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Abstract

In recent years, advances in power electronics have led to an increase of three-phase motor drive systems
controlled by three-phase inverters. However, a fault in the inverter results in a shutdown of the motor drive
system. In specific applications such as electric vehicles, the inverter failure leads to a loss of the vehicle’s
propulsion ability, causing safety issues like traffic accidents and many other consequences. Therefore,
there is a need for emergency strategies for inverter failure in electric vehicles. In this dissertation, a two-
phase inverter is presented as an emergency strategy for inverter failure in motor drive systems.

The conventional three-phase inverter composes of six switching devices and has three-phase outputs.
On the other hand, the two-phase inverter composes of four switching devices and also has three-phase
outputs. For this reason, over the years, research has been conducted on two-phase inverters as low-cost
inverters to drive three-phase motors. However, from their working principle, two-phase inverters have a
low voltage utilization factor (ratio of output voltage to power supply voltage), thus, they cannot be utilized
in applications that efficiency is essential such as home appliances. Nevertheless, research continued on the
application of two-phase inverters as an emergency strategy for inverter failure.

In this emergency strategy, when one-leg of the three-phase inverter fails, the two-phase inverter is
configured from the remaining healthy two-legs of the three-phase inverter. Regarding implementation,
when inverter failure occurs, the wiring of the damaged phase is disconnected and reconnected to the neutral
point of the DC power source, and by changing the control software, the two-phase inverter can drive the
three-phase motor. In the emergency strategy, although the maximum speed and output of the motor reduce,
the electric vehicle can propel, and move to a safe place or back home.

In the present research, a new vector control method is proposed for the two-phase inverter which is an
emergency strategy for inverter failure in motor drive systems. This dissertation focuses on the
enhancement of the vector control method of two-phase inverter-fed induction motor drives and
improvements on the motors operating performance. The reported works on the vector-controlled two-
phase inverter-fed AC motor drives derived the output voltage references by subtraction from the output
voltage references of the conventional three-phase inverter. This subtraction method has some
disadvantages. These disadvantages are slow speed response, unbalanced motor currents, and difficulty in
implementation of two-phase inverters as an emergency drive for the conventional three-phase inverter. In
terms of implementation, depending on the inverter phase U, V, or W that a fault occurs, the subtraction
procedure to derive the output voltage references for the two-phase inverter is different. Hence, three
different subtraction programs must be prepared.

In this dissertation, a transformation matrix that can instantaneously derive the output voltage references
for vector-controlled two-phase inverters is proposed. The power invariance of the proposed transformation
matrix is verified, which indicate that it can be used in motor control. The proposed transformation matrix
is applicable irrespective of the damaged inverter phase U, V, or W of the three-phase inverter that fails.
The effectiveness of the proposed transformation matrix to derive voltage references for vector-controlled
two-phase inverter-fed AC motor drives is verified by simulation and experiment. The results showed that
the instantaneous generation of voltage references and instantaneous speed response is achievable using the
proposed transformation matrix

A comparison of the performance characteristics of both the vector-controlled two-phase and three-phase
inverter-fed induction motor drives was performed. The results showed that the torque-speed characteristics,
maximum output voltage and motor efficiency of the two-phase inverter drive reduces. Furthermore, a
comparison between the experimental results of the vector-controlled two-phase inverter-fed induction



motor drive using the proposed transformation matrix and the previous method in literature was performed.
From the results, it is clear that although both methods can generate the required output voltages, better
torque-speed characteristics, three-phase motor current, and higher motor efficiency were obtained using
the proposed transformation matrix.

In the conventional three-phase inverter-fed induction motor drive, the output voltage reaches its limit
at a certain speed which is called the base speed. Above this base speed, the flux of the induction motor
cannot be controlled as a constant, which leads to a loss of current control and eventually low performance
in the high-speed region. In the conventional three-phase inverter-fed induction motor drive, a method to
improve the performance of the drive in the high-speed region is to apply a field weakening control strategy.
However, in the two-phase inverter-fed induction motor drive, because the base speed and maximum
utilizable voltage are different, the conventional field weakening control strategy for three-phase inverter-
fed induction motor drives cannot be directly applied.

Therefore, in this dissertation, a field weakening control strategy was proposed for two-phase inverter-
fed induction motor drives. The proposed field weakening control enables precise current control in the
high-speed region. The effectiveness of the proposed field weakening control was verified by simulation
and experiment. The results showed that by applying the proposed field weakening control, the torque-
speed characteristics, motor efficiency, and overall performance are improved in the high-speed region.

In this dissertation, a transformation matrix is proposed to generate voltage references and facilitate easy
implementation of the vector-controlled two-phase inverter as an emergency strategy. Furthermore, a field
weakening control strategy is proposed to improve the performance of the two-phase inverter-fed induction
motor drive in the high-speed region.

The progress achieved in the dissertation will enable further developments in the application of vector-
controlled two-phase inverter as an emergency drive for the conventional three-phase inverter-fed induction
motor used in electric vehicles and other AC motor drives.
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Stator leakage inductance

Rotor resistance

Rotor leakage inductance

Poles of motor

Magnetizing flux

Rotor angle

Rotor time constant

Voltage references in dq axis

Voltage references in of} axis

Voltage references for two-phase inverter
Three-phase motor current

Motor terminal voltage

Phase voltage of three-phase load
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Chapter 1
Introduction

1.1 Inverters and their applications

Inverters are devices that convert Direct Current (DC) to Alternating Current (AC). Depending on their
application, the function of inverters may differ, from supplying of constant AC power, varying of the
frequency of AC power, to precise control of speed and torque of electric motors. Inverters are widely used
from home appliances to industrial applications. Inverters play an essential role in our everyday lives
because they drive most of the equipment we need for business and pleasure. Examples of home appliances
are washing machines, refrigerators, air conditioners and so on as shown in Fig. 1.1. Examples of industrial
applications are Variable Frequency Drives (VFD), pump motors, trains, electric cars and so on ®-®),

Industrial motor applications have been reported to consume more than 50% of all the energy produced
in the world ®-®), However, industrial motors driven by inverters reduce the energy consumption of the
systems. Although inverters may not be easily seen on the outer components of home appliances or
industrial equipment, they play a vital role in our society.
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Fig. 1.2 Industrial applications



1.2 Inverter-fed AC motor drives

Inverter-fed AC motor drives can be explained as a system where the inverter is the controller or driver
of the motor. Inverter-fed AC motors are used in many industries like textile, steel, oil and gas, electric
vehicles and many more -, These inverter-fed motor drives are used in ratings from tens up to hundreds
of kilowatts.

Without inverters, much energy is wasted which is not good for business. Furthermore, apart from
inverters, there is no other method today that provides efficient control of AC motors, which are responsible
for more than 50% of the power consumption in industry @9-(?- In order to reduce energy waste and
consumption, the speed and torque of the motor should match what is required by the process/application.
Using inverters is also the best method to improve productivity and reduce maintenance costs of motor
drives. Inverter-fed AC motor drives are also called AC drives, VFD, Variable Speed Drives (VSD),
inverter drives and Adjustable Speed Drives (ASD).

There are two types of AC motors, induction motors (asynchronous) and synchronous motors. Induction
motors are more widely used in various industrial applications because of its ruggedness, cost, low
maintenance and reliability ®. Furthermore, compared to other motors, induction motors can be used in a
volatile environment and aggressive industrial processes because they have no problems with spark and
corrosion.

The schematic of the inverter-fed AC motor drive system is shown in Fig. 1.3. In this example, the main
power supply is an AC source, thus, using a rectifier AC is converted to DC which is fed to the inverter.
However, in applications like electric vehicles where the power source is a DC source, the rectifier is
eliminated. The structure of the conventional three-phase inverter which is the most commonly used
inverter is shown in Fig. 1.4. The three-phase inverter consists of three-legs and six semiconductor
switching devices and one-leg for each phase is connected to the motor.

Power

Rectifier Inverter AC motor
supply

*

N

Control circuits

Fig. 1.3 Inverter-fed motor drive
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Fig. 1.4 Structure of three-phase inverter-fed induction motor drive

1.3 Emergency and fault-tolerant strategies for three-phase inverter-fed motor drives

A fault or failure of components of the inverters results in shutdown in operation of the drive. In industrial
applications like conveyor systems, electric trains and vehicles and so on, a stop in operation due to inverter
failure can lead to economic losses, traffic accidents, and many other consequences ¢4, The use of
inverter-fed AC motor drives in various applications is increasing daily ®. Hence, research on emergency
and fault-tolerant strategies for inverter-fed motor drives has gained much attention over the years. This
dissertation focuses on the utilization of a two-phase inverter as an emergency strategy for inverter failure.

1.3.1 Category of faults in inverters

The faults and the causes of failure in power electronics inverters can be classified into four levels as
shown in Fig. 1.5 @@, 1) Switch-level; 2) Leg-level; 3) Module-level; 4) System-level. Many emergency
strategies have been proposed for these different fault levels in inverters 8-%), Reported works and surveys
on faults in inverters showed that switch-level failure is the most common and rampant @9, Furthermore,

the main reason for switch-level failure is a breakdown of semiconductor switches used in the inverters. 4
@

Faultsin inverter

Switch-level Leg-level Module-level | | System-level

Fig. 1.5 Category of faults in power electronic inverters (14



A general survey on the causes of inverter failure irrespective of fault level reported that 38% of inverter
failures are caused by damages in semiconductors @®. Thus, there is a need for emergency strategies for
switch-level failure in inverter-fed motor drives. Moreover, when the switch of the inverter fails, one-leg
(phase) of the inverter is lost, and the operation of the entire drive stops. Therefore, the failure of the switch
can also be said to be a leg-level failure or system-level failure.

1.3.2 Life span and reliability of semiconductor switches

As explained in the previous section, faults in semiconductor switches are the main reasons for the
breakdown of inverter-fed motor drives. In this section, the reliability and lifespan of the semiconductor
switches used in inverters are discussed. The failure rate of semiconductor switches used in inverters can
be expressed using the bathtub curve shown in Fig. 1.6 ®®-@Y_ The failure rate of semiconductor switches
can be classified into three periods: the initial failure period, the random failure period and wear out failure
period. Figure 1.6 shows that the failure rate of semiconductor switches used in inverters is high in the
initial failure period and the wear out failure period.

Initial failure or early failure could be as a result of incompatibility between the inverter and its load or
wrong connections during installation. Random failure is mostly caused by external factors, conditions of
usage such as Over Current (OC) and Over Voltage (OV). Wear out failure occurs after many hours or
years of usage.

4 Initial failure Random failure Wear out
period period failure period

Failure rate

Time

Fig. 1.6 Failure rate of semiconductor switches vs. time



1.3.3 Emergency and fault-tolerant strategies for switch-level failure

There are three main emergency strategies for switch-level faults in inverter-fed motor drives as shown
in Fig. 1.7. 1) Redundant switching state method which can only be applied to multilevel inverters that
have additional switches, due to their structure. In addition, this method can only be implemented using
space vector modulation technique ¢2-¢9, 2) DC-bus midpoint connection method where the phase of the
damaged switch is reconnected to the midpoint of the DC source ©"-40), 3) Redundant series or parallel
switch method where extra switches are placed in parallel to the main switches and are used to replace

faulty switches when a switch-level failure occurs “9.

Switch-level emergency methods

Redundant
switching state

DC-bus midpoint
connection

Redundant series
or parallel switch

Fig. 1.7 Emergency methods for switch-level faults

In terms of cost and implementation, the DC-bus midpoint connection method is the most feasible as an
emergency strategy because it does not require any additional component or complex algorithms to
facilitate its application “?. In the DC-bus midpoint method, when a fault occurs in the inverter, the faulty
switch or leg is identified, and the wiring from the motor to that phase is disconnected and reconnected to
the midpoint of the DC power source. After this reconnection, the inverter consists of only four switches.
Hence, this topology is also called four-switch three-phase inverter, four-switch inverter, two-leg inverter,

and two-phase inverter.




1.4 Two-phase inverter
1.4.1 Two-phase inverter as an emergency strategy

In this dissertation, the utilization of two-phase inverter as an emergency strategy for the conventional
three-phase inverter-fed motor drive is presented. This emergency strategy can be utilized in several types
of inverter-fed motor drives applications like electric vehicles, conveyor drives, pump motor drives and so
on.

As earlier explained in this chapter, inverter failure is often caused by faults in switches or one-leg of the
inverter. When a switch or leg failure occurs in inverter-fed motor drives, the entire operation of the drive
stops. In this situation, the two-phase inverter can be constructed with a circuit modification to enable its
application as an emergency strategy. First, the damaged phase of the inverter is identified and the wiring
to the damaged phase is removed and reconnected to the midpoint of the DC source. With this simple re-
wiring, the hardware of the two-phase inverter can be constructed.

Figure 1.8 shows the V-phase of the inverter drive is damaged, here the wiring to the V-phase is
disconnected from point (D and is reconnected to point ), which is the midpoint/neutral of the DC source.
The control software is then changed and the constructed two-phase inverter can drive the three-phase motor.
The advantage of this emergency strategy is no additional components or parts are required, only a change
in the circuit wiring and control software enables the application of the two-phase inverter as an emergency
strategy.

Therefore, the two-phase inverter can be said to be an effective emergency strategy for the conventional
three-phase inverter drive because of its simplicity in construction.
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Fig. 1.8 Implementation process of two-phase inverter as an emergency drive



1.4.2 Structure of two-phase inverter

The circuit of the two-phase inverter-fed motor drive is shown in Fig. 1.9. The two-phase inverter consists
of four switches also known as two-legs. For comparison, the circuit of the three-phase inverter is shown
in Fig. 1.10. It can be seen that the number of switching devices in the two-phase inverter are less than that
of the conventional three-phase inverter. In order to supply power from the two-phase inverter to a three-
phase load (motor), the wiring of one-phase of the motor is connected to the midpoint of the DC source as
shown in Fig. 1.9.

—M

Fig. 1.9 Two-phase inverter-fed motor drive

—M
w o E 1LF 1S

Fig. 1.10 Three-phase inverter-fed motor drive
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1.4.3 Working principle of two-phase inverter

The working principle of the two-phase inverter-fed AC motor drive can be described using Fig. 1.11.
Figure 1.11 shows a two-phase power supply connected to a three-phase load. Va and Vg are AC power
sources that have a phase difference of n/3 as given by equation (1.1). When two-phase power supply
voltages Vaand Vg are applied to the three-phase load, three-phase balanced voltages, Vun, Vivn, and Vun, are
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generated as shown in equation (1.2). Therefore, it can be seen that a two-phase AC power supply with a
phase difference of n/3 can drive the three-phase AC motor. This is the basic working principle of the two-
phase inverter-fed three-phase AC motor drive. However, it is important to note that the three-phase
balanced voltages reduce by a factor of 1/v3. This reduction in the phase voltage indicates that the
maximum output of the two-phase inverter reduces compared to the conventional three-phase inverter drive.
The details on derivation procedure of equation (1.2) is written in Appendix A.

Furthermore, as shown in Fig. 1.12, if the direction of the two-phase power supply (Va,Vs) is reversed,
the rotating direction of the three-phase voltage is reserved.

Fig. 1.11 Two-phase power circuit
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Fig. 1.12 Phasor diagram of three-phase voltage

1.4.4 Control methods of inverter-fed AC motor drives

In the conventional three-phase inverter-fed induction motor drive, there are several control methods.
These control methods can be categorized into scalar and vector control methods “®- @5, The scalar method
is a well-known control method used for applications that do not require full torque at starting or low-speed
region such as fans, blowers and so on. Vector control is used in applications where full torque or rated
torque is required from zero speed and precise control of speed and torque is required such as electric
vehicles, spindle drives and so on.

These control methods can also be utilized in the two-phase inverter-fed AC motor drives. However,
two-phase output voltage references that have a phase difference of /3 are required.



1.5 Earlier reported literature on two-phase inverter

In this section, an overview of the earlier reported literature on the two-phase inverter-fed motor drive,
using various control strategies and their results are discussed. This review focuses on factors that determine
the performance of inverter-fed induction motor drives. Furthermore, some challenges of the two-phase
inverter drive and their proposed compensation methods are discussed.

1.5.1 Maximum output voltage

In the conventional three-phase inverter-fed motor drive, depending on the control strategy and the
adopted Pulse Width Modulation (PWM) strategy, the maximum utilizable voltage of the drive differs.
However, this difference is between 5 to10 percent of the maximum available voltage.

Previous literature reported that the voltage utilization factor of the two-phase inverter-fed induction
motor drive compared to the conventional three-phase inverter reduces by approximately 50% “6-49), As
shown in Fig. 1.13, in the low-speed region, the output voltage of both the two-phase and three-phase
inverter-fed motor drives are similar. However, the maximum output voltage of the two-phase inverter drive
is attained at a lower speed compared to the three-phase inverter drive. This implies that the two-phase
inverter drive experiences some challenges in the high-speed region because of a reduction of voltage that
can be utilized irrespective of the adopted PWM strategy “"¢8),

»

b

Three-phase

Two-phase

Output voltage (fundamental)

Speed [min~1]
Fig. 1.13 Maximum output voltage

1.5.2 Torque-speed characteristics

The torque-speed characteristics of the inverter-fed induction motor drive is one of the main criteria that
determines the type of application where the drive can be utilized. In the conventional three-phase inverter-
fed motor drive, the rated torque of the motor can be achieved up to its rated speed and above reduces
inversely. Maximum output voltage of the drive is one of the main factors that affect the torque-speed
characteristics of the drive. As explained in section 1.5.1, the maximum output voltage of two-phase
inverter drives is low. For this reason, the torque-speed characteristics of the two-phase inverter drive differ
similarly to the conventional three-phase inverter drive.
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Earlier reported literature showed the reduction of the maximum output voltage of the two-phase inverter
drive has an adverse effect the torque-speed characteristics compared to the three-phase inverter drive ©%-
®9 Ishikawa et al. investigated the torque-speed characteristics of the two-phase inverter-fed induction
motor drive using the Variable Voltage Variable Frequency (VVVF) control method. For comparison
purposes, they conducted the same experiment on the three-phase inverter drive. Their results showed the
maximum torque attainable speed and the maximum speed of the two-phase inverter drive reduced 9.

Figure 1.14 shows the comparison of the torque-speed characteristics. Ishikawa et al. further insisted that
although the two-phase inverter drive experiences a reduction in performance characteristics, it is good
enough for an emergency operation after inverter failure “®. Furthermore, in the VVVF control strategy,
because voltage and frequency are the controllable variables when the voltage reaches its maximum output
value in the two-phase inverter, the current is not enough to drive the motor. Hence, the maximum attainable
speed also reduces.

1.4 T .
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Fig. 1.14 Comparison of speed-torque characteristics (two-phase vs. three-phase) (4¢)

1.5.3 Thermal behavior and performance

Thermal performance of the inverter-fed AC motor drive is a feature that must be considered when
designing drives for specific applications. Overheating of motors and components of the inverter may
increase the possibility of failure of the entire drive. Furthermore, there is a need to study and verify the
thermal behavior of the three-phase motor driven by the two-phase inverter.

Mendes et al. performed an investigation on the thermal performance of the two-phase inverter-fed
induction motor drive by focusing on the temperature rise 9. They applied the two-phase inverter as an
emergency strategy and also conducted the same experiment on the conventional three-phase inverter drive.
Their results showed that the stator temperature of the motor and overall thermal behavior of the two-phase
and three-phase inverters were similar. Furthermore, they concluded that as far as the motor’s thermal
characteristics are concerned, there is no need to reinforce the motor insulation properties to protect the
motor or increase heat dissipation techniques when the motor is driven by two-phase inverters.
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1.5.4 Voltage imbalance and current ripple compensations

As earlier explained in section 1.4, one-phase of the motor is connected to the midpoint of the DC source
in the two-phase inverter. In most cases, in order to achieve the neutral/midpoint, two capacitors of the
same capacity are used to split the DC source into two voltage sources as shown in Fig. 1.15. Hence, the
current from the motor flows through the capacitors (Ci, C). This connection causes fluctuation in the
voltage of the two capacitors (Ci, Cz). This fluctuation leads to imbalance in the output voltage and the
motor phase currents and increases the motor current and torque ripples ¢9-69),

o= shF bl
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Fig. 1.15 Two-phase inverter-fed motor drive

In order to correct the voltage fluctuations and current imbalances, several methods and topologies have
been proposed using both scalar and vector control strategies ¢4, These methods can be classified into
two categories; (i) PWM techniques (ii) Voltage and current compensation schemes.

(i) PWM techniques involve compensation methods using space vector PWM methods and new PWM
techniques V-9, Some of these strategies focused on selecting the appropriate switching time and
periods, while others focused on modulation techniques. Broeck and Wyk proposed an asymmetric
pulse width modulation “®, Blaabjerg et al. proposed three kinds of space vector modulation
techniques that made the voltage vector track a desired circular trajectory and a voltage error
compensation ¢2,

(if) Voltage and current compensation schemes involve the use of a feedback control loop of either
voltage or current into the control circuit. These feedback values are compared with their ideal values
and their errors are processed by Pl controllers. The outputs are then applied to proposed algorithms
for compensations and finally added to the output voltage references 62-64, J.Kim et al. investigated
the main reason that caused the imbalance of the motor current, and their investigation showed that the
source impedance and the voltage fluctuation from the capacitors were the two main reasons *”). They
proposed a compensation method based on their analysis, and their results showed that the motor
current imbalance was eradicated and the compensation control was effective in the low-speed region
of the two-phase inverter-fed induction motor drive.

The voltage and current compensation methods are seen to be more effective compared to the proposed
PWM techniques because they can be applied to more control strategies (VVVF, vector control, direct
torque control, and so on) used in the inverter-fed motor drives. Furthermore, most of the proposed space
vector PWM methods are complicated in terms of calculation and implementation.
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In addition, Matsuse et al. investigated and reported that by increasing the capacity of the capacitor used,
the voltage fluctuation could be reduced ©. There are several proposed methods to eradicate the voltage
fluctuation and current imbalance in the two-phase inverter-fed motor drive. It is necessary to investigate
which method best fits the control strategy adopted for the two-phase inverter.

1.5.5 Motor efficiency and loss

The motor efficiency of the two-phase inverter-fed induction motor has earlier been examined and
evaluated ©®, Ishikawa et al. performed experiments on both the two-phase and three-phase inverter-fed
induction motor drives using VVVVF control strategy ©®. They evaluated the motor efficiency using a motor
efficiency map, their results showed that the efficiency of the motor driven by both the two-phase and three-
phase inverters was the same in the low-speed region ©®. It is important to note that in this region the
voltage and speed had not yet reached its maximum output value.

The motor loss of the two-phase inverter-fed induction motor drive has also been investigated ©”. Ma et
al. measured the motor loss at no-load and load conditions. They further analyzed the losses of each phase
of the motor into copper loss and iron core loss and their results showed the copper losses were balanced
but the iron core losses were unbalanced €. Finally, Ma et al. compared the total losses of the two-phase
and three-phase inverter-fed motor drive and concluded that the losses of both the two-phase and three-
phase inverter drives were the same in the low-speed region but different in the middle-speed region.

1.5.6 Inverter efficiency

Low inverter efficiency leads to a waste of energy and an increase in the probability of inverter failure.
Inverter efficiency is usually calculated as the ratio of the input DC power and to the inverter output power.

The efficiency of the two-phase inverter-fed induction motor drive has been investigated. Ishikawa et al.
conducted the same experiment on both the two-phase and three-phase inverter-fed induction motor drives.
In their experiment, the speed was set a constant (approximately 780 min), and the load was increased
from its minimum value to its maximum value. Their evaluation results showed that regardless of the
magnitude of the load, the efficiency of the two-phase and three-phase inverter drive was similar. They
further added that there is no problem concerning the heat generation and dissipation of the two-phase
inverter drive.
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1.6 Vector control of AC motor drives
1.6.1 History and principles

Over the years, due to advances in power electronics, the utilization of inverter-fed AC motor drives in
industrial applications has increased. However, in the past, DC motor drives dominated AC motor drives
in industrial applications because of their ability to smoothly vary speed over a wide range, generate full
torque from zero speed, and achieve high dynamic performance ©® €9,

In terms of motor comparison, AC motors have some advantages over DC motors like reliability, low
maintenance and cost and so on. These advantages prompted continual attempts to find better control
strategies for AC motors ", The advent of vector control in the early 1970s was a breakthrough for AC
motors. Vector control opened avenues and opportunities for AC drives to be a competitive alternative to
DC drives "V(2_ Vector control enables AC motor drives to precisely control speed and torque from zero

speed to high-speed regions and to attain energy efficient operations at all speeds and fast dynamic response
(73)(74)

Vector control was invented in the early 1970s by K.Hasse and Siemens’ Blaschke (). VVector control is
also known as field oriented control because of its structure. Initially, vector control was implemented using
several observer and sensors to feedback signals and values needed for the field orientation technique. Soon
after, field orientation techniques with slip frequency that does not require flux sensors called indirect vector
control or indirect field orientation control were developed. Since then, various methods and types of vector
control that improved the original idea have been suggested and published as shown in Fig.1.16.

Vector control

Field oriented control Direct torque control Sensorless vector control

|

Direct Self Control

Direct vector control Indirect vector control

Fig. 1.16 Vector control methods of AC motor drives

The principle of vector control can be explained from the torque generation and control of a DC motor.
The torque generation mechanism of a DC motor is shown in Fig. 1.17 (a). As shown in Fig. 1.17 (a), the
armature current I, and the field current I+ of the DC motor are orthogonal. This implies that the currents
are decoupled in nature and can be controlled separately. Here, the magnetic flux is generated by the field
current I and the armature flux is generated by the armature current l.. Force is generated and the motor
rotates. The torque of the DC motor has a relation of T = Krl¢l.. The torque can be controlled by controlling
the armature current 1, only since Isis the field current which only affects the field flux and Kr is a constant.
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Hence, the special property of the DC motor is that torque is directly proportional to the armature current

1,79 (1),
I, I
IQL
Iy

T = Krlfl,
Field component Torque component

(a) Separately excited DC motor

!ds* w
Vector | '\ e
Inverter qs
control
Iqs*
lds

Yy Y Y

T = Kl,ly
Torque component Field component

(b) Vector controlled induction motor

Fig. 1.17 Torque generation mechanism and control

This kind of precise torque control is achievable in AC motors by applying vector control. As shown in
Fig. 1.17 (b), in vector control, the stator (primary) current of the induction motor is decoupled into flux
(magnetizing) component current Iq and torque component current Iq. Therefore, 14 is equivalent to the field
current It and lq is equivalent to the armature current I, of the DC motor as shown in Figs. 1.17 (a) and 1.17
(b). Thus, the same performance of the DC motor drive can be achieved if the flux current lq is aligned in
the direction of the flux and the torque component I is perpendicular to it ® . Hence, the generated
torque of the AC motor can be controlled by adjusting the torque component current (lg) just as in a
separately excited DC motor.

The indirect vector control is one of the most popular and frequently used vector control method in
induction motors drives . This popularity is because it has better dynamic performance, eliminates the
need for flux sensors and has no drift problems. In this research, indirect vector control was selected as the
control method for the two-phase inverter-fed induction motor drive.
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1.6.2 Overview of indirect vector control method

In this section, the overview of indirect vector control method is described. Indirect vector control is also
known as indirect field oriented control. The block diagram of the indirect vector-controlled three-phase
inverter-fed induction motor drive is shown in Fig. 1.18. Vector control accomplishes instantaneous
commutation with velocity feedback «r from the motor via an encoder and a calculated feedforward slip
command as. The stator current of the motor is decoupled into flux (magnetizing) component current Iy and
torque component current lq. These components are then controlled independently. The flux component
current lg, varies slowly and is usually kept constant for fast response -4,

Indirect vector control begins by monitoring the currents that drive the motor. The signals for that sensor
are the inverter outputs Iy, Iy, and ly. Since the amplitudes of the signals 1y, Iy, and I, are very small, they
are amplified by an amplifier and input to an AD converter. The three-phase signals I, Iy, and I, are
converted into digital current values I, Iv, and Ic by the AD converter, and then converted into two-phase
current values I, and 15 using Clarke transformation (for details, refer to 1.6.3-1).

Next, these two-phase currents I, and Iz are transformed from stationary coordinates to rotating
coordinates using Park transformation to obtain the currents lq and Iq (for details, refer to 1.6.3-2). The
reference values of the flux component current 14~ and the torque component current I, are then compared
with feedback values lqand Iqand their errors are processed through Proportional Integral (PI) controllers
to eliminate deviation from the referenced values. The corrected values and outputs of the PI controller are
not current but voltage references V4~ and V.

Next, voltage references Vy~ and V, are transformed from rotating coordinates back to stationary
coordinates using inverse Park transformation to obtain voltage references V.  and V,". This voltage
references V, and V; are then transformed using inverse Clarke transformation to sinusoidal three-phase
voltage references V", V', and Vy", which are used to generate PWM signals for the inverter and finally to
drive the motor. This is one complete cycle of an indirect vector control method.
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Fig. 1.18 Indirect vector control method
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1.6.3 Transformation matrix and voltage signals for vector control of three-phase inverter

Vector control consists of four coordinate transformations, Park, Clarke, inverse Park and inverse Clarke
transformations as shown in Fig. 1.18. These transformations are complicated processes that require
mathematical knowledge to comprehend. In this section, these mathematical coordinate transformations are
explained in detail.

1.6.3-1 Clarke transformation (UVW — af)

In general, it is difficult to handle three signals simultaneously because the three signals change with
some relation to each other and computation in a three-dimensional space becomes necessary. Therefore,
in order to simplify the calculation, the three-phase currents l,, lp, and I¢ are transformed into two-phase
currents I, and Iz by a process called Clarke transformation.

In Clarke transformation, the property of an ideal three-phase alternating current is utilized, where the
sum of three sine waves is equal to zero as shown in equation (1.3).

l,+1,+1.,=0 (1.3)

Based on this condition, the three-phase currents are transformed into two-phase currents which are
assumed to be perpendicular to each other. The magnitudes of the three-phase currents are shown in
equation (1.4).

I, = J21 cos ot
I, =~/2I Cos(mt —%n} (1.4)

I, =+/2I Cos(mt—gnJ

Clarke transformation is represented by

i 2 4 I
| cos0° cos—m cosS—m| 'a
{ } 2 3 3

== (R (1.5)

3/ sino® sinzn sinﬂn |
3 3 ¢

Here, \/2/3 is a transformation coefficient used to retain the same power before and after the
transformation. As shown in equations (1.6), the two-phase currents I, and I; can be derived by applying
Clarke transformation to the three-phase currents.
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1.6.3-2 Park transformation (ef — dq)

The second transformation in vector control is a coordinate transformation from stationary coordinates
to rotating coordinates which is called Park transformation. By performing Park transformation
computation is simplified. In addition, the value of the rotation angle of the rotor & is required for the
transformation from stationary coordinates to rotating coordinates. In other words, without the knowledge
of how far the rotor has rotated, it is impossible to transform values from stationary coordinates to rotating
coordinates. Therefore, information on the rotation angle is acquired by some other means. In indirect
vector control, the rotation angle of the rotor € can be derived from an incremental encoder and the slip
frequency calculation.

Park transformation can be expressed in matrix as shown in equation (1.7). Here 8 = ax.

I, cosd sind |1,
= (1.7)
I, —sing cosd | I,

l,=0 (1.8)

1.6.3-3 Inverse Park transformation (dq — af)

In vector control, the input of the PI controllers are current values and the output are voltage values V4"
and V4 . The voltage values are used instead of the current values because the input signal of the inverter is
voltage.

The two-phase voltage references Vq~ and V" obtained through the P1 controllers are transformed back
to the stationary coordinates from the rotating coordinates. This transformation is called the inverse Park
transformation. In this case, the rotation angle & which is already known at the time of Park transformation
(1.6.3.2) is required. The transformation matrix for inverse Park transformation is shown in equation (1.9)
and the two-phase voltage references V, and V;" is given by equations (1.10).

V."| [cos@ —sin@]V,
_ (1.9)

Vﬂ sind cos@ Vq
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V" =3V cos

V, =J3Vsinat (1.10)

1.6.3-4 Inverse Clarke transformation (af —UVW)

The control in the two-phase axis is completed and must be transformed back into three-phase voltage
references V", Vy', and V" that have a phase difference of 2n/3 for the inverter. The two-phase voltage
references V., and V" are transformed to the three-phase voltage references V", V", and V" by the process
called inverse Clarke transformation. These three-phase voltage references are then transmitted to the PWM
inverter to drive the three-phase motor.

The transformation matrix for inverse Clarke transformation is expressed by equation (1.11) and the final
three-phase output voltage references V", V", and Vi~ of vector control is shown in equations (1.12).

Vv, cos0°  sin0° ok
V" |= 2 cosgn singn ° (1.12)
V3| T 37|V,
Vi 4 4 |
cos—n sin—n
L 3 3
V," =2V cos ot
V," =2v cos(@t—énj (1.12)

Vv, =2V cos(cot —gnj
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1.6.4 Derivation of voltage references for a vector controlled two-phase inverter

In section 1.6.3, the transformations method to derive output voltage references V', Vi, and V,, for the
conventional three-phase inverter-fed motor drive was explained in detail. A block diagram of these output
transformations is shown in Fig. 1.19 (). In this section, the previous method in literature used to derive
the two-phase output voltage references Va“and Vs~ for the vector of two-phase inverter-fed AC motor
drives is explained.

As earlier explained in section 1.4.3, two-phase inverters require two-phase output voltage references
VA" and Vg that have a phase difference of /3 to drive three-phase motors. Previous literature on vector
control of two-phase inverter drives derived the output voltage references Va“and Vs" by subtraction from
the three-phase output voltage references V,",V,",and V., used in the conventional three-phase inverter drive
as shown in Fig. 1.19 (b) ©®2-®%_Figure 1.19 (b) illustrates the derivation process when the V-phase of the
motor is connected to the midpoint of the DC source.

The two-phase output voltage references Va"and Vs that have a phase difference of /3 are derived from
the three-phase output voltage references V", V", and V" that have a phase difference of 2n/3 as shown in
equations (1.13) and (1.14) respectively.

*

v, "
--eeen |7 Three-
Current dg—af . | ap—=uvw v h
ase
control VB V* P
Inverse Park »(Inverse Clarke w inverter
(a)
V * v V *
a u + A
-------- > R e e o -
Current dg—ap iy af-uvw VUQ . ThWO
: P B phase
control Inverse Park B Inverse Clarke}----#----- :r--f@- ------ »| inverter

(b)

(a) Three-phase inverter (b) Two-phase inverter (Previous method)
Fig. 1.19 Derivation method of final voltage references

V., =V -V,

— 6V cos[cot + %) (L13)
VARSVASRVA

— 6V cos(a)t + %j (L14)
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Although, the subtraction method can achieve the voltage references Va“ and Vg~ that have a phase
difference of z/3, it has three main disadvantages.

(i) If the two-phase inverter is applied as an emergency strategy for the conventional three-phase
inverter drive, depending on the inverter phase U, V or W that is damaged, the phases of the
three-phase voltage references from which subtraction is performed is different as shown in Fig.
1.20.

(it) Due to the subtraction process, instantaneous speed control and response is unachievable.

(iii) This method affects the balance of motor currents in high load and high-speed regions.

Therefore, a transformation matrix that can instantaneously generate two-phase voltage references Vi~
and Vg~ that have a phase difference of n/3 for vector control of two-phase inverter in time domain is
required. Furthermore, a transformation matrix that is applicable irrespective of the damaged inverter phase
U, V, or W is required.

_____ Va ) V' .
2 Y : 4
V. * * - E_/ i
B T s Qe
U-phase failure
..... Ve | 5 Va...
7 2/ - : .
SN [ e SR
V-phase failure
Vd* Vu* N 5 VA*
""""""" * > N/ m >
. |2 2 Ve
W | Y i
W-phase failure

Fig. 1.20 Derivation of voltage references by subtraction method
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1.7 Problem statement and research objectives

This dissertation presents the vector-controlled two-phase inverter-fed induction motor drive as an
emergency strategy for switch/leg-level failure in three-phase inverter-fed induction motor drives.

1.7.1 Transformation matrix for instantaneous vector control of two-phase inverter

Vector control is known to achieve instantaneous control of speed and torque. In order to achieve
instantaneous vector control of the conventional three-phase inverter, the three-phase motor current is fed
back into the control system and transformed into to a two-phase axis using basic vector mathematics. Then,
the two-phase currents are then controlled independently and thereafter transformed back to three-phase
voltage references V,,",V,", and V,,” that have a phase difference of 2z/3. These transformations are carried
out using the well known Park, Clarke, inverse Park and inverse Clarke transformations, which are only
applicable to the conventional three-phase inverter drives.

From the working principle of two-phase inverter-fed AC motor drives, two-phase output voltage
references Vi~ and Vs~ that have a phase difference of n/3 are required. The previous method in literature
on vector control of two-phase inverter-fed AC motor drives derived the output voltage references Vs and
Ve~ by subtraction from the output voltage references V.", V,", and V, of the conventional three-phase
inverter. The previous method in literature has three main disadvantages as explained in section 1.6.4.

In order to achieve instantaneous vector control of two-phase inverter-fed AC motor drives, an
instantaneous method to derive the output voltage references Va and Vg~ that have a phase difference of /3
from voltage references V4 and Vg is required. In this dissertation, an instantaneous transformation matrix
is proposed to derive the voltage references Va"and Vs” that have a phase difference of n/3 for vector control
of two-phase inverter-fed AC motor drives.

1.7.2 Performance evaluation

Vector control is well known to have a good dynamic response and high-performance characteristics
from zero speed to the high-speed region. In the high-speed, one main factor that affects the performance
of amotor drive is the maximum output voltage. However, from the working principle (theory) and structure
of two-phase inverter drives, the maximum output voltage reduces compared to the conventional three-
phase inverter drives. The reduction in maximum output voltage has a negative effect on the performance
of the two-phase inverter drive, especially in the high-speed region.

Up till date, most of the literature focused on the performance characteristics of the two-phase inverter-
fed motor drive in the low-speed region. However, most of the applications where vector-controlled
inverter-fed motor drives are utilized require good dynamic performance in its entire operating region. Thus,
there is a need to investigate and evaluate the performance of the two-phase inverter-fed induction motor
drive in its entire operating region by experiment. Proper evaluation of the performance of the two-phase
inverter drive, will enable determination of the kinds of applications where two-phase inverter can be
utilized as an emergency strategy.
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1.7.3 Performance optimization in the high-speed region

In the conventional three-phase inverter-fed motor drives, the output voltage reaches its maximum value
(voltage saturation) at a certain speed called the base speed. Above the base speed, in order to maintain
current control and optimize the performance of the drive in the high-speed region, a field weakening
control strategy is usually applied as shown in Fig.1.21. Over the years, many field weakening strategies
have been proposed for the conventional three-phase inverter-fed induction motor drive. However, due to
the reduction in the maximum output voltage (base speed) of the two-phase inverter drives compared to the
conventional three-phase inverter drives, these field weakening control strategies cannot be directly applied
to two-phase inverter drives.

Consequently, in this dissertation a novel field weakening control strategy is proposed to optimize the
performance of two-phase inverter-fed induction motor drives in the high-speed region.

Output voltage

Flux (Ia)

Output voltage [V]
Current [A]

Base speed Speed [min]

Fig. 1.21 Conventional field weakening control method
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1.8 Organization of dissertation

This dissertation consists of five chapters. In this section, the contents of each chapter are briefly described.

In Chapter 1, background and the basics of inverter-fed AC motor drives are explained, followed by an
explanation of inverter failure and emergency strategies for inverter-fed AC motor drives. The two-phase
inverter is then introduced as an emergency strategy for the conventional three-phase inverter-fed induction
motor drive. A review of reported literature on two-phase inverter-fed motor drives is conducted. Finally,
the problem statements and the objectives of this research are explained in detail.

In Chapter 2, a new transformation matrix is proposed to enable instantaneous derivation of voltage
references V4" and V", instantaneous speed control and easy implementation of the vector controlled two-
phase inverter drive as an emergency strategy. The procedure of deriving the transformation matrix is
described in detail. The ability of the proposed transformation to retain the same power before and after the
transformation is verified.

In Chapter 3, the effectiveness of the proposed transformation matrix is verified by simulation and
validated from the experimental results. A comparison between the performance of vector-controlled two-
phase and three-phase inverter-fed induction motor drives is performed. Furthermore, a comparison of the
vector-controlled two-phase inverter-fed induction motors drive using the proposed transformation matrix
and the previous method in literature is performed by experiment.

In Chapter 4, a field weakening control strategy is proposed to improve the performance characteristics of
the vector controlled two-phase inverter in the high-speed region. The proposed method enables precise
and adequate control of the stator currents to achieve better performance in the high-speed region. The
effectiveness of the proposed strategy is verified by simulation and experiment.

In Chapter 5, works done in this dissertation are summarized.
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Chapter 2

Derivation of transformation matrix
for Instantaneous vector control of
two-phase inverter-fed AC motor
drives

2.1 Introduction

As explained in Chapter 1, in order to ease the implementation of the vector-controlled two-phase
inverter as an emergency strategy, a transformation matrix that can generate output voltage references
irrespective of the damaged inverter phase U, V, or W is required. In this chapter, a transformation matrix
to generate output voltage references that have a phase difference of n/3 for vector control of two-phase
inverter-fed three-phase AC motor drives is proposed.

In section 2.2, the disadvantages of the previous methods of deriving output voltage references for two-
phase inverters is explained. The conditions and procedure of creating a transformation matrix for vector
control of two-phase inverter are described in section 2.3.

In section 2.4, first, an indirect transformation is achieved by creating a transformation matrix from the
af axis to the AB axis. Next, a transformation matrix that can transform the output voltage references
from the dq axis to the AB axis is derived in section 2.5. The most important characteristic of the
transformation matrix is that the power before and after the transformation is constant, which is called
power invariance. In this regard, the power invariance of the instantaneous transformation matrix is
verified in section 2.6.

2.2 Previous methods and their disadvantages

In section 1.6.4 of Chapter 1, the previous method of deriving voltage references V4™ and Vg that have
a phase difference of /3 for sinusoidal PWM was explained. Also, a brief review of its disadvantages
and the need to create a more efficient method to derive the output voltage references were described.

In the conventional three-phase inverter-fed motor drive, there are several PWM methods. The two
most widely used methods are the sinusoidal PWM and space vector PWM method . Space vector PWM
can utilize more of the DC source voltage compared to sinusoidal PWM and other PWM methods @.
However, the sinusoidal PWM method is popular/widely used because of simplicity, low switching losses
and ease in implementation ©.
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In the previous literature both the sinusoidal PWM and space vector PWM methods have been applied
to two-phase inverter-fed motor drives. An et al. implemented both the space vector and sinusoidal PWM
methods on the two-phase inverter and they reported that space vector PWM-fed two-phase inverters
require more complex algorithms ®. Regarding complexity, they explained that more complicated vector
algorithms are required because two-phase inverters outputs only four nonzero voltage vectors and have
fewer control degrees of freedom compared to three-phase inverters. Furthermore, these complex
algorithms result in heavy calculations which requires a high-performance controller ©.

Another literature that utilized space vector PWM on two-phase inverters reported that depending on
the inverter phase U, V, or W that fails a different strategy is required ©. This implies that three different
space vector PWM softwares must be installed, which takes up lots of memory space in the controller
and increases the complexity of the control strategy ©.

As explained in Chapter 1, there are two criteria that must be considered in order to apply two-phase
inverters as an emergency strategy for three-phase inverter-fed induction motor drives. These criteria are
easy implementation and no additional component. These two criteria cannot be achieved using the space
vector PWM method. Therefore, in this dissertation, the sinusoidal PWM method is adopted.

The previous method of deriving voltage references for sinusoidal PWM for two-phase inverters was
explained in Chapter 1. In the previous method, the output voltage references Va~ and Vg"are derived by
subtraction from V", V", and V,,” of the three-phase inverter as shown in Fig. 1.20. The previous method
has one similar disadvantage with the space vector PWM method, which is depending on the inverter
phase U, V, or W that fails, the process of generating the output voltage references is different.

Hence, in this dissertation, in order to apply two-phase inverters as an emergency strategy, an
instantaneous transformation matrix that can generate the output voltage references Vi~ and Vg
irrespective of the damaged inverter phase U, V, or W is proposed.

2.3 Conditions and procedure for derivation of a transformation matrix for two-phase
inverter

In section 1.6.3 of Chapter 1, the transformation procedure to derive the output voltage references V",
V,", and V" for the conventional three-phase inverter was explained in detail. As shown in Fig. 2.1 (a),
the voltage references Vq"and V, in rotating coordinates are first transformed to V, and V" in stationary
coordinates and finally three-phase voltage references V,*, V,", and Vi,

The previous method for two-phase inverter as shown in Fig. 2.1 (b) involves a similar transformation
procedure to the three-phase inverter; however, the output voltage references Va and Vg" is derived by
subtraction from voltage references V", V", and V. The objective in this chapter is to create a coordinate
transformation for vector control of two-phase inverters by deriving an instantaneous transformation
matrix that can generate output voltage references Va“ and Vs~ as shown in Fig. 2.1(c).

The following three conditions must be taken into account before creating the transformation matrix
for the two-phase inverter that will be utilized as an emergency strategy. (i) The transformation matrix
must be applicable, irrespective of the damaged inverter phase U, V, or W. (ii) The transformation matrix
must be power invariant. (iii) The transformation matrix must be capable of instantaneous speed control
and response in different load conditions.
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The procedure for creating the instantaneous transformation for the two-phase inverter is principal
because the output voltage references V4 and V4 are in rotating coordinates and the required output
voltage references VA~ and Vi~ are in stationary coordinates.

In order to input changes to fulfill the earlier stated three conditions, an indirect transformation is first
created. In the indirect transformation, voltage references are transformed from dg axis to o/ axis using
inverse Park transformation, a matrix is then created to transform voltage references from af axis to AB
axis as shown in Fig. 2.2 (a). Here, the two matrices are denoted as Ci and Co.

Once C; is created, the instantaneous transformation matrix Cs can be derived from the product of C;
and C,, as shown in Fig. 2.2 (b). The instantaneous transformation matrix Cs must fulfill the three
conditions earlier stated in this section.

*
v,* i
Current dg—ap | ap—uvw v, _ Three
control V}_B’ * phase
Inverse Park f-------- »{Inverse Clarke Vw inverter
(a)
Va’* v VA *
--------- > et e -
damap [0 aBouvw [T Twe
Inverse Park [---- p—--b Inverse Clarke I — E----bi@----g--b inverter
(b)
v,
———————————————— > -
Current New i ThWO
control transformation Vs Phase
---------------- -+ inverter
(c)

(a) Three-phase inverter (b) Two-phase inverter (Previous method) (c) Two-phase inverter
(Instantaneous transformation)

Fig. 2.1 Derivation procedure for output voltage references
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Cl CZ
V(I ) VA *
Current dg—-ap [ V 1 aB-AB -V* ...... Thw o-
control Inverse Park e B > Create  lLeee—m. B ifveariir
(a)
C3
vV, v
Current ) . g N ew '““‘““"* ------ » Two-
v : Vg phase
control | G, > transformation | B ____ | phase
(b)

(a) Indirect transformation (b) Instantaneous transformation

Fig. 2.2 Procedure for creating instantaneous transformation

2.4 Indirect transformation for two-phase inverter (dq—af—AB)

In this section, an indirect transformation to derive voltage references Vi~ and Vs* for two-phase
inverters is created. In the indirect transformation, first, the output voltage references V4~ and V4 are
transformed into voltage references V. and V,~ using inverse Park transformation as mentioned in
Chapter 1 (section 1.6.3-3). The voltage references V. and V" are then transformed to voltage references
VA" and Vs~ by creating a transformation matrix. The block diagram of the indirect transformation is shown

in Fig. 2.3.

|/ V"
a A
Current " Inverse Park [ ™ Created _ *  Two-
1 Vs * | transformation Vg” phase
contro (dg—af) - N (aB—AB) et » inverter

Fig. 2.3 Indirect transformation for two-phase inverter

The transformation from voltage references V4" and Vg~ in rotating coordinates to voltage references
V. and V" in stationary coordinate by inverse Park transformation is shown in equation (2.1).
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a

V."| [cos@ -sin@]|V,
2.1)

V*

p sind cos@

Vq

Assuming 6 = wt, V; = /3V,,, and V7 =0, V.. and V," can be expressed by equations (2.2) and(2.3).

V" =3V, cosat (2.2)

Vﬁ* :\/_3\/,“ sin ot (2.3)

In order to transform voltage references V., and V" that have a phase difference of n/2 to voltage
references Va"and Vs~ that have a phase difference of n/3, a transformation matrix that fulfills the earlier
stated three conditions was created. The created transformation matrix is expressed as equation (2.4).

VA* > 1 0 vV *
=\ﬁ 1 43 (2.4)
8 V

Substituting equations (2.2) and (2.3) into equation (2.4) yields equations (2.5) and (2.6).

V' =J2V, cosat (2.5)
VARSNEYA cos(a)t + %j (2.6)

As shown in equations (2.5) and (2.6), voltage references Va~ and V" that have a phase difference of
/3 can be derived from voltage references V, and V;" using the created the transformation matrix in
equation (2.4) t-04),
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2.5 Instantaneous transformation matrix for two-phase inverter (dq—A4B)

In the previous section, the indirect transformation (dg—af—4B) was created. In this section, the
instantaneous transformation matrix is proposed to derive output voltage references V" and Vg* from the
output voltage references Vy"and Vq" of vector control. A block diagram of the proposed instantaneous
transformation is shown in Fig. 2.4.

V" 7
Current | - — N Instantaneous = f---e-emt A s Two-
1 |/ transformation Vg phase
control | _________ I » (dg—AB) [ + inverter

Fig. 2.4 Instantaneous transformation matrix for two-phase inverter

2.5.1 Derivation procedure of the instantaneous transformation matrix

In this section, the procedure to derive the instantaneous transformation matrix is explained. The
procedure requires the inverse Park transformation and the indirect transformation as given in equations
(2.1) and (2.4).

The transformation matrix of equation (2.1) is denoted as [Ci], and the transformation matrix in
equation (2.4) is denoted as [C2]. The matrices are expressed as in equations (2.7) and (2.8).

cos@d -sind
[c]=| 2.7)
singd cosé

1 0
[Cz]:\ﬁ 1 3 (2.8)

The instantaneous transformation from voltage references V4~ and V4 to Va™ and Vs~ can be derived by
the product of transformation matrices [C1] and [Cz] as shown in equation (2.9).

* E3

\ V
A* = [CZ][Cl Vd* (2.9)

B q

The instantaneous transformation matrix from voltage references V4~ and Vq" to voltage references Va*
and Vs can be expressed as one matrix [C3] as in equation (2.10).

34



[C;]=[c.]c.]
cos & —-sin@
2 (2.10)
== Vs i 2
3 cos(@ + —j sm(e - —nj
3 3
Equation (2.10) is the proposed instantaneous transformation matrix.
2.5.2 Derivation of voltage references from the proposed instantaneous transformation matrix
In this section, the derivation of voltage references V" and Vg~ that have a phase difference of n/3 using
the instantaneous transformation matrix [Cs] is shown in detail. From equations (2.9) and (2.10), the

instantaneous transformation from voltage references V4~ and Vg~ to voltage references Va“ and Vs can
be expressed as in equation (2.11).

=[c, (2.11)

Equation (2.12) is given by substituting equation (2.10) into equation (2.11). Assuming 6 = wt, V; =
V3V, and Vi =0, VA and V" can be expressed by equations (2.13) and (2.14).

VA* > coséd —siné@ Vd*
V3 cos[9+£j sin(e—zyzj . (212)
Vv 3 37 )| Ve

B

vV, = \/g(\/d cosd -V, sin 6’)

(2.13)
= ﬁvm cos awt
V, = \/2 Vv, cos(0+zj +V," sin(@—gnJ
3 3 3
(2.14)
= \/Evm cos(a)t +%j

As shown in equations (2.13) and (2.14), voltage references VA" and Vs~ that have a phase difference
of /3 can be derived using the proposed instantaneous transformation matrix [Cs].
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2.6 Verification of power invariance

In order to use the instantaneous transformation matrices in motor control, the power before and after
the transformation must be constant. In this section, the power invariance of the proposed instantaneous
transformation matrix is verified.

2.6.1 Absolute transformation

An absolute transformation is a coordinate transformation where using a transformation matrix[C], the
power before and after the transformation is invariant ©. If the transformation matrix [C] satisfies the
relationship in equations (2.15), where the inverse matrix [C]* is equal to the transposed matrix [C]', it
is an absolute transformation ©-(9,

-1
c]” =[c] (2.15)
A transformation matrix that satisfies the condition of equation (2.15) is called a unitary matrix ©-(9,

2.6.2 Verification of power invariance of the instantaneous transformation matrix (dg—AB)

In this section, the power invariance of the proposed instantaneous transformation matrix is verified.
In order to verify the power invariance of the proposed transformation matrix, the relationship in equation
(2.15) must be satisfied.

To calculate the inverse matrix, the transformation matrix must be a three-row and three-column matrix.
Therefore, zero-phase sequence component voltage Vo is added to the proposed instantaneous
transformation matrix given in equation (2.10). The transformation matrix is then expressed as in equation
(2.16).

_ | L]
. cosd —siné@ — I,
V, \/E V,
. 2 T ] 2 1 .
V. |=./=|cos|l @+=| sin|8—— —— |V
® | 7V3 ( 3] [ 3”) 2| (216)
v, AN 2 Y
cos| @—=| sinl@+= —— L
i ( 3] ( 3”) V2

The proposed instantaneous transformation matrix is denoted as [Cqq-ag] and expressed as equation (2.17).
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Carsl= 2

The inverse matrix [Caq-ag] ™ is given by equation (2.18).

Carsl= 2

The transposed matrix [Cuq-ag]' can be expressed in equation (2.19).

[qu—AB} = 5

. 1 ]
cosd -siné —
V2
T . 2 1
cos| @+—| sin| @—— - 2.17
[ 3J ( 3”j 72 (217)
T . 2 1
cos| d——| sin|8+— -——
I ( 3j ( 3”) J2
cos @ cos(@ + Z) cos(@ — Z)
3 3
] . 2 . 2
—-siné sm(e—gnj sm(9+§7rj (2.18)
1 1 1
2 2 2
cosé cos(e + Zj cos[@ - EJ |
3 3
. . 2 . 2
—siné@ sm[@—gnj sm(9+§7zj (2.19)
1 1 1
2 2 2

From the equations (2.18) and (2.19), it can be seen that the inverse matrix is identical to the transposed
matrix and the condition for power invariance given in equation (2.15) is satisfied. Therefore, the
proposed instantaneous transformation matrix is a unitary matrix. The transformation is an absolute

transformation.
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2.7 Conclusion

In this chapter, an instantaneous transformation matrix for vector control of two-phase inverter-fed AC
motor drives was proposed. The derivation procedure of the proposed transformation was explained in
detail. The proposed transformation matrix can instantaneously transform the output voltage references
of vector control V4" and V," in rotating coordinates to voltage references Va'and Vg™ in stationary
coordinates that have a phase difference of n/3.

Furthermore, the power invariance of the proposed instantaneous transformation matrix was verified.
This verification indicates that the proposed transformation matrix can be used in motor control. The
effectiveness of the proposed instantaneous transformation matrix is verified by simulation and
experiment in the next chapter.
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Chapter 3

Evaluation of proposed transformation
matrix for vector control of two-phase
Inverter

3.1 Introduction

In this chapter, the proposed transformation matrix is verified by simulation and experiment. The
conventional indirect vector control method is used for the verification of the proposed transformation
matrix. Furthermore, the performance of the two-phase inverter-fed induction motor drive is evaluated
by experiment.

Vector control of inverter-fed AC motor drives is well known to have instantaneous dynamic control
of speed and torque ®-®), Hence, both by simulation and experiment, the dynamic performance of the
motor driven by the two-phase inverter with the proposed transformation matrix is examined at various
speeds and load conditions.

Most of the reported literature on two-phase inverters focused on the VVVF control method and
literature on the vector control method are rarely seen ®®), For this reason, the difference between the
performance characteristics of vector-controlled two-phase and three-phase inverters are yet to be
reported in detail. In this chapter, a comparison of vector-controlled two-phase and three-phase inverter-
fed induction motor drives is performed. The experiment focuses on the maximum output voltage, torque-
speed characteristics, and motor efficiency. Subsequently, a comparison between the motor
characteristics of the vector-controlled and the VVVVVF-controlled two-phase inverter-fed induction motor
drives is performed.

Finally, a comparison of the proposed method in this dissertation and the previous method in literature
for vector control of two-phase inverter-fed induction motor drives is performed by experiment.

3.2 Verification by simulation

In this section, the effectiveness of the proposed transformation matrix for vector control of two-phase
inverter-fed AC motor drives is verified by simulation. A simulation model of the indirect vector control
method with the proposed transformation matrix is implemented.

3.2.1 Simulation model

The block diagram of the circuit for simulation is shown in Fig. 3.1. The diagram includes the
proposed transformation matrix from dq axis to AB axis. The basic equations of the indirect vector
control method are shown from equations (3.1) to (3.3). Where, ¥ is the rated flux, Ln is the
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magnetizing inductance, L is the rotor leakage inductance, R is the rotor resistance, T~ is the
electromagnetic torque command, and P is the number of pair poles.

Y
I :L_m (3.1)
. 4L,T"
|- =——2 3.2
" 3PLy (3.2
« L,RY .«
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Iq*er ws e _ a, Iq I.
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Fig. 3.1 Block diagram of simulation model

The simulation was conducted using PSIM software. PSIM is an electric circuit simulation software
developed for power electronics and motor control. PSIM is used for power electronics analysis, control
system circuit design, inverter, motor drive research, and so on. Compared to other simulation softwares,
PSIM can perform high-speed simulations with a simple user interface.

Vector control accomplishes instantaneous commutation with velocity feedback signal @ from the
motor and feedforward slip command as. The motor currents are decomposed into the magnetizing flux
component current (d-axis) lq and torque component current (g-axis) lq. As shown in Fig. 3.1, the speed
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reference o, ", d-axis reference I4", and g-axis reference 1" are compared to their feedback values, and
their errors are processesed through a PI(Proportional Integral) controller. The output voltage references
Vg and Vg~ are transformed to voltage references Va™ and Vg~ using the proposed transformation matrix.
The voltage references VA" and Vs “are used to generate PWM signals that are transmitted to the inverter.
In this indirect vector control method, the d-axis reference 4" is kept constant.

In the simulation, it was assumed that the V-phase switches of the inverter were short-circuited, and
the wiring to the V-phase of the motor was reconnected to the midpoint of the DC source. The main circuit
consists of four IGBT switches which were considered as ideal switches.

3.2.2 Simulation parameters

The simulation parameters are shown in Table 3.1. The equivalent circuit of the induction motor used
in the simulation is shown in Fig. 3.2. Table 3.2 shows the equivalent circuit constants.

Table 3.1 Simulation conditions

Parameter Symbol Value
Reference Speed N[min] 100 — 2000
Carrier Frequency f.[Hz] 5000
Dead Time Ta[us] 4
Power Supply Voltage VI[V] 200
Power Supply frequency f[Hz] 50
Capacitors C[uF] 8200
Encoder [p/r] 1000

Fig. 3.2 Equivalent circuit of induction motor
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Table 3.2 Equivalent circuit constants of the motor

Name Symbol Value
Stator resistance R1[Q] 12.8
Stator Leakage Inductance Li[H] 0.033645354
Rotor resistance R[Q] 10.17
Rotor Leakage Inductance L 2[H] 0.033645354
Magnetizing Inductance Lm[H] 0.553222582
Poles P 4
Moment of Inertia J[Kg.m?] 0.0004

3.2.3 Simulation results

The simulation was conducted in the speed control mode. The speed reference was set from 100
min™ to 2000 min* and the load torque was set from 0 Nm — 1.49 Nm (0 % to 100% of the rated torque).

3.2.3-1 Voltage references

The output voltage references VA" and Vg for the two-phase inverter during operation at motor speed
400 min?t and load torque 1.49 Nm are shown in Fig. 3.3. The results show that the proposed
transformation matrix can generate the voltage references Va™ and Vs" that have a phase difference of /3.

100
50
0
-50
-100
-150

Voltage [V]

142 14.25 143 1435 144
Timels]
Fig. 3.3 Voltage references (simulation)

3.2.3-2 Motor current waveforms

The current waveforms at 400 min™ and 1.49 Nm are shown in Fig. 3.4. From the results, it can be
seen that the balanced three-phase motor currents waveforms can be obtained using the proposed
transformation matrix.

Current [A]

14.2 14,25 143 14.35 144
Timelsl]

Fig. 3.4 Motor current waveforms (simulation)
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3.2.3-3 Response characteristics

The response characteristics of the drive in various speed and load conditions are examined. Figure 3.5
shows speed response to a step change in speed reference. The speed reference was increased after 3
seconds from 500 min to 1000 min‘* at full load condition. The result shows the motor speed reaches its
reference speed in less than 0.5 seconds with negligible oscillations.

The speed response to a step increase in load torque is also examined as shown in Fig. 3.6. At start-up
operation, the motor speed reference is set at 400 min™ and load torque at 0 Nm. After 4 seconds, the load
torque was stepped up from 0 Nm to 1.49 Nm (rated torque). From the result, it can be seen that the speed
slightly falls but recovers in few seconds when load torque is increased. Furthermore, the three-phase
motor current amplitude increased in order to handle the increase in load torque. These results
demonstrate the drive has the fast speed response characteristics in different load conditions.
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Fig. 3.5 Speed response to step change in speed reference (simulation)
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Fig. 3.6 Speed response to step increase in load (simulation)
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3.2.3-4 Torque-speed characteristics

The torque-speed characteristics of the vector controlled two-phase and three-phase inverter-fed
induction motor drives are shown in Fig. 3.7. In the simulation, the speed reference was increased from
100 min? to 2000 min? by steps of 100 min and the maximum attainable torque at each speed was
measured.

The results indicate that both the two-phase and three-phase inverter drives can produce full torque in
the low-speed region (100 min to 600 min?). However, from the middle-speed region approximately
700 mint and above, the maximum attainable torque of the two-phase inverter drive reduces compared
to the three-phase inverter drive.

16 r
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o N
T T

Torque [Nm]

0.6
04
02 — Three-phase = Two-phase
O'O 1 1 1 1 1 1 1 1 1 J
0 200 400 600 800 1000 1200 1400 1600 1800 2000

Speed [min-t]

Fig. 3.7 Torque-speed characteristics (simulation)

3.2.4 Summary of simulation results
The simulation results show that;

i. Instantaneous derivation of the voltage references Va" and Vs" that have a phase difference of /3
is achievable.

ii. Instantaneous speed control and response are achievable irrespective of a step change in load.

iii. In the two-phase inverter drive, the maximum speed at which the rated torque can be produced
reduces by approximately 50% compared to the three-phase inverter drive.
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3.3 Validation by experiment

In the previous section, the effectiveness of the proposed transformation matrix was verified by

simulation. In this section, the simulation results are validated by experiment.

3.3.1 Experimental setup

In the experiment, the V-phase of the motor was connected to the midpoint of the DC source. The
specification of the induction motor and the inverter parameters are shown in Table 3.3. The same inverter

parameters were used for both the two-phase and three-phase inverter experiments.

The block diagram of the experiment system is shown in Fig. 3.8. PE-Expert 3 is a digital system that
is equipped with a Digital Signal Processor (DSP) which has an Analog Digital (AD) converter and PWM
function. The program signals are transmitted from the host computer to the DSP of the PE-Expert3. A

DC generator was used as the

load.

KF KD

2 3] |

Power
meter

Torque

converter
L) A

Torque | i RPM

Torque
sensor

Encoder !
Gate drive signals E Sensor signal E
¥ ]
PC [---- A DSP  p--
PE-VIEWS | | - > Signal flow
PE-Expert3
Fig. 3.8 Experiment system
Table 3.3. Motor and inverter parameters
Rated power p 200 [W]
Rated frequency f 50 [Hz]
Rated speed n 1250 [min?]
Induction | Rated torque T 1.49 [Nm]
Motor Rated voltage Vv 200 [V]
Rated current [ 1.1 [A]
Number of poles P 4 [poles]
DC link voltage V 283 [V]
Inverter |Filter capacitor C 8200 [WF]
Carrier frequency fc 10 [kHz]
Dead time DT 3.5 [ps]
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3.3.2 Experimental results
3.3.2-1 Voltage references

Figure 3.9 shows the waveforms of the voltage references VA" and Vg" at a motor speed 500 min* and
a rated torque 1.49 Nm. The results illustrates that voltage references V4" and Vg" that have a phase
difference of n/3 can be generated using the proposed transformation matrix.
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Fig. 3.9 Voltage references (experiment)

3.3.2-2 Motor current waveforms

The waveforms of the three-phase motor currents at 500 min™t and 1.49 Nm are shown in Fig. 3.10. As
seen in Fig. 3.10, balanced three-phase motor currents can be obtained using the proposed transformation
matrix.
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Fig. 3.10 Motor current waveforms (experiment)
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3.3.2-3 Response characteristics

The response characteristics of the two-phase inverter-fed induction motor drive system are evaluated
in different load conditions. The speed reference was set at a constant 500 min™, and the load torque was
varied from no load to 1.49 Nm (0% to 100%). The speed response to a step change in load is shown in
Fig. 3.11. Due to a mechanical loss in the experiment system, in a no-load condition, a torque of 0.17 Nm
is generated.

At startup condition, the load was set at 0%, after 6 seconds, the load torque is increased from 0% to
100% as shown in Fig. 3.11. The results illustrate that the motor speed slightly falls below the speed
reference but recovers instantaneously as the load torque increases. The load torque was also reduced
from 100% to 0% and increased from 0% to 100% repeatedly. The result shows that when the load torque
reduces, the speed slightly increases above its reference (500 min) and returned to its reference in less
than 1 second.

From these results, it is clear that instantaneous speed response is achievable in different load
conditions using the proposed transformation matrix.
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Fig. 3.11 Speed response of two-phase inverter drive
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3.3.2-4 Torque-speed characteristics

The torque-speed characteristics of the two-phase inverter-fed induction motor drive are shown in Fig.
3.12. For comparison purposes, the result of the conventional three-phase inverter drive is also shown in
Fig. 3.12. The maximum torque was set at 1.49 Nm (rated torque). The experiment results show that;

1.

2.

Torque [Nm]

From zero speed region to middle-speed region (approx. 700 min) in both the two-phase inverter
and three-phase inverter drives, the same torque can be obtained.

In the two-phase inverter drive, the maximum speed at which the maximum torque (1.49 Nm)
can be produced is approximately 700 min. However, in the three-phase inverter drive,
maximum torque can be produced up to approximately 1400 min=. Compared to the three-phase
inverter drive, the maximum torque attainable speed of the two-phase inverter drive reduces. This
reduction is because the maximum output voltage of two-phase inverter drives compared to three-
phase inverter drives reduces by a factor of 1/+/3.
Compared to the simulation results, both the two-phase and three-phase inverter drives cannot
produce the maximum torque from 0 min to approximately 350 min. The reason for the low-
torque production below 350 mint will be explained later in this chapter.
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Fig. 3.12 Torque-speed characteristics (experiment)

3.3.2-5 Maximum output voltage

The output line voltage of both the two-phase and the three-phase inverter drives at the maximum
attainable torque (Fig. 3.12) of each speed from 0 min* to 2000 min* was measured. As shown in Fig.
3.13, from the low-speed region to approximately 700 min, the output line voltage of both the two-phase
and three-phase inverter drives are the same. The maximum output voltage of the two-phase inverter
drive is attained at a lower speed compared to the three-phase inverter drive.

49



The maximum line output voltages (fundamental value) of the two-phase and three-phase inverters are
98.1V and 171V, respectively. From this result, it can be said that the maximum output voltage of two-
phase inverter drives reduces by a factor of 1/+/3, compared to the three-phase inverter drives.

The output voltage results agree with the working principle (theory) of two-phase inverters explained
in Chapter 1.
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Fig. 3.13 Output voltage of two-phase and three-phase inverter drives

3.3.2-6 Motor efficiency

The efficiency of the motor driven by the two-phase inverter and the three-phase inverter is examined.
The motor efficiency formula is shown below in equation (3.5). The input power was read from the power
meter used in the experiment. The output power was calculated from the speed and torque of the motor
as shown in equation (3.6). The maximum torque was set to 1.49 Nm which is the rated torque of the
induction motor. In the experiment, the torque was increased by steps of 0.1 Nm from 0 Nm to the
maximum attainable torque at each speed, and all data points were recorded.

Power Out y

Motor Efficiency [%] =
Power In

100 (35)
rad
Power Out [W ] = Speed [T} xTorque [Nm] (3.6)

The motor efficiency was evaluated using a motor efficiency map. An efficiency map is a 2-D plot of
the efficiency and torque of the motor versus its rotation speed which facilitates easier evaluation of all
possible operating points of the motor.
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From the experimental results, the motor efficiency maps of both the two-phase and three-phase
inverter drives were plotted using MATLAB as shown in Figs. 3.14 and 3.15, respectively. A comparison
of the results shows that both the two-phase and the three-phase inverter drives have similar motor
efficiency from 0 min™ to approximately 550 min™. However, above 550 min, the three-phase inverter
drive can achieve higher motor efficiency over a wider speed range. The motor efficiency in the entire
low-speed region was not measurable because of the inadequacy of the experimental apparatus.
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Fig. 3.14 Motor efficiency map (two-phase inverter)
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Fig. 3.15 Motor efficiency map (three-phase inverter)
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3.4 Load torque measurement system improvement

The experimental results in section 3.3 showed an inadequacy of torque from zero speed to
approximately 350 min™. Due to this inadequacy, the torque-speed characteristics and the motor
efficiency in the entire low-speed region could not be examined.

As explained in Chapter 1, vector-controlled inverter-fed AC motor drives can produce full torque
from zero speed. In order to utilize the two-phase inverter as an emergency strategy for electric vehicles,
the torque-speed characteristics of the entire operating region must be evaluated. Therefore, it was
necessary to investigate the reasons for the inadequacy of torque in the low-speed region.

The low torque production problem could have been from the software (control) or hardware
(experimental apparatus) used in the experiment. The experimental system had to be investigated. As a
result, it was discovered that the reason for low torque in the low-speed region was the load of the
experimental apparatus. Thus, the load system was improved.

3.4.1 Load system

In order to evaluate the performance of inverter-fed motor drives, the load system must be accurately
picked. Under-sizing and over-sizing of the load system have a significant impact on the torque
characteristics and efficiency of the driving motor which is the IM in this dissertation.

As explained in section 3.2.1, in indirect vector control, an encoder is used to measure the speed at
which the driving motor is running, and the speed is fed back to the control circuit. Figure 3.16 shows an
IM with a DC generator load. Here, the encoder can be attached to either the back of the IM or the DC
generator, because the shaft is rotating at the same angle and velocity. From the experimental results in
Figs. 3.12, 3.14 and 3.15, this load system cannot provide adequate torque and efficiency measurement
in the low-speed region because of the characteristics of the DC generator (Load machine).

Encoder Encoder

/ Torque DC
B M ; =

sensor generator

Fig. 3.16 Induction motor with a DC generator load
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3.4.2 Improved load system

In this section, the load system for the vector-controlled inverter-fed induction motor drive is improved.
The load system is improved by adding a gear to the DC generator. Generally, gears take the driving
motor power, reduces its speed, and magnifies its torque. In this application, the encoder must be
connected to the IM (driving motor) because the speed at the shaft of the IM and the load machine (DC
generator) is different.

In order to choose a reduction gear that is appropriate for this experiment, the gear ratio was considered.
From calculations, a gear ratio of 1:5 is appropriate for the drive. A gear that is suitable for the drive was
selected, and its specification is shown in Table 3.4. The gear is connected to the DC generator as shown
in Fig. 3.17 (a). A photo of the improved load system is shown in Fig. 3.17 (b), where a Torque Sensor
(TS) is connected in between the IM and the improved load system.

It is important to note that, if the improved experiment load system in Fig. 3.17 is proposed for a VVVF
controlled two-phase inverter drive, the torque-speed characteristics in the low-speed region will be the
same as the results in Fig. 3.12. This is because only the voltage and frequency can be controlled in the
VVVF control method. Thus, motor currents that lead to increase in torque production cannot be
controlled.

Gear
Encoder

IM Torque DC
sensor generator

(a) Geared DC generator load

(b) Photo of geared DC generator load

Fig. 3.17 Improved experiment load system
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3.4.3 Experimental setup with improved load system

In this section, the effectiveness of the improved load system is verified by experiment. In the
experiment, the V-phase of the inverter was assumed to be broken down, and its wiring was reconnected
to the center potential of the DC source. The specification of the induction motor and inverter parameters
are the same as shown in Table 3.3. The configuration of the experiment system with the improved load
system is shown in Fig. 3.18. The differences in the experiment systems are the position of the encoder

and the proposed load system.
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Fig. 3.18 Experiment system (improved load system)

Table 3.4. Specification of geared DC motor

generator

Gear Gear ratio GR 1.5 [MmG]
Rated speed n 2500 | [min™]
Rated voltage V 100 [V]
DS hEiies Armature current I 4.8 [A]
Armature resistance R 2.4 [Q]
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3.4.4 Torque-speed characteristics
3.4.4-1 Comparison of geared DC generator and gearless DC generator

The torque-speed characteristics of the two-phase inverter-fed induction motor drive are evaluated
using the improved load system (geared DC generator). The speed range was set from 50 min* to 500
min?t and the maximum torque at 1.49 Nm (rated torque). The torque-speed characteristics of the
improved load system are shown in Fig. 3.19. For comparison purposes, the result of the gearless DC
generator load system from 50 min™* to 2000 min is also shown in Fig. 3.19.

The results show that the geared DC generator (improved load system) can produce the maximum
torque even in the low-speed region from 0 min* to 400 min™.
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Fig. 3.19 Torque-speed characteristics (improved load system)

3.4.4-2 Comparison of VVVF and vector control

In the previous section, the torque-speed characteristics of the two-phase inverter drive from 100 min-
1to 2000 mint were examined. In this section, the torque-speed characteristics of the vector-controlled
and VVVF-controlled two-phase inverter-fed induction motor drive systems are compared as shown in
Fig. 3.20.

A comparison of the results shows that the vector-controlled two-phase inverter drive can produce full
torque from 100 min to 700 minL. In the high-speed region, the vector control method can produce more
torque compared to the VVVF control method.
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Generally, the torque-speed characteristics of the vector-controlled three-phase inverter-fed induction
motor drives are better than that of the VVVVVF-controlled drives. The result shown in Fig. 3.20 illustrates
that the same tendency can be seen in two-phase inverter-fed induction motor drives.
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Fig. 3.20 Torque-speed characteristics of VVVF and vector control

3.4.5 Motor efficiency

In section 3.3.2-6, due to the limitation of the experimental apparatus, the motor efficiency of the entire
operating region could not be examined. In this section, the motor efficiency in the entire operating region
of the vector-controlled two-phase inverter-fed induction motor drive is examined in detail using the
improved load system.

3.4.5-1 Motor efficiency per speed

The motor efficiency at each speed from 100 min* to 2000 min of the two-phase and three-phase
inverter-fed induction motor drives were calculated from the experimental results. For comparison, the
maximum efficiency at each speed of both the two-phase and three-phase inverter drive is shown in Fig.
3.21.

Figure 3.21 shows that as the speed increases from 100 min™ up to 900 min, the maximum efficiency
of both drives increases. The peak maximum efficiency per speed of the two-phase inverter drive is
between 900min* and 1000 min™.
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However, the results of the three-phase inverter drive illustrate that the maximum efficiency per speed
continues increasing up to approximately 1800 min. From these results, it can be said that the maximum
efficiency per speed of the two-phase inverters also reduces similarly to the torque-speed characteristics
and maximum output voltage.
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Fig. 3.21 Maximum motor efficiency per speed

3.4.5-2 Motor efficiency map

In section 3.3.2-6, the motor efficiency in the low-speed region could not be examined. In this section,
from the experimental results of the improved load system, the motor efficiency is examined. The motor
efficiency map of both the two-phase and three-phase inverter-fed induction motor drives are shown in
Figs. 3.22 and 3.23, respectively.

Figures 3.22 and 3.23 show that the motor efficiency in the low-speed region is measurable using the
geared DC generator load. A comparison of the results shows that the motor efficiency in the low-speed
region from 0 min to 400 min is between 20% and 50% in both the two-phase and three-phase inverter-
fed induction motor drive.

From these results, it is clear that the motor efficiency of both the two-phase and three-phase inverter
is the same in the low-speed region.
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3.5 Comparison of the proposed method and the previous method

From section 3.1 to section 3.4, the effectiveness of the proposed transformation matrix for the vector
control of two-phase inverter was verified. In this section, the performance of both the proposed method
and the previous method are compared. The vector control method of the two-phase inverter using the
proposed transformation matrix in this dissertation is called the proposed method and the reported work

in literature is called the previous method % (6),

The block diagrams of the proposed method and the previous method are shown in Figs. 3.24 and 3.25,
respectively. The comparison is performed from the experimental results of both strategies. The
experimental setup is the same as shown in Fig. 3.8. The parameters are the same as shown in Table 3.3.

The difference is the software program for the two control strategies.
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Fig. 3.25 Previous method
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3.5.1 Experimental results

3.5.1-1 Voltage references

In the experiment of both control methods, the speed was set at 600 min't and the load torque was set
at 1.49 Nm. The waveforms of the output voltage references Va and Vg using the previous method, and
the proposed method are shown in Figs. 3.26 and 3.27, respectively. From the results, it can be seen that
in both methods, output voltage references that have a phase difference of /3 can be generated.
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Fig. 3.26 Voltage references with previous method (experiment)
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Fig. 3.27 Voltage references with proposed method (experiment)
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3.5.1-2 Three-phase motor current waveforms

Figures 3.28 and 3.29 show the three-phase motor current waveforms of the previous method and the
proposed method, respectively. The speed was set at 600 min-and the torque was set at 1.49 Nm. The
results show that in the previous method the three-phase motor current was unbalanced. However, by
applying the proposed method, better three-phase current can be obtained. Therefore, the proposed
method can obtain better motor current waveforms, compared to the previous method.
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Fig. 3.28 Current waveform with previous method (experiment)
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Fig. 3.29 Current waveform with proposed method (experiment)
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3.5.1-3 Torque-speed characteristics

The torque-speed characteristics of the two-phase inverter drives using both the proposed and previous
methods are shown in Fig. 3.30. The maximum torque was set at 1.49 Nm which is the rated torque of
the induction motor used in the experiment. The speed was increased from 0 min to 1500 min™ by steps
of 100 min*:-and the maximum attainable torque at each speed was measured.

The results show that from 0 min? to 600 min* both in the previous method and the proposed method,
the maximum attainable torque can be obtained. However, above approximately 650 min, the maximum
attainable torque of the proposed method is higher compared to that of the previous method.

From the results, it is evident that by applying the proposed method, the torque-speed characteristics
of the two-phase inverter-fed induction motor drive improved.
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Fig. 3.30 Torque-speed characteristics of previous and proposed method (experiment)

62



3.5.1-4 Response characteristics

The speed response of both the proposed method and the previous method are shown in Fig. 3.31. At
start-up operation, the motor speed reference was set at 600 min? and load torque at 0 Nm. After a few
seconds, the load torque was stepped up from 0 Nm (no load condition) to 1.49 Nm.

The results illustrate that as the load torque increases, the speed reduces below the speed reference but
recovers in both methods. However, the recovery time of the proposed method is faster than that of the
previous method. The proposed method reaches the steady state or reference speed in 1.2seconds compared

to 4.2 seconds of the previous method.
From the results, it is clear that the speed response characteristics of the two-phase inverter-fed induction
motor drive improved using the proposed method.
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Fig. 3.31 Comparison of speed response (experiment)
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3.5.1-5 Motor efficiency

The motor efficiency of the two-phase inverter-fed induction motor drive was examined using the
previous method and the proposed method as shown in Figs. 3.32 and 3.33, respectively. The results
illustrate that using the proposed method, higher motor efficiency is attainable and the maximum efficiency
is higher than that of the previous method, especially in the high-speed region.
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Fig. 3.33 Motor efficiency map with proposed method
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3.6 Conclusion

In this chapter, the effectiveness of the proposed transformation matrix was verified by simulation and
experiment. Instantaneous generation of voltage references and instantaneous speed response were
achieved using the proposed transformation matrix.

In the simulation, the torque-speed characteristics from low-speed to high-speed region were evaluated.
However, in the experiment, due to the limitation of the experimental apparatus, the torque-speed
characteristics and the motor efficiency in the low-speed region could not be evaluated. Hence, the load
system was improved, and evaluation in the whole operating region was performed.

A comparison of the performance characteristics of both the vector-controlled two-phase inverter and
the conventional three-phase inverter-fed induction motor drives showed that torque-speed characteristics,
maximum output voltage, and motor efficiency of the two-phase inverter reduces.

Finally, a comparison between the experimental results of the vector-controlled two-phase inverter-fed
induction motor drive using the proposed and previous methods was performed. From the results, it is
clear that although both methods can generate the output voltage references Va“and Vs~ that have a phase
difference of n/3, the balanced three-phase motor current, better torque-speed characteristics, and higher
motor efficiency were obtained using the proposed method (proposed transformation matrix).
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Chapter 4

Field weakening control of two-phase
Inverter-fed induction motor drive

4.1 Introduction

In the previous chapter, the characteristics of the two-phase inverter-fed induction motor drive showed
that the maximum attainable torque and motor efficiency are low in the high-speed region. In order to apply
two-phase inverters as an emergency drive for electric vehicles, the performance in the high-speed region
must be improved.

In the conventional three-phase inverter-fed induction motor drive, a method to improve the performance
characteristics of the drive in the high-speed region is to apply the field/flux weakening control above the
rated speed of the motor, where the output voltage reaches its limit @-®), In field weakening control, the
machine flux is weakened in a manner that enables the drive to increase torque production and attain high
motor efficiency. Several field weakening control strategies have been proposed for the conventional three-
phase inverter-fed induction motor drives “-!, However, these field weakening control strategies cannot
be directly applied to two-phase inverter-fed induction motor drives, for reasons that will be explained later
in this chapter.

In this chapter, in order to improve the performance characteristics of the vector controlled two-phase
inverter-fed induction motor drive in the high-speed region, a novel field weakening control strategy is
proposed. The effectiveness of the proposed field weakening control strategy for two-phase inverter drives
is verified by simulation and experiment.

4.2 Basics of field weakening control

In inverter-fed induction motor drives, as the speed increases, the output voltage also increases. However,
at a certain speed, the output voltage reaches its limit which is called voltage saturation. The speed at which
the output voltage reaches its limit is referred to as the base speed (or base frequency) as shown in Fig. 4.1.
Generally, the base speed is the rated speed of the motor (6,

In inverter-fed induction motor drives, the ability to implement field weakening control depends on the
control method either scalar (VVVF) control or vector control. In scalar methods, above the rated speed of
the induction motor, where the voltage is saturated, the flux naturally reduces as the speed increases. This
reduction is because the flux is proportional to the output voltage and the flux is not controlled
independently @ @®_Furthermore, from the working principle of scalar methods, the torque cannot be
controlled independently.

On the other hand, in vector control as earlier explained in Chapter 1, the motor stator current is
decoupled into the flux component current Iy and torque component current g as shown in Fig. 4.2 (a).
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Here, torque control is achieved by keeping the flux component current Iy constant and varying torque
component current lq. Furthermore, in field weakening control, the torque component current I can be
increased by decreasing the flux component current lg, taking into account the maximum current lsmax ON
the current limit circle as shown in Fig. 4.2 (b).
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Fig. 4.1 Voltage saturation and base speed
‘ I
lq 11 - 4 — fsmax
------------ : Field weakening control
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’av— [1 i
q')" ’a"‘ E
- -f“ i
Iy Ia
(a) Current vector diagram (b) Current limit circle

Fig. 4.2 Current trajectories in vector control
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4.3 Operating constraints in field weakening region

In this section, the operating constraints of inverter-fed induction motor drives in the field weakening
region are discussed. In the field weakening region, the performance of the induction motor drive is limited
by the maximum output voltage and the inverter current ratings.

4.3.1 Voltage limit

The DC-link voltage and the adopted PWM strategy determine the maximum voltage Vsmax that the
inverter can apply to the induction motor 90, In this dissertation, the sinusoidal PWM strategy is adopted.
If over-modulation is not considered, the maximum magnitude of the sinusoidal output voltage is expressed
as follows.

(4.1)

Here m is the modulation index (0<m<1). The voltage references V4" and V4 must satisfy the constraints of
the voltage limit boundary as shown in equation (4.2).

\VAEAVAREVE (4.2)

smax

4.3.2 Current limit

The motor current is limited to the maximum current lsmax Which is determined by the thermal rating of
the induction motor or the current rating of the inverter. The current references I~ and 1, must satisfy
equation (4.3).

T haP (4.3)

Id q smax

In order to maintain current control, especially in the high-speed region, the current references l¢" and 14"
must be limited to be on the current limit circle as shown in Fig. 4.3.

mea,\'

[SV"('I.\'

1"

Fig. 4.3 Voltage and current limits
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4.4 Field weakening control of three-phase inverter-fed induction motor drive

4.4.1 Field weakening characteristics

The characteristics of an induction motor fed by the conventional three-phase inverter are shown in Fig.
4.4. In three-phase inverter drives, the operating range of the induction motor can be divided into three
different regions: i) constant torque region (Base speed region), ii) constant power region (Field Weakening
(FW) region 1) and iii) constant slip region (FW region 2) ®,

In the base speed region, the d-axis current 4 is constant, and the motor operation is limited by the current.
In FW region 1, the motor speed is above the base speed, and the motor operation is limited by both the
current and voltage limits because the back electromotive force approaches the maximum inverter voltage.

In FW region 2, the speed becomes so high that the current cannot exceed the maximum inverter current.
The slip then increases because it is no more proportional to the torque. These are the basic characteristics
of torque, current, voltage, and power in the three-phase inverter drive.
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Fig. 4.4 Field weakening characteristics of an induction motor fed by three-phase inverter )

4.4.2 Field weakening control methods

Field weakening control methods for the conventional three-phase inverter drives have been studied
widely and can be classified into three categories 929,

(@) Adjustment of the motor flux in inverse proportion to speed (1/cwy).
(b) Feedforward control based on simplified motor parameters and motor equations.
(c) Closed loop control of the stator voltage for full utilization of the maximum inverter voltage.

The first method (a) is the conventional and the most frequently used field weakening control method
because of its simplicity. In this method, the flux is controlled inversely proportional to the motor speed.
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This method has been reported to improve the torque production. However, this method cannot provide the
maximum output torque per ampere nor the full utilization of the DC-link voltage 9,

The second method (b) is dependent on the voltage and current limitation with respect to the induction
motor parameters. This method can achieve good performance in the high-speed region if the accurate
motor parameters are known @2@),

The third method (c) depends on the ability to fully utilize the available inverter voltage, to produce the
maximum torque. This method is not dependent on the DC link voltage or motor parameters. However, an
extra outer voltage control loop is required 9@,

In three-phase inverter-fed induction motor drives, the second method (b) which is based on the motor
parameters models appears to be the best method in terms of torque production with better-reported results.
However, the second and third methods have been reported to have slow response characteristics and
dynamic performance @9,

In the two-phase inverter drive, since the DC-link voltage and inverter supply voltage cannot be fully
utilized, the second and the third method are difficult to implement. Furthermore, the second method (b) is
based on the condition that the power source is a three-phase balanced voltage or current supply that is
adequately switched by the inverter. This method cannot be implemented in two-phase inverter drives
because one phase of the output is connected to the midpoint of the DC source.

Therefore, the first method (a) with some improvements is the most feasible option for two-phase
inverter-fed induction motor drives.
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4.5 Proposed field weakening control of two-phase inverter-fed induction motor drive

In this section, a field weakening control method is proposed to improve the torque-speed characteristics
and motor efficiency of the two-phase inverter-fed induction motor drive.

4.5.1 Maximum output voltage

In Chapter 3, the detailed results of the indirect vector control without field weakening control of both
the two-phase inverter and three-phase inverter-fed induction motor drives were investigated. It was
clarified that the maximum output voltage and maximum torque attainable speed of the two-phase inverter
drive compared to the three-phase inverter drive reduce by approximately 50% as shown in Fig. 4.5¢7(8),
In addition, due to the difference of the maximum output voltage of the two-phase inverter and three-phase
inverter drives, their base speed is different.
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E8D| e e [—
<
=
] /
5 S
é \\\ Three-phase (Torque)
8
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-~ T —
i i
Base speed Base speed Speed [min‘l]

(Two-phase) (Three-phase)

Fig. 4.5 Output voltage and torque vs. speed

45.2 d-axis current reference

In the conventional field weakening control strategy of the three-phase inverter drive, the d-axis current
reference is kept constant below the base speed wnase and above is inversely proportional to the motor speed
as given by equation (4.4).

* wb *
lopew] = wase x| (4.4)

r
The constant d-axis current reference I4” is calculated by
=L 4.5
i7 (4.5)

m

where  is the rated flux and L, is the magnetizing inductance of the motor.
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The base speed wpase also determines the value of the d-axis current reference lqrug for the field
weakening region. If the d-axis current reference is too high, the g-axis current reference cannot be regulated.
In the conventional three-phase inverter drive as shown in equation (4.6), the base speed wpase is usually set
at the rated speed wrateq Of the motor, where the voltage reaches its limit.

a)base = a)rated (4-6)

However, as explained in section 3.3.2-5 and from the working principle of two-phase inverters 8-G0,
the maximum output voltage of two-phase inverters reduces by a factor of 1/v3. Therefore, in this
dissertation, the base speed of the two-phase inverter drive is calculated by

w rated

a)base[Two—phase] = \/5 . 4.7)

From equations (4.4) and (4.7), the d-axis current reference lq [rw; for the field weakening region of the
two-phase inverter drive can be derived as follows:

* @y dTwo-phase *
iy ==, Xl - @8
r

Figure 4.6 illustrates the d-axis current references of the conventional three-phase inverter drives given
in equation (4.4) and the proposed d-axis current reference for two-phase inverter drives given in equation
(4.8). In this figure, a significant difference in the two d-axis current reference values is observed. The value
of the d-axis current reference is important because if the d-axis reference lgrw;” is too low or too high, the
maximum attainable torque and the motor efficiency are low in the high-speed region.

The conventional field weakening method for three-phase inverter drives cannot fully optimize the
performance of two-phase inverter drives in the field weakening region because of the voltage limitation of
two-phase inverter drives.
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Fig. 4.6 d-axis reference (two-phase and three-phase) vs. speed
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4.5.3 g-axis current reference

In the conventional field weakening control of three-phase inverters, the g-axis current reference Iq is
controlled by limitation in various operating regions. These different limitations are not directly applicable
to the two-phase inverter drive because its base speed and maximum output voltage reduce as shown in Fig.
4.5.

In this dissertation, in the base speed region (constant torque region) of the two-phase inverter drive, the
g-axis current reference 4" is limited as

T (4.9)

Here, lsmax is the maximum current of the inverter and is given in equation (4.10). lsmax is derived by
confirming the maximum current of the inverter and the thermal rating of the induction motor used in the
experiment. This maximum current is usually 150% of its rated value @ @9),

Ismax = lrated ¥1.5 (4.10)

Up to the base speed wpase[two-prase] iN equation (4.7), the d-axis current reference 14~ is constant. Hence,
torque is proportional to the g-axis current. From the base speed wnase[two-phase] UP t0 the rated speed of the
motor wrawed, the g-axis current reference is limited by the constraints in equation (4.11). After the base
speed region, the d-axis current reference is no longer constant because its value is determined by equation
(4.8). This region is called field weakening region 1 (FW region 1) in the two-phase inverter drive, as shown
in Fig. 4.7.

2

Ig <y lsmax” — ld[Aw] 4.11)

In field weakening region 2 of the conventional three-phase inverter-fed drive, in order to maintain the
maximum slip wsmax and avoid the loss of current control, the g-axis current reference is reduced by
limitation @ @3, In the two-phase inverter drive, the voltage that can be utilized in the field weakening
region is low; If limitations of the three-phase inverter are applied in FW region 2, it has no positive effect
on the output torque or motor efficiency. This is because the g-axis current reference of the two-phase
inverter drive will not be as large as that of the three-phase inverter drive.

Furthermore, due to the reduction in maximum output voltage of two-phase inverter drives, the g-axis
current reference will be unnecessarily large. In this case, current control is lost and the motor loss increases.

Hence, in this dissertation, a limitation to reduce the g-axis current reference above the rated speed of
the motor is proposed. This limitation will enable the two-phase inverter drive to achieve a high motor
efficiency and control of the slip linearity to torque in the high-speed region. This region is called the field
weakening control region 2.

The proposed limitation for the g-axis current reference is achieved by reducing/limiting the maximum
current lsmax that the inverter can apply to the motor. The maximum current lsmaxrw for the field weakening
region 2 is set at the rated current l.aeq Of the induction motor as in equation (4.12).
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Ismax[FW] = Irated (4.12)

Therefore, the g-axis current reference limitation for the field weakening region 2 can be expressed as

* * 2
Iq S\/Ismax[F\N]Z_Id[FW] . (4.13)

The speed of the motor determines the onset of field weakening region 2. Above the rated speed of the
motor wrated, field weakening region 2 begins. The switching of the g-axis current reference limitations from
the base speed region to field weakening region 2 is performed as shown in Fig. 4.8. The first limitation is
in the base speed region (0« wr < woase [rwo-phase]), The second limitation is in the field weakening region 1
(wbase[Two-phase] < Wr < Wrated). The third limitation is in the field weakening region 2 (@rated < wr).

In this section, to improve the performance of the two-phase inverter drive in the high-speed region, a
novel method to calculate the optimal d-axis current reference (4.5.2) and limitations for g-axis current
reference for the field weakening regions 1 and 2 (4.5.3) has been proposed.

Base speed Field Field weakening region 2
region ' weakening |
. ,  region 1 i ’ Is max
E E : ( \ Is max|[FW]|
= | | I*
L - | 1
= ! :
= ! 1
| ! I
la” i E
Whpase[Two—phase] Wrated Speed [min‘l]

Fig. 4.7 Proposed trajectory of |4 and I reference vs. speed
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Fig. 4.8 Flow chart of the proposed g-axis current control
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4.6 Evaluation by simulation

4.6.1 Simulation model

The simulation model was implemented using PSIM software to verify the proposed field weakening
control strategy. The specification of the induction motor and the inverter parameters used in the simulation
is shown in Table 3.3. The block diagram of the simulation circuit is shown in Fig. 4.9.

The V-phase of the induction motor was assumed to be broken down and was re-connected to the
midpoint of the DC source. The speed reference range was set from 50 min? to 3000 min™ and the
maximum torque was set at 1.49 Nm. For comparison purposes, the same simulation was carried out when
using without field weakening control as shown in Fig. 3.1.
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Fig. 4.9 Block diagram of simulation circuit (proposed field weakening control)



4.6.2 Simulation results
4.6.2-1 Currents reference

In the simulation, the trajectory of the d-axis and the g-axis current using the proposed field weakening
control strategy is examined. The results in Fig. 4.10 show that the d-axis current is constant in the base
speed region and reduces inversely to the speed in the field weakening regions using the proposed field
weakening control. Furthermore, the g-axis current increases from the base speed region up till the field
weakening region 1 but is limited in the field weakening region 2.

It can be seen that in the control without field weakening, the g-axis current reference suddenly increases
in FW region 2. These results show that the g-axis and d-axis current trajectory follow the proposed field
weakening control strategy.
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0 \ 4 v
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Speed [min?]

Fig. 4.10 Current trajectory vs. speed (simulation)

78



4.6.2-2 Slip

In an ideal inverter-fed induction motor drive, in order to maintain current control and stability in the
high-speed region, the torque is proportional to g-axis current, and the slip.

The relationship between speed and slip frequency from 0 min? to 2500 min* is shown in Fig. 4.11.
From the results, it can be seen that the slip frequency in both the proposed field weakening control and the
control without field weakening increases in a similar manner from 0 min to the base speed. The proposed
field weakening control can maintain a linear relationship between the slip frequency and speed in field
weakening region 1 and region 2. This indicates that the linear relationship between slip and torque can be
maintained using the proposed field weakening control.

In contrast, without field weakening, the slip frequency increases gradually in the field weakening
regions, in a nonlinear manner which leads to low torque production in the high-speed region.
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Fig. 4.11 Slip characteristics (simulation)
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4.6.2-3 Torque-speed characteristics (simulation)

The maximum attainable torque of both the proposed field weakening control and the control without
field weakening was measured, and the results are shown in Fig. 4.12. A comparison of the results show
that above the base speed wbase [Two-phase], the proposed field weakening control strategy can produce more

torque of an average of 6% per speed.

The increase in the maximum attainable torque is due to the precise current control achieved using the
proposed field weakening control. In the two-phase inverter-fed motor drive, the maximum output voltage
is lower than the rating of the motor. Thus, the area where slip and torque are proportional is narrow. In the
high-speed region without field weakening, the linear relationship between the g-axis current and torque

collapses. For this reason, the torque production is low.
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Fig. 4.12 Torque-speed characteristics (simulation)
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4.7 Evaluation by experiment

An experiment is carried out to validate the simulation results. The experimental system configuration
and inverter parameters are the same as those of Fig. 3.18 and Table 3.3 respectively.

4.7.1 Experimental results

In this section, the experimental results of the torque-speed characteristics and motor efficiency of the
entire operating region are evaluated.

4.7.1-1 Torque-speed characteristics (experiment)

In the experiment, the speed reference was set from 50 min to 3000 min* and the maximum torque limit

was set at 1.49 Nm (rated torque). The speed was increased by steps of 50 min*, and the maximum
attainable torque at each speed was measured.

The torque-speed characteristics using the proposed field weakening control and control without field
weakening are shown in Fig. 4.13. The results show that above the base speed wpase [Two-phase] (ApProx. 720

min™), the maximum attainable torque using the proposed field weakening control is higher compared to
the control without field weakening.
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Fig. 4.13 Torque- speed characteristics (experiment)
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4.7.1-2 Motor efficiency

The motor efficiency of both the proposed field weakening control and the control without field
weakening is examined. The motor efficiency and the output power were calculated by equations (3.5) and
(3.6) respectively. The input power is read from a power meter used in the experiment.

In the experiment, the speed range was set from 50 min? to 3000 min? and increased in steps of 50 min-
!, The maximum torque limit was set at 1.49 Nm, which is the rated torque of the induction motor. In order
to increase the data points and enable the accurate evaluation, the torque was increased by steps of 0.1 Nm
to the maximum attainable torque of each speed.

The motor efficiency was evaluated using an efficiency map. The results of the proposed field weakening
control and the control without field weakening are shown in Figs. 4.14 and 4.15, respectively. The control
without field weakening results shows that the maximum efficiency is between 55% and 60% from 650
min? to 1050 min,

It can be seen that the maximum motor efficiency region of the proposed field weakening control is
between 60% and 65% from 700 min™ to 3000 min™*. These results show that the proposed field weakening
control can achieve a higher efficiency over a wider speed range compared to the control without field
weakening.

Furthermore, the motor efficiency maps of both control strategies were plotted in a 3D format to further
examine the motor efficiency versus torque and speed. Figure 4.16 shows that the proposed field weakening
control can achieve a higher motor efficiency per speed, from low load condition to its maximum attainable
torque above base speed.
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Fig. 4.14 Motor efficiency map (without field weakening control)
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4.8 Conclusion

In this chapter, in order to optimize the performance of the two-phase inverter-fed three-phase induction
motor drive, a field weakening control strategy was proposed. In the proposed field weakening control
strategy, the d-axis and g-axis current are adequately controlled to enable the drive attain optimal
performance in the high-speed region.

The effectiveness of the proposed field weakening control strategy was verified by simulation and
validated by the experimental results. The results show that the torque-speed characteristics and motor
efficiency are improved in the high-speed region by applying the proposed field weakening control.

The optimization of the motor efficiency in the high-speed region will facilitate the application of vector
controlled two-phase inverters as an emergency strategy for three-phase inverter-fed induction motor drives
that require high efficiency in the high-speed region. Furthermore, the results in this chapter indicate that
field weakening control can also be achieved/applicable in other two-phase inverter-fed AC motor drives.
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Chapter 5
Summary and conclusions

The adoption of inverter-fed induction motor drives in various industries is increasing from home
appliances to large industrial equipment. When the inverter failure occurs in industrial motor drive systems
like pumps, power generation systems, electric trains and vehicles, the impact on society is enormous.
Therefore, there is a need for emergency strategies after the inverter failure occurs in inverter-fed motor
drives.

Reported literature and surveys have shown that the semiconductor switches and the leg components of
inverters are the weakest links in the drive. This dissertation presents a two-phase inverter as an emergency
strategy for switch and leg failure of one-phase of the conventional three-phase inverter-fed AC motor drive.

In this dissertation, vector control was selected as the inverter control method because of its good
dynamic performance and its ability to attain precise control of speed and torque. However, in order to
effectively implement vector control of two-phase inverter-fed AC motor drives, a few problems have to
be resolved as explained in Chapter 1.

5.1 Instantaneous vector control of two-phase inverter

In Chapter 1, areview was conducted on the reported literature on the two-phase inverter-fed induction
motor drive. This review focused on the challenges, performance and some proposed compensation
techniques to improve the characteristics of two-phase inverter-fed motor drives.

Furthermore, vector control of AC drives was introduced by explaining its history, various types, and
working principle. The coordinate transformations required to derive the output voltage references for
vector control of three-phase inverters were explained in detail. Followed by an explanation of the previous
method in literature of deriving the output voltage references for the vector control of two-phase inverters
by subtraction from the voltage references V", V\", and V., of the conventional three-phase inverters.
However, this subtraction method has several disadvantages and challenges with instantaneous response
characteristics, imbalance three-phase motor currents and implementation of two-phase inverters as an
emergency strategy.

In Chapter 2, in order to achieve instantaneous vector control of the two-phase inverters and facilitate
easy implementation of the two-phase inverter as an emergency drive, a coordinate transformation method
to derive the output voltage references Va and Vs was proposed. First, an indirect transformation was
created in section.2.4, and finally an instantaneous transformation matrix was proposed in section.2.5. The
proposed instantaneous transformation matrix was verified to be power invariant, which gives an absolute
transformation suitable for motor control.

In Chapter 3, the effectiveness of the proposed instantaneous transformation matrix to derive the output
voltage references Va“and Vs" that have a phase difference of 7/3 was verified by simulation and experiment.
The simulation and experimental results show that using the proposed instantaneous transformation matrix
the following can be achieved.
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(a) Instantaneous derivation of output voltage references Va“and Vs".

(b) Instantaneous speed control and response.

(c) Better motor current waveforms.

(d) Easy implementation of the two-phase inverter as an emergency strategy.

5.2 Performance evaluation and comparisons

In Chapter 3, in order to evaluate the performance of the vector-controlled two-phase inverter-fed
induction motor drive using the proposed instantaneous matrix, the torque-speed characteristics, maximum
output voltage and motor efficiency were evaluated from the simulation and experimental results.

For comparison purposes, simulation and experiment were also carried out on the three-phase inverter-
fed induction motor drive using the same simulation parameters and experimental apparatus. A comparison
of the results shows that the maximum output voltage and maximum (rated) torque attainable speed of the
two-phase inverter drive reduces by approximately 50%. Furthermore, from the experiment results, the
motor efficiency was calculated and evaluated by plotting motor efficiency maps. The results show that the
motor efficiency of both the two-phase and three-phase inverter drives were the same in the low-speed
region. However, in the high-speed region, the motor efficiency of the two-phase inverter drive reduced.
The results agree with the working principle (theory) of two-phase inverters.

Subsequently, in Chapter 3, a comparison between the vector control of two-phase inverter using the
proposed transformation matrix in this dissertation and the previous method in literature was performed by
experiment. The experimental results show that the proposed method can achieve better torque-speed
characteristics, faster response characteristics, and balanced three-phase motor currents.

In addition, a comparison of the experimental results of the two-phase inverter-fed induction motor drives
using vector control and the VVVF control was conducted. The results showed that the vector-controlled
two-phase inverter drive can produce more torque in the entire operating region.

5.3 Performance optimization of two-phase inverter in high-speed region

In Chapter 4, in order to improve the performance characteristics of the two-phase inverter-fed induction
motor drive in the high-speed region, a field weakening control was proposed. The proposed strategy
enables precise current control and maintains a linear relationship between torque and slip in the field
weakening regions. The proposed strategy was verified by simulation and experiment. The experimental
results show that the torque-speed characteristics and motor efficiency improved in the high-speed region.
It was clarified that field weakening control could also be applicable in two-phase inverter drives similarly
to the conventional three-phase inverter drives.
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5.4 Overall conclusion

The explanation in section 5.1 has shown that using the proposed transformation matrix in this
dissertation, instantaneous vector control can be achieved in the two-phase inverter drive, similar to the
conventional three-phase inverter drive. In section 5.2, performance evaluation and comparisons of the two-
phase inverter drive proposed as an emergency strategy and the conventional three-phase inverter drive are
discussed. It was observed that the performance characteristics of the two-phase inverter drive such as the
torque-speed characteristics and maximum output voltage reduces.

As discussed in Section 5.3, by applying the proposed field weakening strategy, the performance
characteristics of the vector controlled two-phase inverter-fed induction motor drive can be optimized in
the high-speed region.

In conclusion, the proposed vector control of two-phase inverter-fed induction motor drives in this
dissertation is a key technique to achieve the application of the two-phase inverter, which provides an
emergency strategy for the conventional three-phase inverter-fed induction motor and other AC motor
drives. The progress achieved in this dissertation will facilitate further developments in the practical
applications of two-phase inverters.
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Appendix

A. Derivation of phase voltage

Here, the derivation of the phase voltage of the three-phase load fed by a two-phase supply is explained.

The basic reason why a two phase power supply that has a phase difference of n/3 can drive a three
phase motor can be explained using Kirchhoff’s voltage law.

From the diagram above;

VA +Vyn —Van =0 (A 1)
Vun =Va +Vyn

Vg +Viyn —Vin =0 (A 2)
an :VB +an

In a three phase motor, the currents can be expressed as shown below;

Iy +1,+1,=0 (A.3)

From Ohms law this can be rewritten as shown below;

RU RV RW

=0

Vyn +Vir +Vign =0 (A.49)

Vin = _(Vun +an)

The phase voltage can be expressed as shown below;

Vun =Va +Vin
Vin =Vg +Vin (A5)

Vin = _(Vun +an)
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By substituting Vun, Vvn ,Vwn in the various phase voltage equations,

also be expressed as shown below ;

Vun =Va +Vin

Vun :VA_( 3 j: 3

Vin = _(Vun +an)
V.

—(Vp+V
vn ~= _(VA +Vin +VB +Vy ): %

The phase voltage can be expressed as shown below

_2a-Ve
3
an — _(VA +VB)
3
_2g-Vj
3

Vun

VW n

an expansion of the equation can

(A.6)

(A7)

(A.8)

(A.9)

By inserting the power supply Va and Vg equations shown below in the phase voltage equations
above, the phase voltage (Vun, Vvn ,Vwn) can be derived by expansion.

Vp =V -sinat

Vg =V ~sin[mt+%]
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_2a-Ve
3

2V cosawt —V co{a)t + gj

VLI n

3

. {2 coswt — cos(a)t + %)}

. {2 coswt — coswt cos% + sina)tsin%}

Il
w|l< w|< wl<

(A.11)

. Zcosa)t—lcoswt+£sina)t
2 2
:l. ECOSa)t+£Sina)t
3 |2 2
:l\@ ﬁcosa)t+lsina)t
3 2 2

= iV -{COSa)tCOS% + sina)tsin%}

J3
= %v co{wt - %)

_2Vg —Vju
3

AV co{a)t + Zj —V coswt

an

3

. {2 co{a)t + %) — cosa)t}

-{2~c05wtcos%+ 2-sina)tsin%—c05wt}

Vv
3
v
3
Vv
3

1 J3
~{2~Ecoswt+2-7sma)t—coswt} (A.12)
\% .
=—- osa)t+\/§sma)t—cosa)t
ok }
=X- 3sinwt
3

1 .
=—Vsinwt

J3
= %V cos(a)t + %j
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_ —(Va+Vg)
3

- {V coswt +V cos(a)t + gj}

3

. {— coswt — Co{a)t + %j}

T . . T
. {— coswt — coswt COSE +Sinawtsi ng}

< w|< w|<

= -2c05a)t—1005a)t+£sina)t
2 2
3 V3 .
——coswt+73|na)t
V3 1.
4-22 coswt + =sinawt
2 2

V -{coswt coss?” + sina)tsin%r}

\Y cos[a)t — 5—”}
6

—

o)

%dp %d,_\ oo!< oo!< w

From the expansions the phase voltage can be expressed as

Vin = %V co{a) —%)
Vin = %V co{a)t - 5?”)

Vin = iV co{a)t + %)

V3
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B. Derivation of line voltage

Here, the derivation of the line voltage of the three-phase load fed by a two-phase supply is explained.

Vv =Vun —Vin
Viw =Vn =V
Vi =Vwn —Vun
(B.1)

Vv =Vun —Vin
1 5z
—V cog ot — ] —V cog wt — —j
3 J3 6

S e 5f o %)

LR -[cosm cos%+sinwtsin%—c03a)t cos % —sina)tsin%r] (B.2)

J3
1 [JE 1. 3 1.]

=—V .| —coswt + =sinwt + — coswt — =sinwt
2 2 2 2

NE)

= iV . \/gcosm

V3

=V cosat

Viw :an —Van
olgvedas)
—V cos wt — —V cog wt +
J' NA)

= %V .{co{wt - %”j - Co{a)t + %)}
1

3
57 . . 57 T . .
=—V. cosa)tcos?+SInthIn?—cosa)tCOSE+5|na)t5|n5

V3
3 1. .

=—=V .| ———coswt + =sinwt + 0-coswt +1-sinwt

3 2 2

B.3

:LV~ —ﬁcosa)ulsina)wsina)t ( )

3 2 2
:%V- —ﬁcomugsinwt]

1 1 V3 .
=—=V -4J/3:| —=cosat + —sinat
\/5 [ 2 ol + > a)}

=V {comtcosz?” +sinwtsin%}

=V co{wt - 2—”]
3
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Vwvu =Vwn —Vun

1 T 1 T
=-—=Vcog ot +— |-—=V coy ot ——
V3 2) J3 5)
:iv- co{wt+£j—co{wt—£]
J3 2 6
:iv- COSwtcosz—sinwtsinf—c05wtcos£—sinwtsin£j
J3 2 2 6 6
=LV~ O-COSwt—l«sinwt—ﬁt:OSa)t—lsina)t
J3 2 2
:iv- —sina)t—ﬁcosa)t—lsina)t
J3 2 2
:iv- —ﬁcowt—gsinazt
J3 2 2
=iv-ﬁ —ECOSa)t—ﬁsina)t
J3 2 2

=V (COS(O’[ cos%[ + sinwtsin%)

-V co{a)t —4—”j
3

Vv =V cosat

Viw =V co{wt - 2—7[]
3
Vou =V co{a}t - 4?”}
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C. Verification of power invariance of the indirect transformation (dg>a8->AB)

Here, the power invariance of the indirect transformation (dg—af—AB) created in section 2.4 is
verified. The indirect transformation consist of the inverse park transformation and the created of—A4B
transformation. Inverese Park is widely used and known to be power invariant. Therefore, the power
invariance of only the created af—AB transformation is verified.

In order to verify the power invariance of the indirect transformation matrix, the relationship in
equation (2.14) must be satisfied. Therefore, if the created transformation matrix is denoted as [Co-
»g], the inverse matrix [Cs-ag]* and the transposed matrix [Cys-ag]" must be the same.

In order to calculate the inverse matrix, the transformation matrix must be a three-row and three-
column matrix. Therefore, zero-phase-sequence component voltage Vo is added to the transformation
matrix in equation (2.3) as shown in equation (C.1).

1
* l 0 - *
V, V2 |V,
o2l V31,
Vo =22 —— —-——=|V c1
B 3|2 > M (C.1)
Vo 13 1]V
2 2 V2

The transformation matrix is denoted as [C,s.ag] as shown in equation (C.2).

1
1 0 —
V2
2[1 3 1
= == = = C.2
[Caﬂ—AB] \/; 2 2 \/5 ( )
1 ¥8 1
2 2 V2]
The inverse matrix [C,s.a8] is calculated as shown in equation (C.3).
, L1
s b
2 3 3
C 1:& 0o 2= =
[ aﬁ—AB} 3 2 2 (C3)
o1 1
V2o 2

~l

The transposed matrix [C,s-ag]" is given by equation (C.4).
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[Caﬂ—AB ]t =15

3 (C.4)

N
&‘l—\r\)|a|wl'_‘
l_‘|\>|$|r\>||—\

S|

0
S
J2

From equations (C.3) and (C.4), the transformation matrix satisfies the condition for power
invariance in equation (2.14). Therefore, the indirect transformation is an absolute transformation.
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