.16 VSI compensation for split-phase induction machine [68]
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1.5.3. Renewable Energy Systems

Ahmed and et al. proposed a SEIG for wind generation system employing a diode
rectifier. The TSC is used as reactive source. The output DC voltage of the diode
rectifier can be controlled by varying the firing angle of the TSC [69].

Kimura et al. replaced the TSC with a voltage source converter. The VSC is used to
set excitation frequency of induction machine in order to ensure a negative slip. As

shown in Fig.1.17, VSC DC bus is directly connected to main DC bus [70].
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Fig. 1.17 VSC compensated diode rectifier wind generation system [70]

To improve the generator utilization in a diode rectifier based PM machine wind
power generation system, Singer and Hoffman used the SSSC to compensate for the
voltage drop on the synchronous reactance under loaded condition. It was verified by
simulation and experiment that the output power of the generator can be increased [71].
In [72], a passive filter was added to reduce the harmonic content generated by the

nonlinear diode rectifier.
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Fig. 1.18 Diode rectifier based PM machine wind power generation system with
SSSC [72]

Takaku and et al. realized the same compensation as that of Singer and Hoffman by
using the MERS. The switching frequency of the devices in the MERS is the
fundamental frequency. The author claimed a significant losses reduction compared to
an active PWM rectifier [73]. Wiik investigated the control of the same topology. A
control method with rotor position sensor eliminated was proposed. A look-up table is

used to generate the gate signal for the MERS [74].
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Fig. 1.19 Wind power conversion system using MERS [73]

Grabic and et al. proposed an open-winding PM machine based wind power
generation system. The auxiliary series converter is sized 20% of the rated generated
power. The function of the series converter is to provide active damping of the

generator in case of input power and/or grid disturbances. The design is aiming at fixed
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speed wind turbine, but more efficient PM generator was used instead of induction

generator [75]. The author did not use the converter to compensate for reactive power.
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Fig. 1.20 Open-winding PM machine based wind power generation system

1.6. Summary

The areas that are closely related to this work are reviewed in this chapter. The key
findings are listed here:

Open-winding machine drive evolved initially as a high power AC machine drive.
From the terminal point of view, open-winding machine drive is similar to a six phase
machine drive but it is essentially a multilevel machine drive.

Although there is a significant amount of researches found on open-winding
machine drives, most of them are about control and modulation technique assuming
power coming from both inverters. There is concept presented before mentioning
partition of real and reactive power in open-winding drive. However, a separate set of
isolation transformer and diode rectifier have to be used. There is no literature found on

series compensation on PM machines by an open-winding configuration.
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Two FACTS types of concepts have been adapted for smaller single machine
systems. For wind power systems using diode rectifier for the power conversion,
conventional series compensation devices have been used to improve the generator
utilization.

In small CVVF distribution systems, the voltage can be regulated by injecting
reactive power. Shunt compensation has been used before. However, the series dual has

not been investigated.
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Chapter 2

Series Compensation and Open-Winding
Machine Drive Modeling

This chapter introduces the concept of using a voltage source inverter directly
connected to the PM motor for reactive power compensation. The shared basic theory
of the later chapters is presented. The dynamic models of the open-winding PM

machines and the overall system are developed in this chapter as well.

2.1. Series Compensation of Open-Winding Machine by a Voltage

Source Inverter

2.1.1. Series Compensation Basics

Series compensation is a well established technology that is commonly used in the
power systems. The benefits of using series compensation include increased power
transferability, limits of load-dependent voltage drops, improved system stability, etc.
Often, series compensation is implemented by insertion of reactive elements or power
electronics converter based devices in series with the circuit.

A very simple example is shown in Fig. 2.1. Consider a circuit shown in the left
side of Fig. 2.1 (a), an AC voltage source is connected to a RL circuit. To increase the
power at the load resistor, a capacitor can be inserted in the circuit to counteract the
voltage drop on the inductor. By varying the capacitance, the power of the load resistor

can be changed. In addition, the voltage on the resistor is changed at the same time.
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Similarly, for the circuit shown in Fig. 2.1 (b), a variable inductor can be connected in

series with a RC load to control the power and/or voltage at the resistor.

Q) = O

(a) Capacitive Compensation

H gt
® - O

(b) Inductive compensation
Fig. 2.1 Basics of series compensation

Consider an open-winding machine with a series connected single VSI as shown in
Fig.2.2. The VSI is connected to one set of the three-phase terminal a’b’c’. It can be
controlled to insert an AC voltage in series of the machine according to the current in
machine windings. The VSI would perform as a compensation device similar to the
SSSC in FACTS. Compared to the conventional SSSC, VSI with an open-winding
machine does not require a bulky and pricy coupling transformer. Moreover, the
machine itself has a reasonably high inductance. Therefore, there is normally no
requirement for inductive filters. Like in many FACTS devices, a floating capacitor
connected to the DC bus of the inverter is sufficient for the purpose of reactive power
compensation. However, when the DC bus of the VSI is connected to an energy source
and/or sink, real power compensation is possible. The three basic operating modes of

the compensation inverter are introduced in the following sections.
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Fig. 2.2 VSI series compensated open-winding machine

2.1.2. Voltage Mode

Fig.2.3 (a) shows the VSI series compensation concept in the fashion of equivalent
circuit. Vcom is the compensation voltage. Vs is actual voltage applied on machine
terminals. Vi is the terminal voltage at the other set of three-phase terminals (abc) of
the machine.

Fig.2.3 (b) is a vector diagram illustrating the same concept. A circle centered at the
tip of Vs with a radius of maximum compensation voltage is shown in the figure. All
possible Vt vectors lie within or on the circle. If machine voltage Vg is given, the VSI
can be controlled to obtain desired terminal voltage Vt. Similarly, a circle of machine
voltage Vg can be drawn if Vi and the maximum amplitude of Vgom are given.
Fig.2.3 (c) gives possible Vs vector when Vi is known. When Vi is fixed or at its
limit, Vcom is an additional handle that can be used to shape the actual voltage applied
to the machine terminal.

The relation between the three voltage vectors is simply:

Vt = VS + Vcom (21)
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The compensation in the voltage mode assumes the compensation inverter is capably of

supplying or sinking both real and reactive power.
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(b) Possible Vt vector given Vs (c) Possible Vs vector given Vit

Fig. 2.3 VSI series compensation concept, voltage mode

2.1.3. Power Mode

In stead of compensating for machine terminal voltage, the power in the machine
can be addressed directly. This is a typical compensation method in the power grid
application. In Fig. 2.3 (a), define the internal power factor angle ¢ as the angle from
back-emf E to terminal voltage Vi. Assuming the compensation is purely reactive and

ignoring the machine resistance, the current vector angle is always one half of internal
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power factor angle. Therefore, the power of a non-salient machine can be calculated as:

VE | ViVcom &,
P = i sin(9) + —y— cos()) (2.2)

From (2.2), the angle between terminal voltage and back-emf is near constant, the
machine power is approximately in a linear relationship with the machine power at a
given speed and terminal voltage. This result indicates that the machine power can be

easily changed by using the compensation inverter to inject reactive power.

2.1.4. Impedance Mode

Fig.2.4 is the vector diagrams of four fundamental possible relationships between
the applied compensation voltage and machine current vectors. lg is the current vector
in machine winding. The applied voltage is defined as compensation voltage Vcom.
The equivalent impedance of the VSI is of different forms in the four cases:

(a) When Vcom is lagging the current by 90 degrees, the VSI is equivalently a
capacitor;

(b) When Vcom is leading the current by 90 degrees, the VSI is equivalently an
inductor;

(¢) When Vcom is controlled to be in phase of the current, the VSI is equivalently a
resistor. In this case, the VSI is sinking real power;

(d) When Vcom is controlled to be 180 degree from the machine current, the VSI is
equivalently a negative resistor. In this case, real power flows out of the DC link. It
is similar to the rotor equivalent circuit of an induction machine, when the slip is

negative.
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Fig. 2.4 Variable impedance

In practice, the VSI can be controlled as complex impedance with both real and
reactive parts. The voltage command can be directly calculated from desired
compensation impedance and measured current as:

Veom = Zcomls = (rcom + jXcom)ls (23)

Where

Zcom is complex compensation impedance

rcom is real part of compensation impedance, reflecting real power flow

Xcom is imaginary part of compensation impedance, reflecting reactive power

flow

The equivalent impedance of the machine seen from the abc set of three-phase
terminal can be changed by controlling the compensation inverter at different
compensation impedances. However, the compensation voltage Vgom is limited by the
available voltage and the voltage rating of the inverter in practice. Therefore, the
compensation impedance cannot remain constant when the voltage limit of
compensation VSI is reached. The absolute value of compensation impedance is going
to drop hyperbolically if current keeps increasing after the voltage limit of the inverter.

Fig.2.5 illustrates the relationship between compensation voltage, impedance and
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current.

Vcom Zcom
I, ~ L

(a) Compensation voltage vs. current (b) Compensation impedance vs. current
Fig. 2.5 Compensation voltage command

Vcommax

In impedance mode, the d- and g-axis equivalent circuits of the machine are given
in Fig.2.6. The 0-axis model is not drawn because there is no zero sequence current
paths in a VSI compensated open-winding machine drive. The DC bus of compensation
inverter is electrically isolated from the other three terminals of the machine. The
machine and VSI together can be considered as a variable impedance machine.

Fig.2.7 shows an example for an open-winding IPM machine when compensation
impedance is inductive and positively resistive. The machine resistance is ignored here
for ease of analysis. Vs is machine voltage vector. Vit is terminal voltage of VSI
compensated open-winding machine. Xd and Xq are machine’s impedance in the d-

and g-axis.
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Fig. 2.6 VSI compensated open-winding PM machine equivalent circuit
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d

Fig. 2.7 Example of impedance mode compensation

2.1.5. Compensation with VSI and DC Capacitor

If only reactive power is required for compensation, a DC capacitor can be used at
the DC bus of the compensation VSI. The circuit can be draw as shown in Fig. 2.8. To
keep compensation DC bus voltage constant, Vcom vector should always be in
quadrature with machine current vector. In the impedance mode, the VSI now can be
only controlled as either an inductor or a capacitor. It should be pointed out that the
inverter has symmetric capability in inductive and capacitive compensation. Therefore,
a 1 per unit VA inverter has a compensation range of 2 per unit var capability.

If compensation voltage Vcom has a component in phase with the stator current,
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compensation DC bus voltage will go higher. In contrast, a component that is 180
degrees out of phase with the stator current will decrease the compensation DC bus
voltage. Therefore, by controlling the component of the injected voltage that is in phase

with stator current, compensation DC bus voltage can be adjusted at will.

A x4 £

a a
| b 1
c ] ¢ TN

4(}4 A

Fig. 2.8 VSI and DC capacitor compensation

2.2. Development of System Model

A dynamic model of the open-winding PM machine and inverter system is

developed in this section for the study in later chapters.
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2.2.1. Phase Voltage of Open-Winding Machine Drive

™ a//mvm\ My
’ V|
9 @Vm b\ Y Y /b @ b2 9
Open-winding
machine

Fig. 2.9 Open-winding machine phase voltage

The instantaneous phase voltage of the open-winding machine drive has to be
derived first for the study of VSI operation. Unlike a conventional three-phase
Y-connected AC machine, an open-winding machine can be excited by two sets of
three-phase voltages. Fig.2.9 shows an open-winding machine with two sets of
excitation voltages. Vx1 and V2 are per phase excitation voltage (X = a, b or c¢) of
each set. Instantaneous and averaged machine excitation voltages are derived below.

The machine phase voltage of open-winding topology can be calculated as:

Va =Vagl -Va'g2 *+ Vgl -Vg2 (2.4)
Vb =Vhgl - Vb'g2 *+ Vgl -Vg2 (2.5)
Ve =Vcgl -Ve'g2 +Vvgl -vg2 (2.6)

Here vg1 and vg2 are the ground point voltage of the two sets of excitation
voltage with respect to arbitrary reference point. Also vagl is electrical potential
between machine terminal a and point g1 and vg'g2 is electrical potential between
machine terminal &’ and g2. If the ground point of the two sets of excitation voltage is
connected, the machine phase voltage will simply be:

Va =Vagl -Va'g2 (2.7)
Vb =Vbgl - Vb'g2 (2.8)
Vc =Vcgl -Vc'g2 (2.9)
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However, when the two grounds are isolated, the phase voltage must be calculated

differently. Assume the machine is symmetric:

va +vp +v¢ =0 (2.10)
Substitute (2.7)~(2.9) into (2.10), we have:

Vgl -vg2 =- %(Vagl +Vpgl +Vegl -Va'g2 - Vb'g2 - Vc'g2) (2.11)
Therefore, the instantaneous phase voltage can be calculated as:

Va = %(Vagl -Va'g2) - %(ngl - Vb'g2) - %(chl -Vc'g2) (2.12)

Vp = %(ngl - Vb'g2) - %(chl -V¢'g2) - %(Vagl -Va'g2) (2.13)

Ve = %(chl -Vc'g2) - %(Vagl -Va'g2) - %(ngl -Vb'g2) (2.14)

When PWM inverters are used to drive an open-winding machine, the
instantaneous phase voltage will be different for isolated DC bus and common DC bus
configurations. For common DC bus open-winding drive, the phase voltage is a 3-level
PWM waveform. The zero sequence impedance of AC machines are usually low, zero
sequence voltage will result in large current in the machine windings since there is a
low impedance zero sequence current path in common DC bus open-winding machine
drives. When the two DC bus are isolated, the phase voltage of an open-winding
machine drive will be the same as regular three-level inverter.

On average, each inverter must be balanced:

Vagl +Vbgl +Vcgl =0 (2.15)
Va'g2 +Vpb'g2 +Vvc'g2 =0 (2.16)
The potential between two reference points is zero on average even when the two

grounds are isolated:
1
Vgl -Vvg2 =- 3(vagl +Vbgl +Vcgl -Va'g2 -Vb'g2 -Vc'g2) =0 (2.17)

Average phase voltage model can be write as:
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1 1 1
va = (vagl -Vva'g2) - 3(Vagl -Va'g2) - 3(Vbgl - Vb'g2) - 3(vcgl - Vc'g2)

= Vagl -Va'g2
= val -va2 (2.18)
Vb = Vbl - Vb2 (2.19)
Ve = Vel -ve2 (2.20)
In a synchronous dq0 reference frame:
2 . _ 2 _ 2 7
vd = 3 %vasm(er) + vpsin(r - 37)+ vesin(fr + §7r)j/ (2.21)
2 2 2
Vg = 3 %/acos(er) + vpcos(Gr - §7r)+ veeos(G + §7z) } (2.22)
Vo = %[va +Vp +Vc] (2.23)

Substitute (2.18)~(2.20) into (2.21)~(2.23):

Vi = 5 (Va1 - vaz)sin(@) + (b1 -vb2sin(ér - 5+ (e -ve2)sin(er + 57
(2.24)
_2/ 2 2.7
vq = 3 //(Val -Vva2)cos(é) + (vb1 - Vb2)cos(6r - 37)+ (ve1 - ve2)cos(br + 37)7
2.25)

1
Vo = 3[(val -va2) + (vbl - Vb2) + (vcl - vc2)] (2.26)

The dq0 voltage on the machine is equal to the vector sum of two sets of excitation

voltage in dq0 frame:

vd =Vvd1 - Vvd2 (2.27)
Vg = Vgl - Vg2 (2.28)
VO =V01 -Vv02 (2.29)

2.2.2. Open-Winding PM Machine Model

Synchronous machines are easier to model and control in a synchronous reference

frame, where the machine currents are DC values in steady state. The reference frame
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used has the d-axis aligned with the rotor flux and is often referred as the rotor
reference frame. The angle used in reference transformation is the rotor position angle
6r in elec rad/s. It is defined that & = 0 when the g-axis is aligned with phase a.
Conventional mathematical model of a PM machine in synchronous dq0 reference
frame is given below in (2.30) — (2.35). To keep it general, an IPM machine model is
given. If an SPM machine is considered, the only change is to set d and g-axis
inductance equal. The zero sequence model is added in addition to conventional

Y-connected PM machine model.

vd = (rs + pLd)id - orLqig (2.30)

Vg = (rs + qu)iq + wrldid + orim (2.31)

Vo =rsiQ + pLIkio (2.32)

Te = % [imiq + (Ld - Lq)idiq] (2.33)

Jporm =Te -Tm (2.34)

orm = a)r% (2.35)
Where

: o : . d
p is the derivative operator with respect to time dt

I's is the stator resistance

Lik is the stator leakage inductance

Ld is the d-axis inductance including both d-axis magnetizing inductance Lmd
and stator leakage inductance L|k

Lg is the g-axis inductance including both g-axis magnetizing inductance Lmg
and stator leakage inductance L|k

Am is the flux linkage due to permanent magnet

P is the number of poles

orm 1s the shaft speed n mech rad/s

ar 1is the shaft speed in elec rad/s
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Fig.2.10 is a block diagram of PM machine model in Laplace domain.

Li(s)

Qis)  Os)

L)

Fig. 2.10 PM machine model block diagram

The model presented above is an ideal machine model. Some limitations of the
model are listed here. First, core losses are ignored in the model. Second, the machine
parameters are constant. Saturation effect in the machine is not considered. Skin effect
is ignored. The change of permanent magnet materials due to temperature change is
ignored. Third, the mechanical model only includes the inertia. Mechanical losses due
to friction and windage are ignored.

Characteristic current is defined as permanent magnet flux linkage over d-axis
inductance. As will be discussed in later chapter, characteristic current is a very
important parameter for PM machines.

Ich = /E—rg (2.36)

Substitute characteristic current definition into (2.31), PM machine’s electrical

model can be rewritten as:



vd = (rs + pLd)id - orLqig (2.37)
Vg = (rs + qu)iq + or Ld(id + ICh) (2.38)
vQ =Trsig + pLisi0 (2.39)

Define flux linkage in d and g-axis as:
Ad =Ldid + Am (2.40)
Aq = Lqiq (2.41)

Machine equivalent circuit in dq0 reference frame can be drawn as in Fig.2.1.

48
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Fig. 2.11 Equivalent circuit of PM machine
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2.2.3. Inverter Model

This section gives the model of a dual VSI open-winding drive with single DC
power supply. The topology is shown in Fig.2.12. The VSI compensated open-winding
machine is driven by another VSI with a DC voltage source. Each inverter is a standard

2-level VSI. The power supply side VSI is denoted as INV1 and the compensation VSI

is denoted as INV?2.
a a
b b' 1
Vac .—l C c' .-I Pam Veoom

INV1 INV2

Fig. 2.12 Dual VSI open-winding drive with single power supply

In the stationary reference abc reference frame:

INVI:
Val =ma1Vdc (2.42)
Vbl = Mb1Vdc (2.43)
Vel =mc1Vdce (2.44)
INV2:
Va2 = Ma2Veeom (2.45)
Vb2 = Mb2Veeom (2.46)
Ve2 = Me2Vecon (2.47)
Where

Mal, Mpl, Mc1 are modulation functions of INV1 in the abc frame;

Ma2, Mp2, Mc2 are modulation functions of INV2 in the abc frame;
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Substitute in the reference frame transformation:

INVI:
vdl =md1Vdc (2.48)
Vgl = mqg1Vdc (2.49)
INV2:
Vd2 = Md2Veeon (2.50)
Vg2 = Mg2Veeom (2.51)

Because the two DC buses are isolated, there is no zero sequence current path in
the drive system. Therefore, the zero sequence model of the machine is ignored in the
transformation. The modulation function in the d-q plane is directly obtained from the
abc frame modulation function using reference transformation equations.

DC current at each DC bus can be calculated from the machine current and
modulation function by:

idc = malia + mplip + mclic (2.52)

iccom = Ma2ia + Mb2ib + Mc2ic (2.53)
In the synchronous reference frame:

idc = %(mdlid + mqliq) (2.54)

iccom = g(mdzid +mg2iq) (2.55)

For the compensation DC capacitor:

, 3 : .
Ccom PVecom = lceom = 2(Mdlid + Mqliq) (2.56)

2.2.4. Overall Model

The block diagram of VSI compensated open-winding machine (machine and
INV2 only) is shown in Fig.2.13. The whole block diagram of the dual inverter

system is shown in Fig.2.14.



52

syt Y (s)PI
= mu A X.IJ\‘
e e Y. oA
- inmEe
} () TP T
- R PR o] P 4 -
(symeny L — = X > T "
A J
» "1 ..uV.A
A - (s)®A V:A ()P
T
Ny - - (5)PA
5 5 F P 5[ nT._ =
i MT I T- 1| I+ -
. - _ Tt (s)Pr ! + (s)PAT
re GO (slPL _
()L

Fig. 2.13 Block diagram of an open-winding IPM machine model
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2.3. Summary

The concept of series compensation of PM machines by using open-winding
configuration that will be used through out this work was presented in this chapter.
Three different operating modes were introduced. An ideal system model was

developed for the study in the later chapters.
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Chapter 3

Extending the Operating Region of an
Open-Winding PM Motor by Series
Compensation

3.1. Introduction

Permanent magnet synchronous machines (PMSM) are being adopted in many
applications. They are very popular in the fields like servo drives and traction drives
due to their high efficiency and torque density. There are two major types of PM
machines, surface permanent magnet (SPM) machines and interior or buried permanent
magnet (IPM) machines, categorized by how the magnets are mounted on the rotor.
Often, SPM machines have equal inductance in the direct and quadrature axis while
most IPM machines show a saliency ratio in the two inductances.

The wide application of PM motors is also indebted to the advance of power
electronics inverters. Most PM machines are equipped with an electronic drive for
operation due to their intrinsic property. Below the base speed, PM machines are
usually controlled to follow its maximum torque per ampere (MTPA) curve in order to
minimize the copper losses inside the motor. The MTPA curve of a SPM motor is
simply the g-axis. To utilize the reluctance torque, the motor current must be leading
the back-emf on MTPA curve (negative id) for most IPM machines [76,77].

Above the base speed, flux weakening algorithms are often needed to prevent the
current regulator from saturation due to the increased back-emf. Traditionally, IPM

motors are more preferable for flux weakening operation. Schiferl and Lipo
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investigated the effect of inverter capability and machine parameters on power
capability of IPM motors [78]. Jahns proposed a method to identify the onset of current
regulator saturation and modify current command vector in the flux weakening region
of IPM machines [79]. Various alternative flux weakening methods are proposed by
other authors as well. Morimoto and et al. further divided the operation region of IPM
drives into three regions. High performance current regulator with decoupling was also
proposed by the authors [80,81]. Kim and Sul proposed to directly use the voltage
command to identify the onset of current regulator saturation in order to reduce the
machine parameter dependency [82]. In summary, there are two basic types of flux
weakening control strategy, feedforward style and feedback style. The feedforward
style uses the machine parameters to calculate the current command based on voltage
and current limits. The implementation of this method is easy and straightforward. Also,
the transient performance is superior. The feedback approach uses the output of the
current regulator (voltage commands) as a feedback to modify the current vector
command. The feedback approach for the flux weakening controller is less sensitive to
machine parameters accuracy. However, the dynamic performance of the feedback style
flux weakening is not as good as the feedforward style.

SPM motors are traditionally not considered as good candidates for flux weakening
operation due to their low inductance [83]. External inductor can be connected in series
with the motor to extend the flux weakening region of an SPM motor drive. An
alternative is to properly design the machine therefore it has increased leakage
inductance [84]. Lawler and et al. proposed a dual-mode inverter control method,
employing back-to-back thyristors in series with the VSI to extend the constant power
speed range [85]. EL-Refaie and et al. showed that the series back-to-back thyristors
were fundamentally equivalent to inductance while also introducing significant current
harmonic distortion [86].

In this chapter, a VSI is used to mimic the inductors in series with the motor to
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expand the operating space of an IPM motor in the flux weakening region. In this case
the harmonic distortion is minimal. A new open-winding motor drive configuration and
its control method are proposed. As shown in Fig. 3.1, INV1 is connected to a DC
voltage source and INV2 is connected to a floating capacitor. The floating capacitor
will charge from the main DC bus when needed. There is no extra pre-charge circuit or
procedure required. The floating capacitor voltage can be controlled to be either higher
or lower than the source voltage by INV2. This configuration can also be considered as
a special condition in the conventional isolated dual inverter open-winding motor drive
when one of the power sources is not able to deliver real power to the motor. When
INV2 is controlled as a compensation device, the function of INV2 is similar to that of
the SSSC used in FACTS (Flexible AC Transmission Systems) [51]. It is used to
provide reactive power to the motor and to change the equivalent impedance seen by
INV1. As will be shown in the later sections, by providing reactive power to the motor
from INV2, the power capability of the motor can be considerably improved at high
speed. When powered from the same supply voltage, the drive will be able to operate
the motor under study at a higher maximum speed. The size of the inverter and the

applicability of the proposed system to other motors will be discussed as well.
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Fig. 3.1 Series Compensated open-winding PM machine drive

3.2. Operating Principle

Field oriented controllers (FOC) are widely used in PMSM drives. In this control
algorithm, the three-phase current is transformed into the rotor reference frame. Two
orthogonal components id and iq are separately controlled by two current regulators.
Below the base speed, the motor is generally controlled to follow the MTPA curve to
minimize the copper losses in the motor. For a given current amplitude ls, neglecting

resistance, the MTPA condition can be obtained by using (3.1~3.3) below.

3.1)
 asin \/8|§(|_d -Lg)® + i
p= A5(Ld - Lg)
iq = -lssin(p) (3-2)
ig = Iscos(p) (3-3)

The internal power factor angle £ in the equations above is defined the angle from

g-axis to the current vector as shown in Fig. 9.
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q-axis
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Fig. 3.2 Internal power factor angle

The terminal voltage of the motor can be calculated using the mathematical model
of the motor presented in Chapter 2. The base speed is defined as the speed at which the
terminal voltage of the motor equals to the maximum available voltage from the
inverter under MTPA operation.

Above the base speed, flux weakening algorithms are used to prevent the current
regulator from saturation due to the increased back-emf. The motor is operated within
the current and voltage limits of the drive. The current and voltage limits of an ideal

lossless machine can be expressed as:

P (3.4)
|m%1x = I(Zj + |c21
. . (3.5)
Viiax = (- a)rLdld)Z + (orLqiq + a)rflm)2

On the plane of rotor reference frame current vector, the current limit is a circle and
the voltage limit is a set of ellipses that shrink as the speed increases. Each ellipse
corresponds to the voltage limit at a certain speed. The center of the voltage limits
ellipsis is located on the negative d-axis. The distance from the center to the origin of

the plane is equal to the characteristic current which is defined as:

Am
IC = L_d (36)

An example of the current limit circle and voltage limit ellipsis is shown in Fig. 3.3.

The parameters used are from a lab scale IPMSM.
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Fig. 3.3 IPM operating limit on d-q current plane

The characteristic current Igh is a very important parameter in determining the
power capability of a PM machine in flux weakening operation. There are three distinct
cases of the power capability of PM motors in flux weakening region differentiated by
the relationship between characteristic current Igh and rated current Iy.

(1) Ich > Ir:  PM machine has a finite maximum speed limit;

(2) Ich = Ir:  the constant power region of PM machine is theoretically infinite;

(3) lch

A

Ir:  PM machine is able to deliver reduced power at high speed, but there
is no maximum speed limit.

In the proposed system, INV2 can be controlled as a three-phase inductor in series

with the motor to extend the CPSR of the motor beyond base speed. Assuming pure

inductive compensation is used, the equivalent impedance seen by INV1 is changed.

The voltage limit equation can be modified to the form:
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2
_ Am Lgq + Lcom)p. Vmax 1
('d + mjz + ( d j22 = 3.7)

Hd + Leo Ld +Loom) 11~ (Ld+Leom)?ef

On the rotor dq current vector plane, the center of the voltage limit ellipsis is
moved towards the origin with inductive compensation. The shapes of the ellipses
change slightly as well due to the change of the virtual saliency ratio. Ideally, the
optimal compensation inductance for infinite CPSR will result in the center of the
voltage limit eclipses located on the edge of the current limit circle. The optimal

compensation inductance is calculated via

Am

Lopt = |_r - Ld (3.8)

The modified voltage limit eclipses (solid) are shown in Fig. 11 with the original
voltage limit ellipsis (dotted) and the current limit circle. The easiest method to control
INV2 will be directly emulating a three-phase inductor by injecting a voltage vector

that is leading the machine current vector by 90 degrees.

60

iq [A]

id [A]
Fig. 3.4 IPM capability curve with compensation

Figs. 3.5 and 3.6 show the torque-speed and power-speed curves under different
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compensation inductances. As the compensation inductance varies, the torque-speed
curve and power-speed curve will change accordingly. By purely inductive
compensation, the ideal CPSR of an open-winding motor drive could be extended to
infinity ignoring the voltage limit of INV2. Moreover, the power capability can be
improved considerably at high speed. However, if a fixed value, the added inductance
would initiate the flux weakening at a lower speed resulting in reduced power
capability of the drive around the corner speed. Unlike physical inductors, INV2 can be
controlled to be a variable inductance or even be capacitive when needed. By varying
the compensation impedance, the drive will be able to operate the motor within the

envelope of all power-speed curves shown in Fig. 3.6.

‘ Legend:
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Fig. 3.5 Power- speed curve with different compensation inductances
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Fig. 3.6 Torque-speed curve with different compensation inductances

3.3. Inverter Sizing Consideration

3.3.1. Reactive Power Requirement

In the proposed system, INV2 only supplies reactive power to the motor. Therefore,
the amount of reactive power required by the motor determines the size of INV2. In
general, PM motors have very good power factor. However, depending on the specific
machine parameters and ratings, the power factor of a PM motor could become worse
at certain operating conditions. Ignoring the losses in the machine, the power factor is
only determined by the current vector. The power factor of an ideal lossless machine

can be calculated as:

Amcos(B) — %Igsin(Zﬂ)(Ld ~Lg)

pr= 2 2
\/ (Lglscos(B)~ + (Ldlssin(p) + Am)

(3.9)

The power factor contour for the motor under study is plotted in Fig. 3.7 with the
MTPA curve. It can be seen that the power factor is around 0.8 at the intersection of
MTPA curve and current limit circle. As the current vector swings towards the negative
d-axis on the current limit circle, the power factor initially increases. However, it starts

to decrease rapidly as the vector gets close to the d-axis.
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Fig. 3.7 Power factor contour of a lab scale [IPM motor

The real and imaginary components of the motor under study are compared in Fig.
3.8. The imaginary component goes from positive to negative as the current vector
swings towards the negative d-axis. It indicates the power factor of the motor changes
from lagging to leading. This is expected because the characteristic current of the motor
is relatively high. A similar phenomenon can be observed if the motor is replaced by an

over excited wound field synchronous motor.
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Fig. 3.8 Voltage real and imaginary components

The reactive power required by the machine as a function of torque and speed
under MTPA and flux weakening operation is shown in Fig. 3.9 and 3.10. It can be
concluded that reactive compensation will be able to improve the power capability of
the motor around the corner speed and at high speed when there is significant amount

of var required by the motor.
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Fig. 3.9 Reactive Power Requirement under MTPA operation
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Fig. 3.10 Reactive Power Requirement in flux weakening operation
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3.3.2. Power and Torque Capability with Finite Compensation Voltage Limit

Conceptually, the CPSR of a PM motor with large characteristic current would
become infinite when INV2 is controlled as inductors in series. In practice however,
INV2 would reach its voltage limit as the speed of the rotor increases. Since INV2 is
connected in series with the motor, the current rating has to be the same as the main
inverter. Nevertheless, the voltage rating of INV2 can be sized differently according to
the requirements of applications. Comparisons of the power-speed curves and
torque-speed curves when INV2 voltage rating is sized differently are shown in Fig.
3.11 and 3.12. It can be seen that even a small size INV2 will be able to improve the

power capability at high speed considerably.
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Fig. 3.11 Power-speed curves for different INV2 voltage rating
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3.3.3. Size of Floating Capacitor

The size of the floating capacitor is another important factor when considering the
overall cost of the proposed system. Like in most switching converters, the capacitance
can be determined by the desired voltage ripple, peak motor current and capacitor
parameters like capacitance and equivalent series resistance (ESR). In practice, the
ripple current rms value may play a more important role in sizing the floating capacitor.
Simulation can be carried out to determine the ripple current rms value and the results
can be used to predict the life time of the capacitor. The capacitor can be selected

according to the requirement of the applications.

3.3.4. Comparison with Other Topologies

It has been shown that the proposed dual inverter open-winding motor drive is

capable of expanding the operating space of PM motors for a given source voltage.
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However, the number of power electronics switches doubles in this drive topology
compared to a conventional 2-level inverter, which will lead to significant cost increase.
If the source voltage can be raised when the motor needs higher voltage to operate at
higher speed, the proposed open-winding drive will have few major benefits over a
single inverter drive. When the source voltage is fixed, a more conventional method is
to use a bidirectional DC/DC boost converter to raise the DC bus voltage for the

inverter as shown in Fig. 3.13.

AY
Jl
6

Vch:

Fig. 3.13 Single inverter with a DC/DC boost converter for higher available
voltage

To evaluate the advantages and disadvantages of the proposed topology, it is
compared with three more conventional drive topologies. The maximum speed is
assumed to be twice of the original motor drive in the comparison. The comparison
includes:

Drvl: Proposed series compensated open-winding PM motor drive

Drv2: Open-winding PM motor drive with two isolated voltage sources

Drv3: 2-level inverter drive with a DC/DC boost converter

Drv4: 2-level inverter drive with doubled supply voltage

To allow the same peak voltage amplitude to be applied to the motor terminals, the
rating of INV2 in the open-winding dual inverter drive is set equal to the rating of INV1.

The boost ratio of the DC/DC converter is set to 2.
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First, the torque-speed curves of four drives are compared in Fig. 3.14. For
comparison, the green curve represents a 2-level inverter directly powered from a 1 per
unit voltage power supply. With a DC/DC boost converter added to the system, the
motor will not only be able to operate at a higher maximum speed, the real power
capability is improved as well. It can be seen from Fig. 3.15 that all four drives have the
same improvement in the maximum speed limit. However, the boost converter topology
is able to deliver full torque at 2 per unit rotor speed. The CPSR of the drive is the same
as the single inverter drive, but the corner speed is postponed to 2 per unit speed with
the DC/DC boost converter. It is worth to note that if two isolated power supplies are
available, the dual inverter open-winding drive would have the same power and torque
capability as the boost converter topology. For the proposed topology with a floating
capacitor connected to INV2, the improvement of torque capability around corner speed
is not very apparent for the machine under study because it has a high power factor at
this operating point. After all, INV2 is only able to provide reactive power to the motor.
However, as the speed increases and the motor goes into flux weakening region, the
torque capability can be improved considerably compared to the single inverter drive
power from 1 per unit voltage power supply. The CPSR of the drive is increased

compared to the single inverter drive.
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Fig. 3.14 Torque-speed curves comparison of different drives

The benefits of adding a DC/DC boost converter are apparent. The torque
capability is greatly enhanced and only two extra power electronics devices are used.
However, the total rating of the power electronics switches is higher than that of the
proposed open-winding dual inverter drive. The voltage rating of the inverter itself is
doubled when the DC bus voltage doubles. The same voltage rating is required for the
power electronics switches in the DC/DC boost converter. Meanwhile, the switches in
the boost converter have to be sized according to the low voltage side high current. The
total active power switch rating will exceed the active power switch rating of the
proposed dual inverter open-winding drive.

Another comparison is carried out when the maximum speed requirement varies.
The total converter active switch ratings of the four drive topologies at different
required maximum speed are compared in Fig. 3.15. In can be concluded the total
active converter rating difference between the topology using DC/DC boost converter
and other topologies will be more significant as the required maximum speed goes up.

The increased boost ratio of DC/DC converter is the major factor leading to this result.
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Although Drv2 and Drv4 have the same power capability as Drv3, there is no extra
DC/DC converter required. As a result, the total active power electronics device rating

will be much lower.
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Fig. 3.15 IGBT total rating comparison between the proposed open-winding dual

inverter drive and single inverter with DC/DC boost converter

Compared with Drv4, the most apparent advantage of Drv2 is the capability of
multilevel operation. Not only the effective switching frequency can be doubled, the
voltage slope during switching events (dv/dt) is also reduced. As a result, the noise in
the control system could potentially be reduced. Stress on the insulation of machine
windings can also be reduced as well.

In Drvl, the floating capacitor voltage could be controlled to zero when the motor
terminal voltage is lower than the limit imposed by the power supply voltage. Similarly,
in Drv3, the boost ratio can be reduced at low speed when the power supply voltage is
sufficient. In both cases, the converter switching losses can be reduced below the rated

speed. However, Drv2 and Drv 4 do not have this flexibility. It is clear that the
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conduction losses can not be avoided.

An inductor is needed for the DC/DC boost converter in Drv3. Drvl is able to
increase the motor terminal voltage without a DC/DC boost converter and therefore
eliminate the bulky inductor. Instead, an additional capacitor that has the same ripple
current capability as the main inverter capacitor is needed in Drvl. However,
considering the stored energy in capacitor is in proportion to the square of capacitor
voltage, the total amount of stored energy in Drvl is only half of that in Drv3 without
even taking into account of the stored energy in the inductor.

The comparison of the four drive topologies are given in Table. 3.1.

Table 3.1 Comparison of the proposed topology to more conventional

topologies
Parameters Drv 1 Drv 2 Drv 3 Drv 4
Max Motor Voltage 2 pu 2pu 2pu 2 pu
Source Voltage in Total 1 pu 2 pu 1 pu 2 pu
Max Device Voltage 1 pu 1 pu 2pu 2pu
No. of Switches 12 12 8 6
Maximum Motor Power 1 pu 2 pu 2 pu 2 pu
Inverter KVA Rating 2pu 2pu 4 pu 2pu
Extra Inductor No No Yes No
Stored Energy in Capacitor 2 pu 2 pu 4 pu 4 pu
CPSR expanded same same same
Onset of Flux Weakening <1.414 pu 2 pu 2 pu 2 pu
Output Voltage 3-level 3-level | 2-level | 2-level
Voltage Slope, dv/dt 1 pu 1 pu 2 pu 2 pu
Reduce Switching losses yes no yes no

3.3.5. Applicability to Other Motors

It is obvious that the reactive power requirement will be different for different
machines. It would be beneficial to use normalized machine parameters to obtain more
insight into the reactive power requirement and size of the auxiliary inverter INV2 [87].

Saliency ratio & and normalized PM flux linkage Amn are used as the per-unitized
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parameters to represent different designs of motors. The PM flux linkage is normalized
to the flux linkage amplitude at the rated current under MTPA excitation. A normalized
machine parameter plane can be formed using the normalized PM flux linkage Amn as
the horizontal axis and saliency ratio & as the vertical axis. Each point on the
normalized machine parameter plane represents a certain set of designs regardless the
actual power ratings. SPM motors have no saliency and therefore are located on the
horizontal line of saliency ratio of 1. Synchronous reluctance motors will have a higher
saliency ratio but zero PM flux linkage. Synchronous reluctance motors are located on
the vertical axis of the machine parameter plane. When the machine does not have any
saliency (£= 1) or permanent magnet flux linkage (Amn = 0), it is not able to deliver
any torque or power. In the per-unitized system, the rated voltage and current are both 1
per unit.

When powered from a 2-level inverter, the power/torque-speed curves for the
motors on the normalized parameters are shown in the Fig. 3.16. A speed range up to 10
per unit is used for all plots. In general, the designs in the upper right part of the plane
have characteristic current higher than 1. As a result, machine designs located in this
part of the parameter plane will have a maximum speed limit. For the machines located
in the lower left part of the parameter plane, the characteristic current values are lower
than the rated current. These machines will not have a maximum speed limit. However,
the power capabilities of these machines will decrease as the speed increases. The
power factors of the machines in the lower left part of the plane are lower at high speed.
An apparent example will be a synchronous reluctance motor which is known for poor
power factor. If the design is carefully done so that the machine is located on the
boundary of the two parts of the plane mentioned above, the machine would have

optimal flux weakening capability.
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Fig. 3.16 Power speed curve of different machines on the normalized machine
parameter plane, driven by single inverter drive

In Fig. 3.17, the machines on the parameter plane are driven by the proposed
open-winding dual inverter drive. INV2 is assumed to have the same rating as the main
inverter INV1. In all cases, the power and torque capability of the machines are
improved. For the machines of poor flux weakening capabilities when driven by a
single inverter drive (in the upper right part of the parameter plane), the maximum
speed is greatly improved. In this situation, the auxiliary inverter INV2 is controlled as
a three-phase inductor. For the motors that are already good for flux weakening
operation (lower left part of the parameter plane), the improvement is mostly around the
corner speed (1 per unit speed). Rated torque can be achieved beyond rated speed.
INV2 is controlled as a three-phase capacitor in this situation. The start of flux

weakening is postponed to a higher speed. It should be noted that, the transition from



76

capacitive to inductive compensation is automatically handled by the controller.

In some applications, the required CPSR is not as high as 10. The INV2 can be
then sized accordingly to reduce the total system cost. Fig. 3.18 shows the power and
torque capability of the machines when the voltage rating of INV2 is reduced to half of
the voltage rating of the main inverter INV1. As can be predicted, the improvements are
not as much as that when a fully rated INV2 is employed. Nevertheless, the cost of the

inverters can be reduced if the performance meets the application requirement.
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Fig. 3.17 Power speed curve of different machines on the normalized machine
parameter plane, driven by open-winding dual inverter drive, INV2 has the same
rating as INV1
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Fig. 3.18 Power speed curve of different machines on the machine parameter
plane, driven by open-winding dual inverter drive, INV2 has half of the voltage
rating of INV1

In addition to investigating the machines on the parameter plane, several machines
were selected as examples for a more detailed study. The selected example machines
are Toyota’s 07 Camry motor, a 30 kw SPM motor that is optimized for torque density,
a 60 kw permanent magnet assisted synchronous reluctance motor and a high saliency
ratio synchronous reluctance motor. Without further complicating the problem, constant
parameters and a lossless model are used in all cases. The machine parameters for the

case study are given in Table. 3.2.
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Table 3.2 Parameters for case study machines

Case | Description Amn [pu] ¢ [pu]
I 07 Camry motor 0.504 2.85
II SPM high torque density 0.95 1

I PMASynRM 0.244 2.72
v SynRM 0 10

Case I: 07 Camry Motor

The 07 Camry motor is a high power/torque density IPM motor that has a
characteristic current slightly higher than 1 per unit (parameters estimated for
continuous operation). The power/torque-speed curve, motor voltage with its real and
imaginary components and the power factor on the boundary of power-speed curve are
shown in Fig. 3.19. The flux weakening capability of this motor is very good. The
theoretical absolute maximum speed is higher than 10 per unit. The power factor
remains good up to 6~7 per unit speed. Beyond the corner speed, the current starts to
advance in phase and the motor changes from lagging to leading power factor. It can be
seen that the imaginary part of the motor voltage becomes dominant at higher speed. It
is expected that the motor will have better power capability around corner speed and at

speed higher than 5 per unit if extra reactive voltage is available.
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Fig. 3.19 Case study, 07 Camry motor single inverter drive

Fig. 3.20 shows the same curves when the 07 Camry motor is driven by the
proposed dual inverter open-winding motor drive. In addition, the amplitude of voltage
delivered by INV1 and INV2 are given as well. INV1 voltage is kept at 1 per unit
beyond the corner speed. The power capability remains very good even at 10 per unit
speed. The corner speed is postponed compared to that shown in Fig. 3.19. INV2 is not
used to its full capability across the entire operating range considered. It can be
concluded that for some motor designs, a smaller sized INV2 can be used to fulfill the

application requirements.
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Fig. 3.20 Case study, 07 Camry motor dual inverter open-winding drive

Case II: SPM Optimized for Torque Density

For the high torque density SPM motor under study, the normalized permanent
magnet flux linkage is very high, meaning the back-emf is the dominant part of the
motor voltage under rated condition. The power factor of this motor is very high below

the corner speed because of the small inductance. Nevertheless, the low inductance of
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the motor leads to a high characteristic current and poor flux weakening capability
beyond the corner speed. From Fig. 3.21, the theoretical maximum speed is only about
1.5 per unit. To keep the motor terminal voltage within the limit, the power factor

deteriorates quickly once the speed exceeds the rated speed.
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Fig. 3.21 Case study, SPM motor optimized for torque density single inverter drive

From Fig. 3.22, the maximum speed of the motor can be doubled when the
proposed dual inverter open-winding drive topology is used. The improvement of the
power capability is significant. The voltage component needed to accomplish this

improvement is purely reactive. INV2 is used to its maximum voltage capability at the
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maximum speed.
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Fig. 3.22 Case study, SPM optimized for torque density dual inverter open-winding

drive
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Case III: PM Assisted Synchronous Reluctance Motor

PM assisted synchronous reluctance motors are now being considered as one of the
promising alternatives to high power/torque density but more expensive Neodymium
based PM motors. This kind of machines often has a relatively high saliency ratio.
Magnets of lower price are used to improve the power density and power factor of the
motor. However, due to the difficulty of mounting magnets in a radially laminated rotor,
the saliency ratio is often limited compared to some other synchronous reluctance
motors. As shown in Fig. 3.23, the power factor of the motor is quite poor below the
rated speed even with the assistance of the ferrite magnets. The inverter VA rating has
to be over sized for this type of motor when compared to the SPM motor shown in Case
IT due to the requirement of more reactive power. As the motor enters the flux
weakening region, the power factor starts to improve as the speed increases. However,
the power capability will decrease slightly as the speed increases because the motor has

a characteristic current smaller than 1 per unit.
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Fig. 3.24 Case study, PM assisted synchronous reluctance motor dual inverter

open-winding drive
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Fig. 3.24 shows the power/torque-speed curve prediction along with the motor
voltage components when the PM assisted synchronous reluctance motor is driven by
the proposed series compensated open-winding motor drive. The corner speed is
postponed to a value that is very close to 2 per unit. For this particular motor, the
power/torque capability improvement is very similar to the case when a DC/DC boost
converter is used. However, the total converter rating will be much smaller for the
open-winding motor drive. PM assisted synchronous reluctance motor is potentially a
very good target application of the proposed open-winding motor drive topology. It is
also worth to note that INV2 is not utilized to its full capability at high speeds because
the requirement of reactive power decreases as the motor goes deeply into flux

weakening.

Case I'V: High Saliency Ratio Synchronous Reluctance Motor

In this case, a high saliency pure synchronous reluctance motor is investigated.
When radially laminated rotor is used, it is claimed that a saliency ratio as high as 10
can be achieved. Since the characteristic current is zero for this type of motor, the
center of the voltage limit ellipses is located at the origin on the current vector plane. As
expected, there will not be a theoretical maximum speed limit for this motor. Similar to
the PM assisted synchronous reluctance motor discussed in Case III, the power factor is
very low below the corner speed as shown in Fig. 3.25. Without the assistance from the
permanent magnets, the power factor remains poor for this motor even in high speed

region. The reactive part of the voltage exceeds the real part at some operating points.
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Fig. 3.25 Case study, high saliency ratio synchronous reluctance motor single inverter

drive
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Fig. 3.26 Case study, high saliency ratio synchronous reluctance motor dual inverter
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With the compensation inverter, the power/torque capability analysis results are
shown in Fig. 3.26. Same as in the previous case, the power capability can be
significantly improved with the dual inverter arrangement. The improvement is almost
as good as adding an extra DC/DC boost converter. Different from the PM assisted
synchronous reluctance motor in Case III, INV2 will be fully utilized at high speed
because of the poor factor in this case. Synchronous reluctance motor is another
promising application of the proposed topology.

In all the cases investigated, the proposed dual inverter open-winding machine
drive is able to improve the power/torque capability of various motors under a fixed
voltage source. For machines that are not well designed for high CPSR, the proposed
topology is able increase the maximum speed limited significantly. For machines that
already have good flux weakening capability, the major improvement is the capability
to operate the motor at rated torque beyond rated speed. The motors between the two

situations will benefit from both posted start of flux weakening and improved CPSR.

3.4. Impact on Excitation Voltage

It has been mentioned previously that the open-winding motor drive is essentially a
multilevel inverter drive. Unlike a conventional three-phase Y-connected AC machine, an
open-winding machine can be excited by two sets of three-phase voltages. The resulting
machine terminal voltage is the vector sum of the two applied voltage vectors.
Traditionally, the two sets of voltage are equal and balanced with a 180 degree phase
shift as shown in the vector diagram in Fig. 3.27 (a). When INV2 is used for the
purpose of reactive power compensation, the motor terminal voltage is likely to be
different from INV1 voltage in most situations. An example of vector diagram is shown

in Fig. 3.27 (b).
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(a) Conventional open-winding motor  (b) Open-winding motor drive with INV2
drive for compensation
Fig. 3.27 Open-winding motor drive voltage vector

When PWM inverters are used to drive an open-winding machine, the instantaneous
phase voltage will be different for isolated DC bus and common DC bus configurations.
Three-level voltage is applied to the phase winding when the two inverters share a
common DC bus. In the isolated DC bus configuration, the line-to-line voltage of the
machine is a three-level voltage. Fig.3.28 is a comparison of the instantaneous phase
voltage waveform of several different drive configurations.

Fig. 3.28 (a) is the phase voltage of a common single 2-level inverter drive. Fig. 3.28
(b) shows the phase voltage waveform for a common DC bus open-winding machine
drive. For common DC bus open-winding machine drive, the phase voltage is a 3-level
PWM waveform. When the two VSIs share a common DC bus, the zero sequence
current is able to circulate through the common DC bus. Moreover, the zero sequence
impedance of AC machines is usually very low. As a result, a small zero sequence
voltage will result in large zero sequence current in the machine windings in an
open-winding drive with common DC bus. Fig.3.28 (c) is the machine phase voltage
PWM waveform for an isolated DC bus open-winding machine drive when the voltage
commands of the two inverters are equal and shifted by 180 degrees. The waveform is
the same as any conventional 3-level converters. Fig. 3.28 (d) is the phase voltage
PWM waveform for the isolated DC bus open-winding drive when the voltage
commands of the two inverters are equal and shifted by 90 degrees. This situation can

be observed when INV1 is only delivery real power to the motor.
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For the isolated DC bus open-winding motor drive, the switching frequency is
virtually doubled when the two voltage commands are shifted by 180 degrees because
the motor terminal voltage waveform is the same as other three-level inverters. Fig.
3.29 gives an example of the phase voltage harmonic content comparison between a
Y-connected motor with a 2-level inverter and an open-winding motor drive with an
isolated inverter. The phase shift between the voltage commands of the two inverters
are set to 180 and 90 degrees. Sine-triangle PWM is used for the analysis. The
modulation index is set to 1 and the switching frequency is set to 30 times of the
fundamental frequency in both cases. It is apparent from the spectrum that the
harmonics at the switching frequency and its odd multiples do not exist for the
open-winding motor drive when there is a 180 degree phase shift between the two
voltage commands. This is one of the major advantages of having two isolated power
sources in more conventional dual VSI open-winding motor drive. Therefore, this

configuration is used in most of the existing literature for an open-winding motor drive.
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(a) Y-connected machine with 2-level (b) Open-winding machine with common
inverter DC bus inverters
(c) Open-winding motor drive with (d) Open-winding motor drive with
isolated DC bus, 180 phase shift isolated DC bus, 90 degree phase shift

Fig. 3.28 Phase voltage waveform comparison of different drives

However, if INV2 is required to deliver only reactive power to the motor, the
voltage commands of the two VSI would often not be 180 degrees apart. Assuming
INV1 is only providing real power and INV2 is providing reactive power to the motor,
there would be a 90 degree phase shift between the two voltage command vectors. The
spectrum of the phase voltage when the phase shift is 90 degree is given in Fig. 3.29 (c).
The modulation indices used are again set to 1. The carrier signals of the two inverters
are the same. Different from the situation when the phase shift between the two voltage

command vectors are 180 degrees apart, harmonics around the switching frequency and
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its odd multiples appear in the spectrum.
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(b) open-winding motor drive with isolated DC bus, 180 degree phase shift
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(c) open-winding motor drive with isolated DC bus, 90 degree phase shift
Fig. 3.29 Phase voltage harmonics comparison between Y-connected motor with
2-level inverter and open-winding motor drive with isolated DC bus
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A natural solution to reduce the harmonics when the voltage commands of the two
VSIs are shifted is to shift the phase of carrier signal of INV2 at the same time. The
spectrum of the phase voltage waveform when the carrier frequency is shifted is given
in Fig. 3.30. It is apparent that the harmonics of phase voltage can be reduced
significantly. However, it is difficult to dynamically change the phase angle of carrier
signal when the voltage command phase shift is changing during normal operation.

Therefore, the carrier signals are set to be the same in later studies.
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Fig. 3.30 Spectrum of the open-winding machine drive phase voltage when the
voltage command from the two VSIs are shifted by 90 degrees, carriers are shifted by
90 degrees as well

With INV1 providing part of the reactive power required by the motor, the phase
shift between the two voltage commands will be from 90 to 180 degrees (the sign of
compensation voltage will be different for capacitive and inductive compensation, but

the harmonic contents will be the same). The harmonic content under these conditions
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are studied. Without further complicating the problem, the modulation indices are set to
be the same initially. The total harmonic distortion is calculated and plotted against
modulation index and phase shift between the voltage commands in Fig. 3.31. It should
be noted that only the first 200 harmonics are considered in the computation of THD.

The same number of harmonics is used in later analysis.

2.5

THD

200

phase shift [deg] m

Fig. 3.31 THD of phase voltage of an open-winding motor drive with isolated DC
bus, modulation indecis are set the same for the two VSI

Fig. 3.32 shows another case of the THD of the phase voltage waveform when one
of the inverter is operated with a fixed modulation index of 1 and the modulation index
of the other inverter varies from O to 1. The phase shift between the two voltage
commands varies from 90 to 180 degrees.

It was found that the THD of the phase voltage in an open-winding motor drive can

be either higher or lower compared to a single 2-level inverter depending upon the
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modulation indices and the phase shift between the voltage commands of the two
inverters. In general, for the same modulation indices, the THD will be higher when the

phase shift between the two voltage commands is at 90 degrees.
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200
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Fig. 3.32 THD of phase voltage of an open-winding motor drive with isolated DC
bus, fixed modulation index for one inverter and variable modulation index and phase
shift

3.5. Control Method

The proposed open-winding motor drive control method discussed here is based on
the widely used field oriented controller. An outer velocity loop has been used to
generate the g-axis current for the inner loop. Current references for the d-axis are
generated based on the torque command and the MTPA curve.

Two PI regulators in the rotor reference frame are used to control the current in the
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d and g-axis. Cross coupling decoupling terms are added to enhance the performance
during transient.

As mentioned in previous sections, INV2 is only able to supply reactive power to
the motor. All the real power has to be supplied from INV1. Therefore, the voltage
command vector from the current regulator is decomposed into real and imaginary
components. INV2 is controlled to provide the reactive part of the voltage command
vector up to its voltage limit. This part of INV2 voltage command only contains
reactive component. INV1 provides the remaining part of the voltage required by the
motor. The voltage command of INVI may contain both real and imaginary
components.

Ideally, if INV2 is only supplying reactive power, the voltage of the DC capacitor
will be constant. However, in reality, there are some losses associated with the
switching of the inverter, the ESR of the floating capacitor and etc. As a result, to keep
the INV2 DC bus capacitor voltage constant, a small amount of real power has to be
supplied to INV2 to compensate for the losses. A PI regulator is therefore used to
regulate the floating capacitor voltage. The output of the controller is the real
component of INV2 voltage command. To reduce the switching losses, the reference of
the floating capacitor voltage can be set to zero when the voltage required by the motor
is low. In the simulation and experiment, the reference is set to the nominal value once
the motor current exceeds a threshold value. However, potentially, the floating capacitor
voltage reference could be varied dynamically according to the requirement of the
motor to minimize the losses.

The voltage command is distributed between the two inverters by (3.4) and (3.5).
Sine-triangle PWM with 3" harmonics injection is used in this project. Before the
voltage commands are transformed into the abc reference frame, the linear modulation

limit of 1.15 is applied.
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Vinvl =

(3.10)
{Ivdgleos(g - b) + j Ivdglsin(g - b) - sgn(sin(g - b)) min(|Ivdglsin(g - b)|-voma) )
viv2 = | vreal2 + j son(sin(g - bymin(|vdglsin@@ - b)| vamax)) T Yar -b) GV

The quantities ¢ and f are the voltage and current phase angles with respect to the
g-axis. The matrix T is the reference frame transformation.

A feedback style flux weakening controller is employed to prevent the current
regulators from saturating. The amplitude of INV1 voltage command is used as the
control variable for the outer voltage loop. This allows maximum voltage utilization
and higher voltage to be applied to the motor terminals.

The block diagram of the controller is shown in Fig. 3.33.
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Fig. 3.33 Block diagram of open-winding PM motor drive control method
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3.6. Simulation Study

The proposed system was simulated using the parameters of a lab scale IPM
machine. The parameters of the motor and inverters are given in Table. 3.3. It should be
pointed out that due to the mechanical limit of the experimental setup, the rated current
of the motor is decreased so that the maximum speed limit is at a safe level for

experimental verification.

Table 3. 3 Motor and drive parameters

Symbol Parameters Value
rs stator resistance 0.315 Ohm
Ld d-axis inductance 16 mH
Lg g-axis inductance 51 mH
Am permanent flux linkage 0.75 wb
P number of poles 4
Ir rated peak current 216 A

Vdc DC bus voltage 200 V

Vdc2 floating capacitor voltage 200 V

Ccom | Floating capacitor capacitance 800 uF
fs switching frequency 8 kHz

The inverter phase voltage references are plotted with the motor current of the
same phase in steady state in Fig. 3.34. Two operating conditions in steady state are
shown. Low speed loaded operation is shown in Fig. 3.34 (a). INV1 voltage reference is
in phase with current, indicating that INV1 is only supplying real power to the motor.
INV2 voltage reference is lagging the current by 90 degrees. Therefore, INV2 is acting
as a three-phase capacitor in this case. In Fig. 3.34 (b), the motor is operated at high
speed with no applied load torque. The motor is operated at a leading power factor in

this situation. INV2 is controlled as a three-phase inductor.



100

Legend
E — Val
LY .
— — Va2
> :
*
>
+g
=>
t[s]
(a) low speed, loaded
1 1 ! Legend:
100 ANANALALAANALNARTS .
< “ ‘ — Val
;" ol — Va2
GV IRERYREE PR TRLFR VRES VRES | RIS 1RYE
0 0.02 0.04 0.06 0.08 0.1
t[s]
(b) high speed, no load
Fig. 3.34 Simulated nverter voltage references and motor
current

Acceleration under no load is simulated and the results are shown in Fig. 35. Fig.
3.35 (a) shows the speed of the motor. The velocity reference is ramped up. The motor
accelerates until the inverters reach the voltage limit. The amplitude of INV1 voltage
reference is shown in Fig. 3.35 (b). The amplitude is controlled within its limit to
prevent the current regulator from saturation. The floating capacitor is charged during
the transient as shown in Fig. 3.35 (c). It can be seen that the capacitor can be charged
smoothly without any pre-charge circuit or special procedure. The voltage reference of

INV1 has some transients when the capacitor is charged. This is because INV1 sees a
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large resistance during the charge of the floating capacitor.
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Fig. 3.35. Simulated transient during acceleration

3.7. Experimental Results

The transient during acceleration is shown in Fig. 3.36. It is shown that the flux
weakening controller is able to keep the amplitude of INV1 voltage reference within its

limit.
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Fig. 3.36 Measured transient during acceleration

The floating capacitor is controlled to be charged during normal operation. Fig.
3.37 shows the transient during a load change. The capacitor is charged only when the
current exceeds a threshold value. The waveform shown is the filtered voltage recorded
using the DSP. A minimum value of 10 volts is set to prevent division by zero when the
inverter is not powered. Also, the floating capacitor voltage can be controlled very well
during a load change. Fig. 3.38 and 3.39 shows the floating capacitor voltage during
load step up and down. The voltage shown is the unfiltered sampled data. The harsh

spike should be the noise instead of actual voltage spike on the capacitor.
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The power-speed and torque-speed curves, when INV?2 is sized differently, have
been obtained by experiment as well. Each of the point on the curves is a steady state
operating point. The results are compared with the single 2-level inverter drive in Figs.
3.40 and 3.41. The theoretical calculation shown in previous section is also plotted for
comparison. As predicted, the power capability of the motor is improved considerably
in the high speed region. In the theoretical prediction, an ideal model was used.
Therefore, the nonlinear effect like saturation was not taken into account. Moreover, the
iron losses and mechanical losses were ignored. These are the major factors that
contribute to the difference between the experimental results and the theoretical
prediction.

The transient responses during acceleration are also compared for different sizes of
INV2. The motor accelerates until the drives reach their limits. Fig. 3.42 provides the
comparison. The results show that the maximum speed is about twice compared to the

single 2-level inverter drive when INV2 is sized to be 1 per unit.
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Fig. 3.40 Measured power-speed curve for different INV2 ratings
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3.8. Summary

In this chapter, a dual inverter open-winding IPM machine drive is proposed. The
auxiliary inverter was used to supply only reactive power to the machine. The DC bus
of the auxiliary inverter is simply a floating capacitor. By series compensation, the
operating space of the motor can be expanded when power is obtained from a fixed
voltage power supply. The sizing of the auxiliary inverter has been discussed. The
applicability of the proposed method to other PMSM was also discussed. The impact on
excitation voltage of using the proposed topology was presented. The proposed drive

and control method has been verified both by simulation and experimental studies.
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Chapter 4

Series Compensated Open-Winding PM
Generator Wind Power System

4.1. Introduction

For the past few decades, renewable energy has been important supplement to
traditional energy source such as coal and natural gas. Among all the renewable energy
sources, wind is the most accepted. By the end of 2009, the world wide installed
capability is 159.2 gigawatts [88]. In the U.S., 10,010 megawatts of generating capacity
was installed in 2009, representing 30% of all U.S. electricity generation capacity
addition of the year [89,90].

An open-winding PM machine based wind power generation system is proposed in
this chapter. A series connected VSI is used to control the generator power and improve
the generator utilization when a diode rectifier is used with PM generator. Both constant
speed and variable speed operation are considered. The proposed topology is able to
improve the generator utilization and reduce the total cost of the system. In addition, the
proposed wind power system shows the potential of maximum power point tracking

(MPPT) in variable speed operation.

4.1.1. Common Wind Technologies

Before introducing the proposed series compensated wind power system, common

wind power technologies are briefly reviewed in this section [91,92]. The first
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successful commercial wind generation system is the constant speed squirrel cage
induction generator (SCIG, also known as the Danish concept). Today, they are still a
very large portion of the total wind power installed capability. The generator is
connected to the gird through a transformer. Stall control or pitch control are usually
used with gear box to keep the rotor shaft speed nearly constant. As shown in Fig.4.1
(a), a soft starter is used to reduce inrush current when the generator is connected to the
grid. AC capacitors are often used to supply the reactive power required by the
induction generator. Capacitor banks are switched in and out for different operating
points. The advantages of this topology include low cost and robustness of generator.
However, there is no control of the generator, leading to poor wind power capture and
low generator utilization.

Would rotor induction machine with variable resistor shown in Fig.4.1 (b) is
similar to the fixed speed SCIG. However, there are external variable resistors
connected to the rotor circuit. By varying the resistance in rotor circuit, the speed of the
shaft can be controlled in a small range to improve wind power harvest, usually 10%
above the synchronous speed. Soft starter and local var support are still needed in this
type of wind power systems.

Doubly fed induction generator (DFIG) is the most popular wind power topology at
the moment. Fig.4.1 (c) shows the DFIG topology. Instead of connecting resistor to the
rotor circuit, a back-to-back AC/DC/AC converter is employed. The size of the
converter is only about 30% of the system rated power. By controlling the frequency in
the rotor circuit, the turbine is able to run at both sub-synchronous and
super-synchronous speed. Typically, the rotor speed is allowed to vary in the range of
-40% to 30% of synchronous speed. By adding a fractional sized converter, real and
reactive power can be individually controlled. There is no requirement of external soft
starter or capacitor banks. However, DFIG requires slip rings to transfer power and/or

reactive power to the rotor circuit, which reduces the reliability of the overall system.
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Wind generation systems with full rated power converters are becoming more
popular in recent years. Fig.4.1 (d) shows a wind power system with full rated active
power converter. SCIG, wound field synchronous generators, PM synchronous
generators can all be used with a full rated power converter. The turbine speed is
allowed to vary in a wide range. The shaft speed can be controlled according to the
wind speed for optimal wind power capture. Real and reactive power supply to the grid
can be individually controlled. Direct drive becomes possible by employing high pole
number generators which could potentially eliminate the high cost gear box and
improve the reliability of the overall system. In addition, less maintenance is required
for such a system compared to a DFIG system. The only disadvantage is the high cost
associated with the full rating power electronic converters. It can be predicted that this
type of wind power system will become more popular due to its advantages in the

future.



111

Capacior bank
(a) Fixed speed SCIG

\fariable resistance

Gear;| : 1 I:i J 7 Gnd ;

WRIG Softstarter L1

(b) Variable speed wound rotor induction generator with variable resistor

Partial scale
frequency converier
Gear,| &1} { Grid
WRIG
(c) DFIG
Full scale

- O == /

PM3G WRSG! WRIG

(d) Variable speed, full rated power converter
Fig. 4.1 Common wind power system topologies [90]

4.1.2. Generator under Utilization in Diode Rectifier Wind Power System

Synchronous machine wind power system based on diode rectifier is a low cost

alternative to the fully controlled PWM rectifier. However, this type of system has not
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seen wide applications in practice. One of the main reasons is that the generator usually
delivers less than rated power under rated excitation in such a system.

The voltage drop on synchronous reactance increases as the load current increases.
When a diode rectifier is used for the power conversion, the generator will see
underutilization. It is convenient to first consider a non salient round rotor synchronous
generator or a SPM generator with a diode rectifier. The generator current is in phase
with the terminal voltage Vg (180 electrical degrees out of phase by motor convention)
ignoring the small amount of reactive power the diode bridge needs for commutation. A
phasor diagram can be draw as shown in Fig.4.2. The resistance of the generator is
ignored. Since the displacement power factor is close to unity for the diode rectifier, the
generator voltage vector will be perpendicular to the voltage drop on the synchronous
reactance. Therefore, the generator excitation voltage and the voltage drop on the
synchronous reactance have to intersect on the semicircle shown on the phasor diagram
when the generator operates at a constant rotor speed. The generator current can be
controlled by adjusting the DC side voltage of the diode rectifier when the system is
equipped with a DC chopper. However, the generator power does not always increase
when the generator current increases. The range of power adjustment is limited.
Moreover, the generator current will always lags the generator back-emf. The generator
will not be able to deliver rated power at rated current and voltage. In other words,
some reactive power is required for the machine to generate rated power at the rated
excitation. In wind power systems, the generators are installed in the towers high above
the ground. The power density of the generator is a very important factor that
determines the cost of construction and installation. Generator underutilization is
certainly undesirable for this reason.

Another major factor that stops people using diode rectifier with a DC/DC chopper
for wind power is that although there is only one active power electronics switch shown

in the schematic, the DC/DC boost converter has to handle the full rated power. In
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addition, a high power inductor may be required if the machine inductance is not large

enough. Such an inductor will significantly increase the weight and cost of the system.

Fig. 4.2 Phasor diagram for wind power system with diode rectifier and DC chopper

4.2. Proposed Topology

An open-winding PM machine based wind power generation system is proposed in
this chapter to overcome some of the disadvantages of the conventional diode rectifier
based wind power system.

The topology proposed in this chapter is shown in Figure. 4.3. An open-winding
PMSG is used with an uncontrolled diode rectifier and an auxiliary fractional sized
compensating VSI. The generated real power is rectified by the diode bridge. The
auxiliary inverter is used for both generator control and generator utilization
improvement. The DC side of the auxiliary VSI is connected to a floating capacitor. A
separate PWM VSI is used as the grid side inverter to regulate the main DC bus voltage.
Gearbox can be used to increase the generator speed for higher generator power density.

Like the SSSC, the auxiliary inverter is a series compensation device. It can be
controlled as a variable three-phase impedance. If the injected voltage is leading the

generator current by 90 degrees, the inverter is effectively a three-phase inductor. On
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the contrary, the inverter is effectively a three-phase capacitor if the injected voltage is
lagging the current by 90 degrees. The DC bus of the auxiliary inverter is simply a DC
capacitor with no connection to a power source. The compensation DC bus voltage can
be controlled by the inverter. When the injected voltage has a component that is in
phase with the current, the compensation DC bus voltage will be increased. In contrast,
the compensation DC bus voltage is reduced when there is a component that is 180
degrees away from the current. This component can be considered as resistance or
negative resistance from the circuit point of view. If energy storage is desired, the
energy storage element can be attached to the DC bus of the auxiliary inverter so that
the auxiliary inverter is also used as an interface to the energy storage. There is no
requirement for a separate DC/DC converter and the voltage of the energy storage can

be different from the main DC bus.
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Fig. 4.3 Proposed open-winding PM wind generation system
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4.3. Operation Principle

The basic operation principle is discussed in this section. It is convenient to first
explain the operating principle by using a simple non-salient generator, for instance a
surface permanent magnet (SPM) generator. A single-line diagram is shown in Fig. 4.4.
E, Vrect, Vcom are generator back-emf, rectifier voltage and compensation VSI
voltage. The AC side voltage of the diode rectifier Vyect is equal to the vector sum of

the generator voltage Vs and the compensation voltage Vcom.

Veor f\)? V- @ﬁ

Fig. 4.4 Single line diagram of the proposed system with a non salient generator

Assuming the compensation is purely reactive and ignoring the generator resistance,
the power flow into the rectifier can be calculated as:
3VrectE | 3VrectVeom 5
Ps = X—Ssm(é) + X—XCOS(E) (4.1)
Where 6 is the power angle defined as from the back-emf E to the rectifier voltage
Vrect. The generated power can be controlled by varying the compensation voltage. If
the current is continuous, the rectifier operates at unity displacement power factor, i.e.
the current is in phase with the voltage fundamentally. The phasor diagrams of a

lossless non-salient generator with and without compensation are shown in Fig. 4.5.
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When the compensation voltage completely cancels the voltage drop on the
synchronous reactance, the generator operates on its MTPA curve. When the
compensation is capacitive, the generator power is increased and when the
compensation is inductive, the generator power is reduced.

For some machines, the synchronous reactance may be very large. It will require a
very large converter to compensate for the optimal operation. The compensation
voltage can be sized smaller than voltage drop on synchronous reactance. The generator

utilization will still be improved although it will not be optimal.

IS Vrect
g IsXs
\/S 'JlsXcom
(a) Full compensation (b) Partial compensation
E

JlsXs

'j Is)(com

Fig. 4.5 Phasor diagram for capacitive compensation

For a salient IPM generator, it is not possible to construct a simple single line
diagram as for a SPM generator. However, the relationship between the compensation

voltage and generator power is similar to that of a SPM generator. A phasor diagram
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can still be drawn for a salient-pole generator. Fig. 4.6 shows the phasor diagram for an
IPM generator in the proposed system. In both salient and non-salient generator cases,
the compensation voltage vector is perpendicular to the current vector to ensure pure

reactive compensation.
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Fig. 4.6 Phasor diagram for IPM in proposed wind power system
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4.4. Inverter Sizing

4.4.1. Var Requirement for the Lab Scale Generator

In the proposed wind power generation system, the compensation inverter only
supplies reactive power to the generator. Therefore, the reactive power needed by the
machine determines the size of the PWM inverter. This section investigates the sizing
of compensation inverter. Since the inverter is in series with the generator, it will carry
rated machine current in the worst case.

Although the proposed system is applicable to both salient and non-salient
generators, a lab scale salient IPM generator which is used for later study is considered
here. The parameters and ratings of the generator under investigation are listed in Table.

4.1 for reference.

Table 4.1 Machine parameters and ratings

Parameter Description Value
Pr rated power 10 kw
Vr rated voltage 115 Volts

Ir rated current 29 Amps
fr rated frequency 345 Hz
oh base speed 216.8 elec rad/s
rs stator resistance 0.315 Ohm
Ld d-axis inductance 16 mH
Lg g-axis inductance 51 mH
Am permanent flux linkage 0.75 wb
P number of poles 4
Vdc main DC bus voltage 200V
Vccom | Compensation DC bus voltage 100 V

The AC side voltage of diode rectifier is difficult to calculate exactly because of the
commutation and variance of conduction angle under different operating conditions. An

approximation is used here. The three-phase machine currents are assumed to be
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continuous. In this case, the generator phase voltage waveform of a diode rectifier for a

constant DC bus voltage will look like the one shown in Fig.4.7.

Va
23V gy _
1/3Vy.
6 |n2  swe  7we  |3n/2 11n/6 2n
| | | | et
1/3Vg, ‘ ‘ ‘
-2/3Vg,

Fig. 4.7 Ideal AC side voltage of diode rectifier

The root-mean-square value can be calculated from the waveform by:

Vrectrms = (4.2)
The fundamental component can be calculated as:
17 2
Vrectl = - Jva(6)cos(6)dd = “Vdc (4.3)

Since generated power is concerned, fundamental value is used to approximate
rectifier AC side voltage Vyect in the calculation. When the current is continuous, the
DC bus value determines the rectifier AC side voltage. Based on this assumption, the
generated power is estimated for different level of compensation. This assumption is
not always true because at low speed, the machine current may not be continuous.
However, it is good enough for high speed operation in general. In the steady state, the

time derivative terms in (2.1) can be eliminated. Ignoring the losses and assume unity
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displacement power factor, (2.1) can be rearranged as (4.4) and (4.5).

- Vrectsin(o) = - orLqiscos(0) + Veomcos(d) (4.4)
Vrect€os(d) = - arldissin(o) + arAm + Vcomsin(o) (4.5)

The power angle and current amplitude can be obtained by solving equations (4.4)
and (4.5) numerically. The main DC bus voltage is set to 200 V and the fundamental
component of a six step waveform is used as the rectifier voltage. The current and
power angle values from numerical calculation are then used to obtain the generator
power as a function of compensation voltage. Figure 4.8 shows the curve of generator
power versus compensation voltage at different speeds for the 10 kW lab scale IPM
generator (ideal lossless model is used). It can be seen from Fig. 4.8 that a
compensation voltage of 20 Vpk is sufficient to shape the generated power within a
reasonable range. The compensation inverter can be sized to be less than 30% of the
rated power to control the power and rotor speed of the generator. It can even be sized
smaller if desired. In the situation that the compensation voltage needed to operate the
generator on MTPA curve is higher than the available voltage, the inverter can be kept
at its highest output voltage, the generator power and utilization can still be improved
compared to a diode rectifier only system.

Unlike the systems in the existing literature, the proposed system is capable of
reducing generator power in addition to improving the generator power output. When
the compensation is inductive, the generated power decreases. This feature enables the

proposed system with the capability of maximum power point tracking (MPPT).
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Legend:
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— 950 rpm
— 1000 rpm
— 1035 rpm

Pg [kw]

Veom [V]

Fig. 4.8 Power vs. compensation voltage plot of proposed system with IPM generator

For a wound field synchronous machine, the inductance can be significant larger
than PM generators. As a result, the inverter size will be larger when a wound field
synchronous generator is used. However, compared to a fully sized active rectifier that
has to handle both active and reactive power, the proposed system still has apparent
benefit on converter cost. Moreover, unlike a DC chopper, the compensation inverter
does not have to be sized for the worst case. It can be sized according to the condition
that the system is mostly operated at. When more var is needed for the MTPA condition,
the output of the compensation inverter is kept at its maximum value. The generator
power could still be improve although it would not be optimal.

The power versus compensation var of the lab scale generator is plotted in Fig. 4.9
for several different speeds. For the generator used, only a small amount of reactive

power would change the real power significantly.
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Legend:
— 900 rpm
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Fig. 4.9 Power vs. compensation var plot of proposed system with IPM generator

4.4.2. Generator Consideration

Although an IPM generator is used in this study, the proposed wind power
generation system is applicable to both salient and non salient generators. However,
generator parameters will certainly affect the sizing of the auxiliary inverter. In
motoring operation, the normalized machine parameter plane is used to study the
applicability of the series compensated open-winding PM motor drive in Chapter 3. The
maximum available voltage is defined as the rated voltage. Nevertheless, when the
generator is not driven by a fully controlled converter, the method could be
inconvenient. For example, when the normalized permanent magnet flux linkage is low,
the generator terminal voltage will be much smaller than 1 per unit. As a result, the
open circuit voltage at rated speed is often defined as the rated voltage in generator
convention. To compare the generators, another parameter plane is chosen here. The

vertical axis is still the saliency ratio. But the horizontal axis represents the
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characteristic current in per unit. The characteristic current is normalized to the rated
current of the generator.

When a diode rectifier is used for the power conversion, the displacement power
factor at AC side of the rectifier is unity. With a low power factor generator, the voltage
rating of the compensation inverter will be very close to a fully controlled active
converter, leaving the proposed topology with very little cost benefits. Therefore, a
reasonably high power factor is needed for the proposed topology to be economically
viable. In the following study, the characteristic current is chosen to vary from 0.8 to 2
per unit. A characteristic current lower than 0.8 pu is considered low for diode rectifier
operation here. The saliency ratio varies from 1 to 7. Fundamental component is again
assumed for the study.

The peak value of the generator back-emf has to be higher than the main DC bus
voltage for diode rectifier to operate. A DC bus voltage that is lower would allow a
wider operating range because the diode bridge could start to operate at a lower rotor
speed. However, if the voltage is too low, the generator would not be able to deliver
rated power at the rated current. The rectifier AC side voltage is chosen to be 0.7 per
unit for the following analysis.

The power versus var curve is plotted for a series of generator designs in Fig. 4.10.
Three speeds are used here and the power range chosen is roughly from 0.5 to 1 per unit.
In the figure, a steeper curve indicates smaller change of reactive power is required to
change the same amount of generated power. Negative and positive var represent
capacitive and inductive compensation respectively. It can be concluded that the
characteristic current has more apparent impact on the slope of the curves than the
saliency ratio. In addition, higher saliency ratio tends to move the power-var curve
towards the positive direction of the horizontal axis. The two parameters together
determine the size of the compensation inverter for a given operating range. To

minimize the compensation inverter, it is beneficial to have the compensation var
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equally distributed around the vertical axis of the power-var curve for the system to
utilize both inductive and capacitive compensation. Meanwhile, the slope of the curves
must be steep as well. Another factor that affects the size of the inverter is the distance
between the power-var curves at different speed in the horizontal direction. For the
same operating speed range, the inverter can be sized smaller if the distances between
the power-var curves are shorter in the horizontal direction.

Considering the factors above, a generator that needs a small size compensation
inverter will be a design that has a characteristic current between 1 and 1.5 per unit. A
saliency ratio about 3 will help decrease the size of the compensation inverter as well.
Although generator with a higher saliency ratio would have a steeper slop on the
power-var curve, it would need inductive compensation to prevent over current.

Moreover, the var different is large for a generator with higher characteristic current.
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Fig. 4.10 P vs. Q for different generators

The same as the series compensated open-winding motor drive introduced in the
Chapter 3, the compensation inverter in the proposed wind power system has to carry
the full generator current because it is connected in series of the generator. Therefore,
the compensation voltage will determine the size of the inverter. The power versus
compensation voltage curves for the various generator designs are plotted in Fig. 4.11.

Similar conclusions can be made as from the power-var curves.
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Fig. 4.11 P vs. Q for different generators

4.5. Control Method

The control method of the proposed wind power system is introduced in this
section.

In the proposed system, the control of the grid side converter is the same as other
topology utilizing standard active front end configurations. A field oriented controller
that is synchronized to the grid can be used to control the real and reactive power
separately. The controller can receive reactive power command from the grid and
support the var required. The DC bus voltage can be controlled using an outer voltage
loop to generate the real power command for the inner loop.

At the generator side, the diode rectifier is not controllable. The control of the
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generator compensation VSI is discussed in detail here. In the existing literature [71-74],
series compensation devices are used to counter the voltage drop on the synchronous
reactance of the generator. The series compensation devices are controlled in the
impedance mode. When a non salient generator is used with the proposed topology, this
control method is certainly applicable. Nevertheless, the method is not directly
applicable when a non salient generator is used. Series compensation is commonly used
as a scheme for power flow control in the FACTS [51]. The proposed control method
employs this concept and uses the estimated generator power as the control variable.

This method is suitable for both constant and variable speed turbine systems.

4.5.1. Constant Speed Operation

The proposed system can be used in a constant speed wind power system. Pitch
control and gear box could be used to keep the speed of generator rotor approximately
constant. This type of wind power system is traditionally equipped with SEIG. As
mentioned in the existing literature in Chapter 1, when a PM generator is used with a
diode rectifier in such a system, the generator often sees under utilization issue. Some
var is required by the generator to deliver rated power at rated excitation. The
compensation inverter is controlled to provide the required reactive power to the
generator for power improvement under constant speed operation.

As discussed in previous section, the generated power can be shaped by series
compensation. With the compensation inverter, more current can be pushed through the
diode rectifier without reducing the DC bus voltage. The generator utilization can be
improved.

The block diagram of the controller for the proposed system with constant rotor

speed is shown in Fig.4.12. The controller of the proposed system has two separate
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parts, one controlling the compensation inverter and the other controlling the grid side

inverter.
Diode Rectifier Grid side inverter
45 l *< %‘%
(I
Vde 4
gate
ignal
6 signd Luvw Vuvw
VSI

Grid Side

iabc i : N “—» Inverter

3 Controller
Iy ~

Phase Detector VCcom
6;
Y
Pg* Vai* v.* p
- PI a ,
P, *
g 10Oy || Modulator — _
. Vot . gate signal
VCeom + PI qi Voo
VCcom

Fig. 4.12 Overall control system of fixed speed turbine

The compensation inverter only compensates for voltage. As a result, there is no
current regulator needed. The controller of the compensation VSI is in the synchronous
frame that is tied to the generator current, which means the g-axis is aligned with the
peak of phase-A current. This reference frame is chosen so that it is easy to control the
phase angle of the injected compensation voltage vector with respect to current vector.
The two orthogonal components of the compensation inverter voltage vqi, vdi control
the real and the reactive power of the compensation VSI. The real components of the
VSI voltage vqi is then used to control the floating capacitor voltage. A simple
proportional-integral (PI) regulator is used in the capacitor voltage controller. As shown
in Fig. 4.8, the reactive compensation voltage has a roughly linear relation with the

generator power assuming constant rotor speed and rectifier AC side voltage. Therefore,
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another PI regulator is used to control the generator power by varying the reactive
component of the VSI voltage.

The generator current can be highly nonlinear due to the diode rectifier. To obtain a
smooth current vector angle for compensation VSI control, a current phase locked loop
(PLL) can be used as the current phase detector. A PLL in synchronous reference frame
is shown in Fig.4.13. The PI regulator forces the output angle to track the peak of phase
a. In steady state, the g-axis will align with the peak of phase a current. The PLL is
capable of filtering out the error generated due to the current nonlinearity. This property
is especially useful when a diode rectifier is used. But there is also potential issue when
applying PLL to detect current phase angle. Unlike in the power systems, the amplitude
of current is not constant. The PLL gain values that are optimal for heavy load may not
be optimal for light load operation. On the contrary, gains that are good for small
current will result in degradation in the transient performance. Another advantage of
using a current PLL is that the controller does not require any position sensors or
complicated position estimation scheme because the control of generator power is only

based on current vector angle.

0
0 3 PI | L .
i o f,
f, ——» T(0)
f, —» ——»
fq

Fig. 4.13 PLL in synchronous reference frame

An alternative method is directly calculating the current phase angle from current
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value in rotor reference frame. As shown in Fig.4.14, rotor position sensor is required to
transfer the stator phase current into rotor frame. The angle Ojr is the difference
between current angular position and rotor position. The rotor position is added to the
angle Oir to obtain current angle. Compared to current PLL, using motor position
angle is more accurate. But all the nonlinearity in the current waveform is carried
through the calculation. As a result, the calculated current angle will be less smooth

than that obtained by a current PLL.

1 I

T Sy o8
Iy — T(0) iy atan2 >
i, —» | 5l ] Oir

Fig. 4.14 Current phase detection using encoder

The generated power can be obtained by measuring the voltage and current at the
main DC bus. However, measuring the power at the main DC bus requires extra current
sensors. Instead, the generated power can be estimated from the measured generator
current and main DC bus voltage. The assumption made is that the generator current is
continuous. The generated power is directly calculated from the measured current and
AC side voltage of the diode rectifier.

The voltage command in current d-q reference frame is then transformed back into
stationary abc reference frame and sent to a modulator which determines the gate signal

of the power electronics switches.

4.5.2. Variable Speed Operation

Compared to constant speed wind power systems, variable speed wind turbines

have many advantages. For example, the speed of turbine can vary as the wind speed
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and torque change. As a result, the stress on the gear box and other mechanical
components can be reduced. Moreover, the power output fluctuation can be reduced. In
addition, better wind power harvest is achieved by varying the turbine speed.

The proposed topology is applicable in a variable speed turbine system as well.
Compared to the more conventional topologies like the back-to-back PWM VSI or
diode rectifier with a DC/DC chopper, the proposed topology is able to operate with
PM synchronous generator in a variable speed turbine system equipped with only a
fractional sized active converter.

It can be shown that the power of wind passing through a given cross-sectional area
is (4.6):

Pwind = 3 PAvwind (46)

Where p is density of the air, A is the cross section area (7ZRb|§de) and vwind is the
wind speed.
The mechanical input power of the turbine can be calculated as:
Pmech = CpPwind (4.7)
The coefficient Cp is a function of turbine design and tip speed ratio, which can be

defined as:

_ ormRblade

Vwind (4.8)

Theoretically, a maximum of about 50% of the wind power can be captured by the
wind turbine. A typical power coefficient as a function of tip speed ratio plot is shown

in Fig.4.15.
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Power coefficient Cp

Tip speed ratio A
Fig. 4.15 Typical power coefficient vs. tip speed ratio

The maximum power that can be extracted from a wind turbine is loosely in a cubic

relationship to the wind speed. In the proposed system, generator power is used as the

control variable. The most straightforward method for a variable speed control will be

using a look-up table extracted from the turbine design. The power command can be

determined using the measured wind speed as shown in Fig. 4.16. MPPT is possible

using this method.

P %
Vwind &

Vwind

| ——-

Fig. 4.16 Variable speed operation by look up table

Controlling the turbine speed to match the optimal tip speed ratio is another

common way of maximize wind power harvest of a single wind turbine. The turbine

speed can be controlled by the rectifier to match the optimal tip speed ratio (TSR). In
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the proposed topology, the speed of the generator rotor speed can be controlled by
varying the generator power. At a certain speed and torque level, the turbine speed can
be increased by decreasing the generator power. In contrast, increasing generator power
will decrease the speed. Therefore, an outer speed loop can be added to the constant
speed turbine controller. As shown in Fig. 4.17, the speed controller will generate the

generator power command that is sent to the inner power loop.

\_/dc —| Power
labc—{ Estimator

Orm Orm +
Vwind

Viwind wreg

Fig. 4.17 Variable speed operation by Speed Control

The two inner loops are the same as that in a constant speed turbine system. One PI
controller controls the compensation DC bus voltage and the other PI controller shapes
the generator power. The generator power is again estimated by measured generator
current and main DC bus voltage.

It should be noted that the speed controller is not a high performance vector
controller. The d and g-axis current cannot be independently controlled by the proposed
method. The performance of the proposed controller is not comparable to a full active
converter based topology. In addition, the operating speed range is another limitation of

the proposed system. The rotor speed has to be high enough for the diode rectifier to
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operate. However, wind turbines usually start to operate beyond the cut in speed. With
proper design, the proposed wind power system would have a reasonable operating

range.

4.6. Simulation Study

The proposed system is simulated with the Matlab/Simulink and PLECS blockset
package. The lab scale generator is used in the simulation. The simulation results are

presented here.

4.6.1. Constant Speed Operation

For the constant speed operation, the rotor speed is set to its rated value, 108.4
mechanical rad/s. The main DC bus voltage is 200 V. The compensation DC bus
voltage is 100 V. The power command is set to 6.5 kw. The phase current waveforms
before and after compensation are shown in Fig. 4.18 and Fig. 4.19.

It can be seen from Fig.4.18 that the generator current is not continuous without
compensation. The waveform is regular diode rectifier type of waveform. The
amplitude is about 10 ampere. As shown in Fig. 4.19, the current can be greatly
increased with reactive compensation enabled. The current amplitude increased to about
25 Ampere. Moreover, the current is continuous. Compared to the assumption that the
current is continuous, the power improvement is even better than the theoretical

prediction.
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Fig. 4.18 Current waveform without compensation
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Fig. 4.19 Current waveform without compensation

Fig. 4.20 to 4.22 show the simulation results before and after the compensation
controller is enabled. The power control by compensation is enabled at 0.3 second. Fig.
4.20 (a) shows the generator phase current. The current starts to increase after the
power controller is enabled. Unlike the wind power system using a diode rectifier and

DC/DC boost converter, the current increase actually indicate an improvement in
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generated power. Fig. 4.20 (b) is the waveform for compensation voltage command.
Same as in theoretical prediction, the compensation voltage required to change
generated power is quite low. In steady state, the peak value of compensation voltage is
only around 10 Volts. Fig. 4.20 (c) shows the compensation DC bus voltage. The
floating capacitor voltage can be controlled at its nominal value during the transient.

Fig. 4.21 (a) and (b) are the waveforms of torque and generator power, respectively.
The torque is shown in motor convention. After 0.3 second, both the torque and power
increase. The controller is able to keep them nearly constant in steady state. The power
generation is improved by reactive power compensation.

Fig. 4.22 shows the current in rotor reference frame. The currents are shown in
motor convention. Both d-axis and g-axis currents increase in negative direction after
the controller is enabled. The ratio of the two components changes as well, indicating
and shift in current vector angle.

The presented simulation results demonstrate that the proposed method is able to
improve generated power and generator utilization in a diode rectifier PM generator

constant speed wind power system.
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4.6.2. Variable Speed Operation

The variable speed turbine system is simulated with Matlab/Simulink and PLECS
block set package as well. To demonstrate the capability of controlling the rotor speed,
a simple constant torque of 40 Nm is applied to the shaft of the generator. The
command changes from 120 mechanical rad/s to 100 mechanical rad/s at 0.5 second.

The results are shown in Fig. 4.23. Fig.4.23 (a) shows the rotor speed overlaid with
its command. It can be seen the speed is able to loosely follow its command.
Considering the controller is not a decoupled vector controller, the performance of the
speed regulator is acceptable. Fig. 4.23 (b) is the generator power with its command.
Same as in a fixed turbine system, the power controller performance is very good
considering it is done by reactive power compensation. The increased power represents
the need of energy to change the speed of the turbine. Fig. 4.18 (c) illustrates the
generator torque. As expected, the generator torque increases in the negative direction
to decelerate the turbine when the commanded speed changes. It returns to the previous

value in the new steady state.
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Fig. 4.24 (a) shows the generator phase current during the transient. The amplitude

of the current increases immediately after the speed command step is applied. This is

due to the desired increased generator torque to slow down the rotor. The amplitude of

the current decreases as the speed goes down because the back-emf of the generator

also decreases. Fig. 4.24 (b) gives the current waveform in rotor d-q reference frame.
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The currents are in motor convention. It is apparent the angle of current vector changes

in the two steady states. It worth to point out that the generated power is different for

the two cases but the torque is the same. Fig. 4.24 (c) shows the compensation DC bus

voltage. The compensation DC bus voltage is well regulated through out the transient.
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Fig. 4.24 Variable speed operation transient simulation results, current and voltage
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The simulation results show that the proposed topology is applicable to variable
speed wind power system. The proposed control method can control the speed of the
turbine with a reduced size active inverter. With the ability to control the speed of the

turbine, the topology has the potential capability of MPPT operation.

4.7. Impact on Harmonics

A major concern of diode rectifier based wind power system is the low order
harmonics introduced by the nonlinear rectifier. It increases the losses in the generator
and also creates torque ripple.

The voltage waveform of the generator is in a six step fashion when a diode
rectifier is used. With the compensation inverter, there is a PWM component added to
the phase voltage waveform. Examples of the generator phase voltage with and without
compensation are compared in Fig. 4.25. The switching frequency is assumed to be 30
times of the fundamental frequency in the example. The compensation DC bus voltage

is half of the main DC bus voltage.

T T |

(a) uncompensated voltage waveform (b) compensated voltage waveform
Fig. 4.25 Comparison of phase voltage waveform, floating DC half

The spectrum of the two waveforms is compared in Fig. 4.26. As expected, the

harmonics exist in the vicinity of the switching frequency and its multiples.
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Fig. 4.26 Comparison of Spectrum of uncompensated and compensated
generator voltage

Harmonics in current waveform is more important when considering the losses and
torque ripple. To investigate the impact of compensation inverter on the current
harmonics, the lower order harmonics of phase a current are plotted in Fig.4.27. The
waveforms are taken from the simulation results of system with constant speed turbine.
Because the current changes from discontinuous to continuous, the 5™ and 7"
harmonics in fact are improved. The absolute value of 11" and 13"™ harmonics increased
slightly. But considering the increase in fundamental, the ratio of harmonics over

fundamental actually decreases.
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Fig. 4.27 Comparison of current lower order harmonics

The total harmonic distortion (THD) is an important measure of current waveform

quality. There are different definitions of THD. The one that is used here is:

THD =

(4.9)

The THD of the two considered cases are listed in Table.4.2.

Table 4.2 Current THD

Condition THD
Compensated 5.44%
Uncompensated 16.30%

It is apparent if the current changes from discontinuous to continuous, the THD
reduces greatly. However, in variable speed application, if the compensation is

inductive as the speed needs to be increased, the compensation may result in a worse
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discontinuity in current waveform. Nevertheless, there should be less inductive
compensation compared to capacitive compensation if the control system is designed to
avoid generator underutilization.

All the estimation above is based on the assumption that there is no filter in the
system. In practice, filters can be used to reduce the harmonics in the current waveform
if desired. But filters bring extra cost and weight to the system.

Based on the analysis above, compensation by auxiliary PWM inverter does not
have a negative impact on current harmonics. Most of the time, it tends to improve the
current waveform quality by reducing the discontinuity in the waveform.

The reason lower harmonics are not desired in the current is that they generate
torque ripple and shorten the lifetime of mechanical parts in the drive train. In wind
application, the torque varies greatly due to the change of wind speed. The torque on
the shaft is not smooth at all. Therefore, the power train in a wind generation system is
more immune to the torque ripple issue compared to other applications.

In addition to waveform quality, current THD can also measure the copper losses in
the system. However, the copper loss in the generator due to each current harmonic is
proportional to the square of the amplitude. Therefore, a 10% THD leads to only about
1% increase of copper losses compared to pure sinusoidal current.

In short, the current harmonics of the proposed system is not nearly as good as a
full PWM rectifier because an uncontrolled diode bridge is used as the main power
conversion devices. However, the impact should be bearable in smaller size wind
application. Considering the cost reduction in power electronics converter, the proposed

topology could be a good alternative to full power rated PWM rectifier.
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4.8. Experimental Study

The IPM machine used in the previous Chapters is used for experiment studies. An
inverter and a rectifier are built in the lab. For easy verification, a DC chopper and a
load resistor is used to control the rectifier DC bus voltage at 200 V.

The power versus compensation voltage curve in steady state is obtained
experimentally and plotted in Fig. 4.28. The relationship between power and
compensation voltage is not as linear as theoretical prediction shown in Fig. 4.8. The
errors at lower speed are quite apparent. However, a similar monotonically increasing
trend can be observed. It is worth to mention that the theoretical prediction did not
considered the effects like saturation and iron losses. The assumptions that the
generator current is continuous and generator voltage is six-step are not accurate in
practice, either. Moreover, the main DC bus voltage in the experiment is only control by
a DC chopper. As a result, the main DC bus voltage is not as constant as in the
theoretical calculation. All of these factors lead to the errors shown in the power versus

compensation voltage curve.

Lengend

-0- 900 rpm
-0- 950 rpm
-A- 1000 rpm
-*-1035 rpm

Pg [kw]

Veom [V]
Fig. 4.28 Power vs. compensation voltage plot of proposed system with [IPM

generator obtained by experiment
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The voltage and current waveforms in steady state are shown and compared in Fig.
4.29 and 4.30. The generator speed is kept at 900 rpm by the dynamometer. Fig. 4.29
shows the waveforms for the uncompensated case. The phase voltage is a 6-step
waveform. In Fig. 4.30, the compensated phase voltage has a PWM component on top
of the 6-step waveform. The power command is 6 kw for the compensated case. The
current amplitude is increased compared to the uncompensated case. As a result, the

power output of the generator is improved.

200

Va [V]

-200
-0.05

oF----

0.05

ia [A]

t[s]

Fig. 4.29 Uncompensated voltage and current
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Fig. 4.30 Compensated voltage and current waveform in
steady state

The compensation voltage command and current for phase-A are compared in Fig.
4.31 for capacitive and inductive compensation. For capacitive compensation, the
compensation voltage is lagging the current by 90 degrees. In contrast, the
compensation voltage is leading the generator current by 90 degrees for inductive
compensation. The current amplitude is much lower when inductive compensation is
applied. Assuming a constant diode rectifier voltage, the generator power can be

reduced.
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Fig. 4.31 compensation voltage vs. generator current, experiment

The transient results before and after the power controller is enabled is shown in
Fig. 4.32. The generator is operated at 900 rpm. The power controller is enabled at 1.25
sec. The power output of the generator is regulated to its reference value 6 kw. The

compensation DC bus voltage is well regulated during the transient.
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Fig. 4.32 Transient before and after the controller is enabled,
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A load step down test is also carried out as well. The results are shown in Fig. 4.33.
The power command is changed from 6 kw to 2 kw at 1.25 sec. The generator power is
controlled to be less than without compensation. The controller is able to regulate the
generator power during the transient. The current amplitude is rapidly reduced. The
compensation DC bus voltage is kept at its nominal value throughout the transient test.
It is shown that the generator power can be controlled to be both higher and lower than

that without any compensation.
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Fig. 4.33 Power step down transient, experiment

4.9. Summary

A PM generator wind power generation topology utilizing open-winding series
compensation configuration was proposed in this chapter. The dimension of the
auxiliary inverter in total can be considerably smaller compared to a PWM rectifier.
The selection of generator to minimize the size of the compensation inverter is
discussed. The control methods for both constant and variable speed operation were

proposed. In addition, the impact of the current harmonics on the generator is briefly
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discussed. The ability of power flow control by series compensation in open-winding

PM machine is verified by both simulation and experiment.
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Chapter 5

Load Side Voltage Regulation of
Open-Winding PM Generator by Series
Compensator

5.1. Introduction

In this chapter, the voltage control capability by the proposed series compensation
scheme is investigated. A small scale open-winding PM generator based constant
voltage variable frequency (CVVF) AC distribution system is investigated as an
alternative for existing shunt regulated AC distribution system. The proposed series
compensated regulator is compared with its parallel compensated dual. The sizing of
the compensation inverter and selection of generator are discussed. A simple control

method is proposed and verified by simulation and experiment.

5.1.1. Small Single Generator Power Systems [66]

Small power systems with a single AC generator are often used in remote areas and
on vehicles. AC generators are exclusively used in such systems due to reliability and
efficiency issues of DC generators. Induction generators are robust and cheap. But their
power density is often lower than synchronous generators. Wound field synchronous
machine are the most popular choice in aircraft applications. However, the rotor circuit
still dissipates an un-neglectable amount of power which reduces the efficiency of the
system. Moreover, failures of diodes in the field circuit have been considered as one of

the major draw backs. PM generators are light and efficient. However, the terminal
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voltage is affected by the rotor speed as well as load condition because the flux linkage
due to magnets cannot be adjusted at will. Large power electronic converters are
required in such system, either to rectify AC power into DC or regulate the AC voltage
amplitude by injecting reactive power into the generator. Several existing
configurations of small distribution systems are introduced here.

For small vehicles like automobiles, the loads are mostly DC. In such a system, a
central rectifier is often used to convert AC power into DC for distribution. Active
rectifier or diode rectifier with a DC/DC converter may be used to regulate the voltage
on the DC bus. Small local inverters may be used to drive the AC loads if there is any in
the system. The protection of a DC distribution system is generally more difficult than
an AC system. The voltage level may be sometimes restricted to lower than 50 Volts for
safety reason. As a result, more losses may present in a large distribution system

because of the enormous current.

_________ =
| |
Central | Local |
entra | ocal | |
Rectifier | Inverter AC Load :
| |
- _ _
bC/DC DC Load
Converter
|
DC Load

Fig. 5.1 Small DC system

There are some systems where a considerable part of the load are AC loads. A

central rectifier and inverter can be used to supply a constant voltage constant
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frequency (CVCF) and form an AC transmission system. Many aircraft and ships are
examples of this type of system. To reduce the size of reactive components in the
system, the distribution frequency is often chosen to be higher than 60 Hz (400 Hz for

example). Fig.5.2 shows an example block diagram of this type of configuration.

Local | |
Inverter : AC Load
Central . Central
Rectifier “T> | Inverter AC Load
SR i e Local
: : Rectifier
| |
|| DC Load | | |
| |
|
!_ _________ : DC Load

Fig. 5.2 CVCF AC system

Sometimes in an AC distribution system, there are some loads that are relatively
frequency insensitive, for example defrosting, anti-icing, lights and power electronics
loads in aircraft. If such kind of loads represents a significant part of the overall system,
a CVVF AC power system will be a preferred choice. Since the central rectifier and
inverter do not exist, the related cost and losses are eliminated. A wound field
synchronous generator or PM generator can be used in such a system. When a wound
field synchronous generator is used, a separate wound rotor induction machine can be
used to provide regulated excitation to the field winding to ensure a constant voltage at
the main generator stator side [93]. As an alternative, Fig.5.3 shows a PM generator

CVVF distribution system with a shunt regulator. The parallel connected VSI regulates



157

the AC side voltage amplitude as the load and rotor speed changes. Meanwhile, it can

be used as an active rectifier to supply DC load at its DC bus.

Load(s)

[IN s}

o —
Permanent
Magnet
Generator

Reactive Power Reactive
Voltage Command Power
Requlator Source

Constant Voltage
Variable Frequency
Power Source

Fig. 5.3 CVVF distribution system with shunt regulator [78]

5.1.2. Proposed Topology

A CVVF AC distribution system configuration similar to the shunt regulated PM
generator system is proposed here. Instead of using shunt regulator, a series regulator is
employed. The SSSC can be used for the purpose. However, a bulky transformer is
required to insert the compensation voltage in series with the generator. Instead, the
proposed open-winding compensation method can be used to regulate the voltage of an
open-winding PM generator. Fig.5.4 is a block diagram of the proposed CVVF system.
Generator inductance is generally large enough to filter out the noise due to switching
at the load side. Therefore, no filter is required in the system. The series connected VSI
is controlled to inject reactive power to the generator so that the distribution side
voltage is kept constant as the load and rotor speed vary. In addition, the compensation

inverter can be operated as an active rectifier at the same time. DC load can be attached
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to the floating capacitor. However, only a DC capacitor is used at the inverter DC bus.

Therefore, the inverter is not able to supply any real power to the AC load.

INV
Ccom ; \ 4
|_, b
/\ CV m /
A
Jinv Vabe
VCcoml l l labc
Controller Load
Constant Voltage
Variable Frequency
Power Source

Fig. 5.4 Proposed PM open-winding generator based CVVF distribution system

Ceom NV
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Storage T F ! /c
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Giny Vceom l Vafc l iabe
DC Load Controller Load

Fig. 5.5 Proposed configuration with energy storage

Fig.5.5 shows a variation of the proposed topology. An energy storage device, for
example a battery, is connected to the compensation DC bus. The generator/inverter set

is also used as an interface between the AC distribution and energy storage. Moreover,
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the inverter is able to supply real power in addition to the generator to the AC load.

5.2. Design Consideration

The same IPM generator used in the previous chapter is used for study. The
generator parameters used in machine model are all the same. But the ratings are
tailored to this specific application.

Table.5.1 lists the ratings of the proposed series regulated CVVF AC distribution
system. The rated voltage is selected the same as the open circuit voltage at lowest

speed (0.707 base frequency).

Table 5.1 System Ratings for series regulated CVVF

system
Parameter Symbol Value
Rated power Pr 7 kW
Rated voltage Vr 81.3 Vrms
Rated current Ir 29 Arms
Rated speed Nr 1035 rpm
Base frequency fp 34.5 Hz
Base radian speed orb 215.8 elec rad/s

5.2.1. Comparison with Shunt Regulated System

As a dual of shunt compensated configuration, series compensated configuration
has some similar properties. At the same time, there are many differences between the
two configurations. In this section, the two configurations are compared.

First, the compensation variable is different for the two configurations. Series
compensation injects reactive power by injecting a voltage that is 90 degrees apart from
generator current vector while shunt compensation injects reactive power by inject a

current that is 90 degrees away from generator voltage. Therefore, series connected
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inverter has the same current rating as the generator but the parallel connected inverter
has the same voltage rating as the generator. However, to achieve fast response, the DC
bus voltage may be sized significantly higher than the generator voltage [66].

Second, the capability of buck or boost the load voltage is different for the two
configurations. With proper chosen machine parameters, the shunt regulator would have
similar capability of bucking or boosting the generator voltage. However, the series
regulator has limited boosting capability. The distribution side voltage could not be
boosted higher than the back-emf of the generator. Fig.5.6 shows the reason in the
fashion of a phasor diagram. Taking a resistive load with a non-salient generator as an
example, the generator current is in phase with the distribution side voltage. Voltage
drop on the synchronous reactance is perpendicular to both generator current and
distribution side voltage. When a capacitive compensation is applied, a right triangle is
formed by the back-emf E, distribution side voltage Vg and the vector sum of
reactance voltage and compensation voltage. In the right triangle, the distribution side
voltage is always smaller than the back-emf no matter the compensation is capacitive or

inductive.

Fig. 5.6 Phasor diagram for non-salient generator

The reason can also be explained from a power balance point of view. The load

power is three times the product of the distribution side phase voltage Vg and machine
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current lg for a resistive load:

Pload =3Vgls (5.1
The MTPA curve of a SPM generator is the g-axis. For the same current amplitude, the
maximum air gap power is:

Pairgap = 3Els (5.2)
The fact that distribution side voltage is larger than the back-emf leads to the result that
Pload > Pairgap which is clearly not possible for a generator. Therefore, with a SPM
generator, the proposed topology is not able to boost the voltage to a value that is larger
than the back-emf. For a salient pole generator, the distribution side voltage could be
boosted to higher than the back-emf to a limited extent due to the existence of
reluctance torque. As a result, the rated voltage of the system can not be selected higher
than the generator open circuit voltage at the lowest speed.

Third, the dimension of the generator is sized differently. For the series regulator,
the generator needs to be oversized in voltage at high speed due to the fact that the
regulator has limited boost capability. In contrast, when a shunt regulator is used, the
generator current rating has to be oversized because extra current needs to be injected
into the generator in addition to the load current.

Fourth, the fault tolerant capability is different for the two topologies. It has been
demonstrated in [66] that the generator can be properly selected so that the system
would not see over voltage or current when the inverter shuts down. As a dual, the
series regulator is more immune to short circuit fault. During the short circuit fault in
the distribution side, the inverter can be controlled as large impedance in series with the
generator to reduce the fault current.

Fifth, the shunt regulator is more suitable for unbalanced load. When the load is
unbalanced, the STATCOM is capable of reducing the imbalance in the generator
current. However, for the proposed series regulated system, any unbalance in the load

current will be seen by the generator. Therefore, significant torque ripple will be
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generated on the shaft.

5.2.2. Reactive Power Requirement

In the proposed system, the load voltage is regulated by injecting reactive power in
series with the generator. The size of the compensation inverter will be determined by
the required reactive power for the generator to operate at constant voltage.

In shunt regulated system, the rated voltage is defined as the open circuit voltage at
base speed. The operating speed is from 0.707 to 1.414 times base speed. For series
compensation, it is has been found that the boost capability is limited. Therefore, the
rated voltage has to be redefined. The open circuit voltage at the lowest operating
speed is defined as the rated voltage for the system. The generator voltage is oversized
as mentioned in the previous section.

For the ease of analysis, pure resistive load is first assumed here. The distribution
side voltage can be simply calculated as:

Vg = IsRload (5.3)

Given a desired load power level, the load resistance and generator current can be

obtained:

34
Rload = Pq (54

P
ls = Vg (5.5)

In steady state, the generator voltage equation in d-q reference frame can be written
as:
E =-Issin(d)erLd - Vcomsin(d) + Iscos(6)(Rs + Rload) (5.6)
0=1Is cos(0) wrLq + Vcomcos(o) + Issin(9)(Rs + Rload) (5.7)

The equations are in generator convention. Substitute (5.5) into (5.6) and (5.7), the
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equations can be solved to obtain the required compensation voltage amplitude and the
current angle for the generator to operate at the rated voltage and desired load level.
The reactive power that is required for the machine to supplying the power under rated
grid side voltage is all provided by the inverter for resistive load. With the
compensation voltage, the reactive power can be calculated as:
Q =Vcomls (5.8)

The power versus reactive power curves at different speeds assuming constant
distribution side voltage are plotted in Fig. 5.7. The reactive power requirement is
reasonably small for the generator used. Similar to the shunt regulator, if the generator

speed is near constant, the reactive power requirement will be very low.

Legend:
| —or=1pu
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Fig. 5.7 Power vs. Reactive power for constant distribution side voltage

5.2.3. Generator Considerations

Like for the previous application examples, the design of the PM machines will
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affect the dimensioning of the compensation inverter. Since generators are considered
in this application example, characteristic current and saliency ratio are again used to
represent different designs of generator. The power-var curves for a set of different
designs are plotted in Fig. 5.8 for resistive load. Similar to a shunt regulated system, a
high saliency ratio can reduce the reactive power requirement for the compensation
inverter. It is known that a generator with high characteristic current has good self load
regulation. At constant speed, the load voltage will vary in a smaller range compared to
a generator with smaller characteristic current. It is desired to have a generator with
good self load regulation in the system so that the compensation would not change in a
large amount when the load varies. The controller bandwidth can also be reduced.
However, for a generator with high characteristic current, the reactive power
requirement is higher than the ones with a characteristic current near 1 per unit.
Moreover, the compensation inverter will be providing inductive compensation most of
the time. In contrast, a generator with low characteristic current requires significant
amount of capacitive compensation at heavy load. The generator used in the study has a
saliency ratio about 3 and a characteristic current slightly higher than 1 per unit. This

generator has a good balance of reactive power requirement and natural load regulation.
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Fig. 5.8 P vs. Qcom under resistive load for different generator types

Fig. 5.9 shows the power versus compensation var curve when the load power
factor is 0.8 lagging. It can be expected that more capacitive compensation var is
needed due to the increased var demand from the load. The total reactive power
requirement for the generator with high saliency ratio and high characteristic current is
slightly reduced because the capacitive and inductive compensation required is closer.
Instead, for generators with a low characteristic current, the reactive power requirement
increases since more capacitive power is required. A generator with characteristic
current close to 1 per unit and high saliency ratio is still a good choice for minimizing
the VA rating of compensation inverter.

A state of the art IPM generator typically has a saliency ratio of 3 at this time. In

the comparisons, such a saliency ratio requires only a small amount of var
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compensation. Although increasing saliency ratio is beneficial for reducing the reactive
power requirement, increase in saliency ratio larger than 3 does not apparently reduce

the var requirement.

A, ~ 1 :
7 o.5\ 777777777777777 o5 - : i -
0 1 0 1
A 0 1 1 0 1
N ! |
5 0.5\ ,,,,,,,,,,,,,,, o5 \}1
0 1 0 1
A 0 1 14 0 1
wn ; | ;
3 o.s\ 77777 5 - —-\\\ - - 05\\4 ffffff
0 1 0 1
A 0 1 14 0 1
1 ‘ 1
1 losE XS ,3,,,,, 77777 05/ - -\ :f .
0 1 0 1
A 0 1 1 0 1
0.8 1 1.5
Ich [pu]
— or =1pu — or =0.707 pu

Fig. 5.9 P vs. Qcom under 0.8 pf for different types of generators

5.3. Control Method

The control method of the proposed CVVF series regulator is shown in Fig.5.10.
Similar to that of the series compensated wind power system proposed in Chapter 4,
this controller is again located in a current synchronous frame. Similarly, the current
angle can be either detected with a PLL or a rotor position sensor.

The load side line-to-line voltage is measured and a separate PLL is used to detect

the amplitude of the load side voltage. Three-phase balance is assumed in the controller
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and only two line-to-line voltage sensors are used. The reason to use a separate PLL
instead of using the current phase angle to calculate the voltage amplitude is that
dynamics of the PLL can be separately tuned.

It is known capacitive reactive power injection boosts up the distribution side
voltage (lower than the back-emf of the generator) and inductive injection bucks down
the voltage. A PI regulator is used to control the distribution side voltage. The output of
the PI controller is the di-axis injected voltage which is in quadrature with generator
current.

The qi-axis voltage component is used to control the floating capacitor voltage. The
same as in other applications, a PI regulator is used to generate the real component of

the compensation voltage reference.
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Fig. 5.10 Control of series voltage regulator
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5.4. Simulation Results

The proposed system was simulated in Matlab/Simulink and PLECS blocks set and
the results are given in this section. The transient performance of the proposed system
during a step load change at a variety of different speed and load levels was shown.
Since the load is directly in series with the generator, an abrupt load current decrease
will result in large voltage spikes in the system because of the generator inductance. To
avoid the voltage spike, low cost TRIAC or SCR can be used as an interface between
passive loads and generator. Passive load can be smoothly changed to a lower value
when the SCRs cease to conduct when the load current drops to a value lower than the
holding current. Moreover, SCR gate drive with zero-crossing function can be used so
that passive load is switched in only at zero load voltage. Unlike the passive load, the
power electronics load in the system can be controlled to only switch in and out at
current zero crossing point. Extra switches are not required in this case.

(a) 24.4 Hz

Figs.5.11 to 5.14 are step load transient response at 24.4 Hz, the lowest speed. The
load is changed from 28% to 56% in Fig. 5.11 and from 56% to 28% in Fig. 5.12. The
transient during the load step up/down in the line-to-line voltage is apparent. However,
the voltage is controlled very well in steady state. The DC bus voltage is well regulated

as well.
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Fig. 5.11 Series regulated CVVF system, simulation results, 24.4
Hz, 28% to 56%
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Fig. 5.12 Series regulated CVVF system, simulation results, 24.4
Hz, 56% to 28%

Fig. 5.15 and 5.16 show a large step load change. The load varies between 28% and
85% in this case. Due to the large inductance of the generator, the voltage change is

quite apparent. Again, the controller is able to recover the load voltage to its nominal
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value within one cycle. The floating capacitor voltage is well regulated throughout the

transient.
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Fig. 5.13 Series regulated CVVF system, simulation results, 24.4
Hz, 28% to 85%
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Fig. 5.14 Series regulated CVVF system, simulation results, 24.4
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(2) 34.5 Hz

The same step load changes are simulated at 34.5 Hz. The results are shown in Fig.

15 to 18. As the speed increases, the impedance of the generator increases as well.
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Therefore, when the generator current changes for the same amount, the voltage change

on the reactance is greater at high speed than low speed. As a result, the transient is

more apparent at 34.5 Hz compared to 24.4 Hz.
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Fig. 5.18 Series regulated CVVF system, simulation results, 34.5
Hz, 85% to 28%
(3) 48.8 Hz

The same load steps have been simulated at 48.8 Hz as well. This frequency

corresponds to the highest speed of the generator. The controller does show some
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limitation of performance at the highest generator speed. Although there is no steady

state error shown in the load voltage, the over voltage is high when a large load step

down is applied.
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Fig. 5.22 Series regulated CVVF system, simulation results, 48.8
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The simulation results that have been presented show that the proposed series
compensator is able to regulate the generator distribution side voltage at different speed

and load levels. In steady state, the load voltage has the same amplitude before and
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after the load change although the load current changes in a significant amount. The
voltage is within the safe region during the transient. It also returns to its nominal value
quickly after the load changes. The compensation DC bus voltage can also be well

regulated during the transient at all three speeds.

5.5. Experimental Study

The experiment is carried out using the same PM machine and inverter system used
in the previous chapters. A separate SCR inverter is build to control the load level. The
details of the set up are described in the appendix.

(1) 24.4 Hz

The experimental results at 24.4 Hz is shown in Fig. 5.23 to 5.26. The same load
levels used in the simulation are used in the experiment. When the load is changed
between 28% and 56%, the voltage regulation effects are noticeable but very good. The
floating capacitor voltage can be well regulated by the compensation inverter. The over

voltage is more apparent when the load is changed from 85% to 28% as expected.
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Fig. 5.26 Series regulated CVVF system, experiment results,24.4
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(2) 34.5 Hz

At 34.5 Hz, the voltage error during the transient is more apparent compared to that
at 24.4 Hz. Similar phenomena was observed in the simulation results. The increased

generator impedance is the reason for increased voltage transient.
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Fig. 5. 27 Series regulated CVVF system, experiment results,34.5
Hz, 28% to 56%
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Fig. 5. 30 Series regulated CVVF system, experiment results,34.5
Hz, 85% to 28%
(3) 48.8 Hz

The same step load test is performed at 48.8 Hz. The results are given in Fig. 31 to
34. As predicted by the simulation, the voltage transient is the worst at the top speed.
However, in steady state, there is no error in the load voltage. The proposed system and

control method is thus validated.
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5.6. Practical Considerations

5.6.1. Load Protection under Faults

It has been mentioned that the generator in the proposed CVVF system has to be
oversized in voltage rating. At the maximum operating speed, the back-emf would
exceed the voltage rating at the load side. It is important that the loads are protected
from over voltage damage under regulator shut down. If the circuit breakers at the load
side can be open, the compensation inverter is only connected to one side of the

generator windings. Ideally, there will be no over voltage seen by the compensation
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inverter. In practice, a crowbar can be used at the load side for fast load over voltage
protection. Fig. 5.35 shows the protection circuit. When an over voltage fault is
detected and confirmed, the crowbar will be immediately fired. The generator will be
shorted through the crowbar. The loads will not experience the over voltage because the
generator is shorted through the crowbar. This would allow enough time for the circuit
breaker to trip. However, in this case, the compensation converter and floating capacitor

must be oversized so that they are able to withstand the peak value of the generator

back-emf.
crowbar
A XK
o -I@ ,_K‘} A XK
P Hon
N ek
3 SN

circuit breaker
AC Load

Fig. 5. 35 Protection of proposed CVVF system

Load short circuit protection is an embedded function that comes with the topology.
When an over current is detected at the load side, the compensation inverter will be
controlled as a large inductor to reduce the fault current. Considering the voltage rating
of the compensation inverter is significant, the fault can be limited well below the rated

current. Therefore, the circuit breakers at the load side have enough time to open.
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5.6.2. Grounding of the System

In practical distribution systems, a floating subsystem is sometimes not desired for
safety purposes. A ground may be needed for the series regulator. In practice, the
compensation inverter can be grounded at the mid point of two split capacitors using
high impedance. A circuit diagram is shown in Fig. 36. The high impedance would be
sufficient to prevent a large amount of zero sequence current flowing in the system if
the load is grounded. If the mid pint of the capacitors is hard grounded, additional
measure must be taken to reduce the zero sequence current. For example, a common
mode choke could be used to increase the zero sequence impedance. A modulation
technique that ensures zero average zero sequence voltage will help to reduce the zero
sequence current in the system as well. In short, if a ground point is required for the
compensation inverter, there are several methods that can be used to limit the zero

sequence current flow in the system.
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Fig. 5. 36 Grounding of compensation inverter
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5.7. Summary

A small CVVF AC distribution system topology using open-winding PM generator
was proposed in this chapter. A series connected inverter was used to regulate the load
side voltage at different speed and load levels. The sizing of the compensation inverter
is discussed. The impact of generator selection on inverter sizing was studied. The
proposed topology was compared with its dual, the shunt regulator. Simulation and
experimental results have been given to show the validity of the proposed system. The
dynamic performance of the regulator is acceptable. Some of the practical issues are

addressed at the end of the chapter.
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Chapter 6

Conclusions, Contributions and Future
Work

This thesis investigates series compensation of open-winding permanent magnet
machines utilizing a voltage source inverter that is directly connected in series with the
machine. The key conclusions, contributions and recommendation of future work are

presented in this chapter.

6.1. Conclusions

This research focuses on the series compensation of open-winding PM machines by
using a voltage source inverter as a controllable reactive power source. Some concepts
from the FACTS literature have been adopted for several smaller single machine
systems. Smaller size and variable frequency operation are two of the features that
distinguish the considered systems from regular FACTS devices. Compared to more
conventional series compensation methods, the proposed scheme has the benefits of
lower cost, lighter weight, faster response and etc. Three different applications are used
in this thesis to demonstrate the operation principle and benefits of the proposed
compensation scheme. In the application examples discussed, the proposed series
compensation scheme is applied to improve the performance and/or reduce the cost of

the overall systems.
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6.2. Contributions of this Work

6.2.1. Review of Existing Open-winding Machine Drives and FACTS Concepts in

Small Systems

A thorough review of existing research on open-winding machines and drives has
been presented in this thesis. Due to the different names and terminologies used by
different authors, it has been very difficult to find open-winding machine drives related
publications although significant amount of research efforts have been spent in this area.
In Chapter 1, the review of open-winding machine drives covers a wide scope of this
area, including high power motor drive applications, modulation techniques, variations
of the basic topologies, EV/HEV applications, renewable power generation, microgrid
applications, etc.

In addition, a review on the small single machine systems utilizing FACTS
concepts is presented. The term FACTS is not mentioned in every cited literature.
However, in the review, the covered publications all utilize some sort of power
electronics devices combined with reactive elements for reactive power compensation.
Three major areas are covered: generator voltage regulation, motor drive system,

renewable power generation.

6.2.2. Series Compensation by Open-winding Machine Configuration

A series compensation scheme by open-winding machine configuration is proposed
in this thesis. A voltage source inverter directly connected to the machine is used as the
compensation device. The operating principle and control modes are discussed. Some
of the concepts of the SSSC from the FACTS are directly applicable to the proposed

compensation method. Impedance control, power flow control and voltage control are
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possible by injecting reactive power into the machine from the inverter. It has also been
identified the proposed compensation method is a preferred compensation method in
smaller single machine systems compared to more conventional methods like the SSSC

or the MERS due to the weight and cost reduction or performance improvement.

6.2.3. Extending the Operating Region of PM Motors by Series Compensation

A dual inverter open-winding PM machine drive is proposed in this work.
Limited DC bus voltage can be better utilized at both low and high speed by controlling
the compensation inverter to supply the reactive power required by the motor. The
operating space of the motor can be extended considerably.

A large portion of the effort has been spent on investigating the advantages and
disadvantages of the proposed topology:

(1) The sizing of the compensation inverter and floating capacitor base on the lab scale
IPM machine is presented. The rating of the compensation inverter and floating
capacitor can be determined from the operating space requirement;

(2) The proposed topology is compared with three more conventional topologies for the
lab scale IPM machine. The comparison includes power capability, CSPR, inverter
sizing, reactive elements and voltage waveform;

(3) The applicability of the proposed topology to other PMSM motors is investigated as
well. The normalized machine parameter plane is used for the study. Several typical
motors are used as example cases. It has been found that for motors that have limited
flux weakening capability, the proposed topology is able to expand the CPSR
considerably. In contrast, for motors that are designed for good flux weakening
capability, the proposed topology is capable of postponing the start of flux weakening

and having the motor delivering rated torque beyond rated speed.
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The impact of the compensation inverter on the motor excitation voltage is also
studied. It is found the improvement of harmonics in the proposed topology is not as
good as more conventional open-winding motor drive with isolated voltage sources. For
carrier based PWM, phase shift between carrier signals of the two inverters can be used
to reduce the harmonics contents in the phase voltage waveform.

A control method based on widely used filed oriented controller is proposed in this
thesis. The controller automatically switches between capacitive and inductive
compensation and covers both low and high speed region of the lab scale IPM machine
used.

An experimental setup has been built to study the proposed topology. The operating

principle and the proposed control method have been successfully verified in tests.

6.2.4. Series Compensated Open-winding PM Generator System

A diode rectifier based wind power generation system utilizing the open-winding
series compensation method is proposed in Chapter 4. The total active power
electronics converter rating can be reduced in such a system compared to more
conventional PM generator wind power systems.

With the compensation inverter providing the reactive power to the generator, the
generator utilization can be improved in a diode rectifier based wind power generation
system. Moreover, the generator power can be controlled without a full power rated
converter.

The var requirement and inverter sizing are discussed in this thesis. The impact of
generator parameters on inverter sizing is presented. The characteristic current and
saliency ratio are used as the normalized parameters for the study.

The impact of compensation inverter on the generator excitation voltage and
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current is studied. It is shown the fundamental excitation voltage is increased to higher
than available voltage from the diode rectifier. With the added switching events and
reduced discontinuity in the current waveform, the harmonics in the generator current
can be reduced.

The control method of the proposed system under fixed or variable speed operation
is proposed. The generator power is directly controlled by the compensation inverter. In
addition, the proposed system can be operated without a position sensor installed.

Simulation model and experimental setup are built. The operating principle and

proposed control method have been verified by both simulation and experiment.

6.2.5. Series Regulated PM Generator CVVF AC Distribution System

A series regulated CVVF AC distribution system is proposed in Chapter 5. The
load voltage amplitude can be controlled to be constant as the generator speed and load
level varies.

The proposed series regulator is compared with its parallel dual in the existing
literature. The advantages and disadvantages of the two types of systems are presented.
It is found generator has to be oversized in both types of systems due to the requirement
of variable speed operation. For shunt regulated system, the generator is oversized for
current rating. In contrast, the generator is oversized for voltage rating in a series
regulated system.

Moreover, inverter sizing and generator considerations are presented in this thesis.
Characteristic current and saliency ratio are used as the normalized parameters in the
study to represent different designs of generators. Similar to a shunt regulated CVVF
system, a high saliency ratio is preferred for minimizing the compensation inverter.

A control method for the series regulated CVVF system is proposed.
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The validity of the proposed system and control method are verified by both

simulation and experimental studies.

6.3. Future Work

This research has developed the basic concept and method of series compensation
of PM machines using open-winding configuration. The functions of the series
compensation have been demonstrated in three example systems. It becomes clear that
some of the aspects of this work is worth further investigation. This section documents

the suggestions of possible future work.

6.3.1. Advanced Control Methods for Open-winding Motor Drives

In this work, a basic variation of field orientated controller is used in the proposed
motor drive system in Chapter 3. It can be expected that the transient performance of
the proposed topology can be improved if more advanced control method is employed.
For example, a deadbeat direct torque and flux control (DB-DTFC) of the proposed
series compensated open-winding PM motor drive can be investigated. An extra degree
of freedom of manipulating the volt-sec that can be applied to the motor is available in
an open-winding motor drive. The controller can be optimized for losses or transient
performance according to the requirements of the application. At the same time, when a
floating capacitor is used at the auxiliary inverter DC bus, the amp-sec applied to the
capacitor is another constrain that has to be taken into account.

Likewise, self-sensing control can be applied to the proposed topology to eliminate
the position sensors in the drive for reduced cost or improved reliability. The frequency
of the injected signal could potentially be increased because the effective switching

frequency can be increased using proper PWM technique when a separate inverter is
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available in the system.

A feedback style flux weakening control is used in the study. The dynamics of the
flux weakening controller is shown to be limited during transient. New flux weakening
control algorithms for series compensated open-winding PM motor drive can be
developed to improve the dynamic performance of the system.

In this research, the floating capacitor voltage is controlled to be zero to reduce the
switching losses at low speed. When needed, it is raised to the nominal value. It is
possible to dynamically control this voltage to meet the power capability requirement
and minimize the converter losses at the same time. A control algorithm needs to be
developed to accurately estimate the required floating capacitor voltage on line.

The modulation technique of the proposed open-winding motor drive can be
improved. Although the largest portion of publications on open-winding motor drives is
on the modulation technique, none of the existing literature is focused on the operation
when one of the inverter is used for pure reactive power compensation. The harmonic
content can potentially be further reduced. Space vector modulation for compensation
and harmonics reduction purpose could be one possible solution.

Furthermore, in this work, carrier based modulation with 3rd harmonic injection is
used. The utilization of the DC bus voltage for both the inverters is still not maximized.
Overmodulation techniques for an open-winding motor drive is another area worth
investigation which will ultimately leads to six-step operation of both inverters. Another

10% of DC bus voltage is available for both of the inverters under six-step operation.

6.3.2. Advanced Control for Open-winding Generator Systems

In addition to the control of open-winding motor drives, the control of
open-winding generator systems can also be improved. The compensation inverter used

in this research is very similar to the SSSC and the DVR. Some of the more advanced
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control algorithms have been developed for compensation control in the FACTS
applications. Those control methods can be applied to the generation systems proposed
in Chapter 4 and 5 with minimal modifications. For instance, generated power and
voltage amplitude are the feedback signals chosen in this research. The time differential
of power has been selected as feedback signal to improve load voltage control in some
of the existing literature. It is possible that the performance of the controller can be
improved considerably using more advanced controllers.

DVR control of small distribution system based on open-winding PM generator is
possible when an energy storage element is attached to the compensation DC bus.
Loads that are very sensitive can be protected if the compensation inverter is controlled

as a DVR.

6.3.3. Variable DC Bus Voltage Series Compensated Open-winding PM

Generator Wind Power System

Constant main DC bus voltage is assumed in Chapter 4 for the wind power system.
There are certainly limitations imposed by this constraint. On the one hand, the real part
of the generator terminal voltage is not adjustable. It is not possible to minimize the
losses in the generator under some operating conditions. On the other hand, the diode
rectifier will start to operate only when the peak value of the generator back-emf is
higher than the DC bus voltage. The operating speed range is narrowed compared to a
back-to-back PWM converter driven wind power system. These undesirable issues
could potentially be solved by controlling the DC bus to be different value under
different operating conditions using the grid side inverter.

Due to the natural property of the conventional voltage source inverter, the DC bus
voltage has to be higher than the peak value of the grid side AC voltage. Therefore, the

lower limit of the DC bus voltage is determined by the grid voltage. To allow low speed
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operation, a boost type inverter can be used instead of the buck type inverter in the
series compensated open-winding generator wind power system. A buck-boost type of
inverter will allow even wider operation speed range.

Current source inverter can also be employed at the grid side. PWM type CSI
would potentially result in wide operating speed range when a diode rectifier is used as
the main power conversion device for the generator. The compensation inverter would
improve the generator utilization the same as in a VSI based system. When a thyristor
inverter is used, the total cost of the system can be further reduced compared to the

proposed wind power system in Chapter 4.

6.3.4. Unbalance Operation of Series Regulated CVVF Distribution System

It was mentioned in Chapter 5 that the proposed series regulated CVVF system is
not suitable for unbalance operation without any modifications. However, it is possible
that the system would be capable of operating under unbalanced load when the inverter
topology can be modified. For instance, a 4-leg inverter can be employed to allow zero
sequence current to flow in the system. As a result, unbalanced load can be used to in

the system.

6.3.5. Other Applications of Open-winding Compensation Configuration

This research proposes three applications using the open-winding compensation
configuration. The potential of this compensation topology has certainly not been fully
investigated yet. Some of the potential applications are given here.

First, energy storage can attached to the compensation inverter. It has been
mentioned the compensation inverter can be used as an interface for the energy storage
element. The benefits and control method when an extra degree of freedom added to the

system can be explored. It is expected the overall system performance can be improved
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for all proposed applications.

Second, the application of series compensated open-winding generator in microgrid
can be explored. Diesel generator has been proposed as a back-up power source in
microgrid. An open-winding generator could potentially replace the conventional Y
connected generator. The compensation inverter can be controlled to regulate the
voltage at the AC side and perform as a rectifier to supply any DC load in the microgrid.
The control method needs to be modified to accommodate the plug-and-play concept of
the microgrid.

Third, an open-winding generator can be used to power two separate DC loads. The
voltage rating of the two DC loads can be different. For example, for HEV application,
an IGBT rectifier can be used to power a 300 Volts DC bus for the traction motor while
a MOSFET rectifier is connected to the other side of the generator can power a 24 V
DC bus for the electronics devices on the vehicle.

In addition, the proposed open-winding compensation topology is not only for
open-winding rotational machine. It is equally applicable to open-winding transformer.
A voltage source inverter can be connected to an open-winding transformer for

compensation and energy storage purposes.

6.3.6. Other FACTS Type of Devices in Smaller Systems

Applying FACTS concept in smaller systems is a relatively new concept. This
research only focuses on one type of device. Other type of FACTS devices may have
equal potentials when adopted by smaller systems. However, the benefits and control
methods will surely vary from case to case. Some research efforts are needed to
answers the questions of whether they are overall a better solution for certain

applications.
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Appendix

A.1 Experimental Setup

A.1.1 Open-winding PM Machine

The open-winding PM machine used in this project is modified from an IPM
generator used by a previous project [66]. The generator is modified from a commercial

generator from Reliance. Fig. A.1 is a picture of the generator.

Fig. A.1 Open-winding IPM motor under test

The stator windings are rewound according to the requirement of the previous

project. The parameters of the generator after the rewind are given in Table A.1.
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Table A.1 Parameters of the original generator

Parameter Symbol Value
Rated power Pr 10 kW
Rated voltage Vy 115 Vrms
Rated current Ir 29 Arms
Rated speed Nr 1035 rpm

Base frequency fp 345 Hz
Base radian speed orb 215.8 elec rad/s
Stator resistance rs 0.315 Ohm
d-axis inductance Ld 16 mH
g-axis inductance Lg 51 mH

PM flux linkage m 0.75 wb
Number of poles P 4

The neutral connection of the machine is disconnected at a local winding shop. All
six leads of the three-phase winding are taken out to the terminal.

It has been found in the test that the machine has significant of 17" and 19"
harmonics. At high speed, the harmonics frequency could exceeds the bandwidth of the

current regulator and induces undesirable harmonics in the machine current.

A.1.2 Dynamometer

A 30 kw reliance industrial induction motor is used as the dynamometer motor. The
motor is powered from a Danfoss 5602 industrial drive. The motor is equipped with a
1000 line encoder for precise torque and speed control. The DC bus voltage of the
dynamometer drive is different from the open-winding motor drive because it is
powered from the 480 V power grid. Therefore, a back-to-back drive configuration is
not possible to directly circulate power through the DC bus. Dynamic brake resistor
bank is added to the system to dissipate the regenerated power from the induction

motor.
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A.1.3 Inverters

To simplify the design work, identical inverters are used for both main and
compensation inverters. The inverter built for the study is shown in Fig. A.2. An IPM
module 6MBP75RA120 from Fuji Electric is used for each inverter. The inverter board
includes gate signal isolation circuit, current and voltage sensing and conditional circuit,
hardware protection circuit, power supply for gate drives, interface circuit for CPLD,
DSP and encoder. Each of the inverters has sensors and signal conditional circuits for
three channels of phase current, two channels of AC voltage and one channel for the
DC bus voltage. This allows the inverter to be used for multiple purposes including
motor drive inverter and grid side inverter. The use of programmable logic devices
Altera Max II enables the flexible protection which can be configured as either one-shot
or pulse-by-pulse operations. The protection functions of the inverter board includes
over current, over DC bus voltage, IPM module shoot through and over temperature. A
single TI TMS320F28335 DSP is used to control both of the inverters. The evaluation
board eZdsp F28335 is selected for use. The DSP board is equipped with serial
communication interface to send stored internal control data to the monitoring PC. The
Serial Peripheral Interface (SPI) is also available for use with the digital-to-analog

converter built for the project.
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B %
Fig. A.2 Inverter built for experiment study

A.1.4 Auxiliary Circuits

(1) SCR Interface Circuit

As mentioned in Chapter 5, SCR interface circuit is needed between the generator
and passive loads due to the large generator inductance. The SCR interface circuit is
built with integrated opto-triac IC as the isolation circuit. Moreover, zero-crossing
detection function is integrated in the opto-triac chip MOC3061M used in the circuit.

Fig. A.3 is a picture of the interface circuit.
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Fig. A.3 SCR interface circuit

(2) DAC Board

Digital-to-analog converter is an important tool for debugging the system. A DAC
board with SPI interface is built for use in this project. The DAC chip used is 4-channel
12-bit DAC7715 from Texas Instrument. Fig. A.4 shows the DAC board built.
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Fig. A.4 DAC board

(3) DSP Breakout Board
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The inverter board is designed so that the DSP board can be directly stacked on the
inverter board. With two inverters used in the system, a separate DSP interface board is
built so that identical interface connectors can be used for both of the inverters. This

breakout board also includes the SCI and SPI interface connector.

(4) Dynamic Break

Due to the lack of dynamic break switch in the IPM module used, a separate
inverter is used as the dynamic break module. The lower switch of one inverter leg is
used as the dynamic break switch. The CPLD software is changed accordingly to
accommodate this function. The turn-on and turn-off voltage can be set manually by

adjusting the potentiometer on the inverter board.

A.1.5 System Configurations

The inverters and auxiliary circuits presented above are the building blocks for the
test setup. The system is configured differently for the three application examples. The
configurations are given in this section.

(1) Open-winding PM Motor Drive

Fig. A.5 shows the system configuration for the experimental study in Chapter 3.
The INV1 is powered from the 230 V power grid through a variac for adjustable main
DC bus voltage. Both the main and the compensation inverters are controlled by the
DSP board. A dynamic brake is connected to the main DC bus to dissipate the

regenerated power during transient.
(2) Open-winding PM Generator Wind Power System

Fig. A.6 shows the system configuration for the series compensated open-winding
generator wind power system proposed in Chapter 4. The main inverter is replaced by a
diode rectifier. The dynamic brake is used to regulate the main DC bus voltage at its
nominal value.

(3) Open-winding Generator CVVF System
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Fig. A.7 is the block diagram for system configuration of the CVVF system
proposed in Chapter 5. Passive loads are divided into two parts for step load transient
test. One set of load is directly connected to the generator while the other set is
connected to the generator through the SCR interface. A manual switch controls the

load level during the test.
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Fig. A.5 Test Setup configuration for open-winding motor drive in Chapter 3
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Fig. A.7 Test Setup configuration for open-winding generator CVVF system in Chapter 5

A.2 Definition of transformation

In most cases, it is easier to analyze and control an AC machine in a rotating
reference frame. The reference transformation used through out this work is defined as

below:
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: : 2 : 2
fg = % [fasm(ﬁrf) + fpsin(érf - 37) + fesin(6rf + §7r)} (A1)
2 2
fq = % [facos(érf) + fheos(6rf - 37) + fecos(brf + §7f)} (A.2)
1
fo = 3[fa +fb +fc] (A-3)

Where f represents any three phase quality, for example voltage and current, in abc
or dq0 reference frame. The angle &f is the angle of the reference frame in electrical
rad/s. For PM machines, rotor reference frame is usually used. Therefore, the rotor
angle in electrical rad/s is used as the reference frame angle in modeling the machine.
In part of this work, current phase angle is selected as the reference angle for the
controller. By using current phase angle, the g-axis is aligned with the peak of phase A
current.

There are a variety of definitions of transformation. To be clear, the amplitude of
vector variable in dq plane is defined to be the peak value of AC component of
variables in abc reference frame.

The inverse reference transformation can be derived as:

fdsin(&rf) + fgcos(6rf) + fo (A.4)

fa

fp = fgsin(érf - %ﬂ) + fgcos(erf - %ﬂ) + fo (A.5)

fc = fdsin(Grf + %ﬂ) + fgcos(&rf + %ﬂ) +fo (A.6)
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