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Abstract

Modeling and Emulation of Induction Machines for Renewable Energy Systems

Mohammad Masadeh, Ph.D.
Concordia University, 2018

Electric motors with their drive systems utilize most of the generated power. They account
for about two-thirds of industrial energy utilization and about 45% of the global energy
utilization. Therefore, optimizing a motor and its corresponding drive system with their control
can save energy and improve system efficiency. It can be risky and difficult however to test
large prototype electrical machines and study their dynamic characteristics; or to test electric
drives at high power levels with different machine ratings and operating conditions. One way to
effectively evaluate these systems is to emulate the electric machine using a power electronic

converter with the help of a real-time simulation system.

Power electronic converters and their control systems are increasingly being used in
industries with different power ratings at high switching frequencies in the kHz range. In this
thesis, an induction motor emulator based on a power electronic converter is developed to allow
detailed testing the converter and controller. A proportional-resonant current controller in the
abc-frame and pulse-width modulation are employed. The conventional model of the induction
machine (IM) with constant parameters does not represent accurately the machine’s performance
for severe transients specifically during starting and loading conditions. Magnetic saturation
effects should be considered. Hence, experimental procedures to determine the flux saturation
characteristics in the main and both stator and rotor leakage flux paths are achieved. Machine
models that consider or neglect the main and leakage flux saturation are compared with
experimental results. The model which considers the magnetic saturation effect in both flux
paths results in more accurate transient responses. Likewise, the dynamic response of the
induction motor emulator during startup and loading transients show the effectiveness of using

the developed emulator to resemble closely a real motor.

The relationship between the stator and rotor leakage reactance of the induction machine

according to IEEE Std. 112™ is assumed to be constant under all operating conditions.
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However, this is not accurate during severe transients such as the direct online startup and
loading conditions of a three-phase induction motor. The leakage reactance of the machine can
vary widely during severe conditions. Hence, using constant parameters in the machine model
will result in an inaccurate dynamic performance prediction. Moreover, considering a constant
ratio between the stator and rotor leakage reactance is no longer valid for all current levels. In
this thesis, a direct and precise method is proposed to estimate and separate the stator and rotor
leakage reactance parameters under normal operating conditions and when the core is deeply
saturated. The method exploits the 2D time-stepping finite element method (FEM) with a
coupled circuit. The obtained current-dependent reactance functions in both leakage flux paths
are included in the dg-model of the IM. Other machine parameters are determined by
implementing the standard tests in FEM. To verify the effectiveness of the proposed method,
the predicted results are compared to the dynamic responses obtained experimentally from a

three-phase, 5-hp squirrel-cage IM.

A power electronic converter-based self-excited induction generator (SEIG) emulator is
developed. The testbed replaces a wind- or microhydro-turbine driven squirrel-cage induction
generator that works within an isolated power system to feed power in remote areas. It supports
testing and analyzing the dynamic performance of islanded generation systems which comprise
numerous kinds of parallel-operated renewable energy sources. The risk and cost associated
with the testing, analysis and development of novel control topologies and electrical machine
prototypes are reduced considerably. The dg-model of the SEIG in the rotor reference frame is
implemented in a real-time controller. Saturation in the main and leakage flux paths are included
in the machine model. The generator model with modified parameters is verified and used in
the emulator. The cascaded voltage and current loops utilizing the proportional-integral
controllers in dg-frame are employed. A voltage-type ideal transformer model is used as a power
interface for the emulator whereas an excitation capacitance is added to the power-hardware-in-
the-loop block diagram. Likewise, the dynamic response of the induction generator emulator
during voltage buildup and loading conditions validates the effectiveness of using the developed

emulator to resemble closely a real generator.
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Chapter 1. Introduction

1.1 General

Electric motors convert electrical power into mechanical power within a motor-drive
system. The large majority of electricity used by electric motor drive systems is converted by
the electric motor itself. Only a very small portion of energy is used to power control functions
or other auxiliary circuits.

Electric motors with their drive systems are the sole largest utilizers of electricity in
industry. They account for about two-thirds of industrial electrical power consumption and
about 45% of global electrical power consumption, giving rise to about 6040 million tonnes of
CO> emissions. By 2030, without effective energy technology procedures, energy consumption
from electric motors and their drive systems is expected to escalate to 13360 TWh per year and
to 8570 million tonnes of CO2 emissions per year [1], [2].

The majority of electric motors and their drives operate with low efficiency, are oversized,
or run unnecessarily. This has significant environmental and economic implications. Choosing
and optimizing an electric motor and its related drive system can typically improve system
efficiency by 20% to 25%, which in turn can reflect energy savings by as much as 7% of total
global electric power demand [3].

Power electronic converters and their control of electromechanical systems are extensively
used in industries at different power rating levels. These systems employ electronic devices
which can run at high switching frequencies in several kHz. The load can be static such as a
transformer or dynamic such as a motor or a generator. The power electronic converter which
is intended to be used in an electric drive system is usually tested by connecting it to standard
equipment such as a motor or generator. The machine, however, may not have the specifications
and characteristics that are desired for a specific test or may not be well-matched to the intended
application. Moreover, some characteristics of the mechanical load or prime mover should be
included in the test in order to realize the effect for longer terms. All of those operating
conditions are difficult to replicate in the laboratory.

It is possible for the electromechanical system with its associated load, as the one shown in
Fig. 1-1 (upper part), to be replaced with power electronics devices that can be controlled and
flexibly programmed to emulate the real machine. An emulator can be implemented with a
bidirectional power electronic interface as depicted in Fig. 1-1 (lower part). It can be controlled

to run either as an energy sink which draws electrical energy from the grid e.g. inverter or any



other application under test (AUT), or as an energy source supplying electrical power back to
the grid. Moreover, it can be utilized to provide different load characteristics by which various
control topologies and industrial inverter designs can be tested. Therefore, it can facilitate testing
both the hardware and software of the inverter, which will offer a more flexible platform for
testing inverters in a laboratory environment. Moreover, the various power losses available in
the conventional test platform such as mechanical, electrical, and magnetic losses will be limited

to few watts due to switching losses.
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Fig. 1-1 Conventional test platform and the power electronic-based emulator.

1.2 Problem Statement

This research presents a method to emulate induction machines by utilizing the concept of
power hardware-in-the-loop along with a comprehensive model of the machine and load
dynamics. This will eliminate the need for expensive test benches and equipment, and avoid the
risk associated with development and testing of new drive systems, electrical machine
prototypes, and novel control schemes as well as any combination of the aforesaid functions.

The existing emulation systems do not include the saturation effect in the machine model.
Moreover, they do not discuss the application of induction machine emulation in the generation
mode. For induction motor emulations, most of the work done in this field involve high ripples
in the drawn current and produced torque. Also, there is inaccurate tracking and correlation with

real current measurements.



1.3 Motivation

Designing and developing a three-phase induction machine emulation platform is important
for testing operation and control topologies of low, medium, and high power rating machines.
Moreover, it will help in testing the operation and control of novel drive systems in real-time
operation, which is presently considered expensive and inaccessible.

The dynamic conditions of online starting and power load transients of a large three-phase
industrial induction motor as well as the full details of stator and rotor current dynamic responses
including induced high-frequency current oscillations are crucial in the evaluation of transient
stability events for real-time emulation systems. This research will study the transient as well as
the steady-state characteristics of a three-phase induction machine when it is run either as a
motor or generator. The dynamic responses when it is subjected to different types of mechanical
or electrical disturbances will also be considered.

The design of a three-phase induction machine emulation system is based on the concept
of constructing a stand-alone power electronic dynamic emulator with the capability for
bidirectional power flow and connecting it to peripheral equipment. For easy structure
rearrangement and flexible control scenarios, the induction machine model and its load
dynamics will be built in the real-time environment. A comprehensive model will be simulated
in Matlab/Simulink by using the well-known dq-coordinate mathematical model [4], [5], [6] in
the synchronously rotating reference frame. The appropriate control signals generated by the
simulation will be used in the control system in which it will be achieved in different reference

frames such as the dg-synchronous reference frame control, and the natural abc-frame control.

1.4 Objectives

The main objective of this work is to design and develop a three-phase bidirectional power
electronic converter to be utilized as an emulator test platform. The other specific objectives of
the emulation system include:

* Building a comprehensive mathematical model for a three-phase induction machine. The
machine model with modified parameters will be run in the real-time simulator and used in

the emulation system. This embraces:

a) Including the saturation effect in the main as well as both stator and rotor leakage flux

paths in the machine model.



b)

Proposing a direct and precise method to estimate and separate the stator and rotor
leakage reactance parameters under normal operating conditions and when the core is
deeply saturated. The technique exploits a two-dimensional, time-stepping finite element
method with a coupled circuit. The obtained current-dependent reactance functions in

both main and leakage flux paths are included in the dg-model of the induction machine.

Studying the impact of the stator-to-rotor leakage split ratio on the induction machine

performance.

* Building an induction machine emulation test platform in the motoring mode. This includes:

a)

b)

Utilizing the dg-model of the three-phase induction motor in the synchronous reference
frame. Moreover, the machine model with modified parameters is implemented in the

real-time within the emulation system.
Designing and setting up the power electronic converter with the coupling inductor.

Emulating the behavior of induction motor startup and load variation by applying the
current control strategy in the natural abc-frame and utilizing the proportional-resonant
controller and then, validating the induction motor emulator outputs compared to the

results of real motor dynamics.

» Building a test platform for the induction machine emulation running in the generating mode.

This includes:

a)

b)

Modifying and verifying the mathematical model of the three-phase induction machine
model which will run as a self-excited squirrel-cage induction generator with linear load

specifically, resistive type.

Designing the emulating converter cascaded voltage and current controllers. The two

loops utilize the proportional-integral in the dg-frame.

Using a voltage-type ideal transformer model as a power interface for the emulator
whereas the excitation capacitance is added to the power hardware-in-the-loop block
diagram and validating the dynamic response of the induction generator emulator during

voltage buildup and loading conditions



1.5 Limitations

The power level of the emulation system is one of the most important limitations. Therefore,
re-scaling the emulator may be utilized. Moreover, increasing the switching frequency for the
high-level power emulator results in high power losses. For large scale power electronics testing,
the power consumption during the test is still a major limitation.

The complexity of the emulation process is limited by the capability of the bidirectional
power converter and the real-time simulation that controls its operation mode. Moreover, the
sampling frequency of the emulator is a significant specification of the emulation system when
it is used for testing the drive and its control. It should be at least equal to the switching
frequency of the emulating converter. This feature limits the application of the emulation
system. The emulator’s converter is connected to passive components and time-dependent
equipment such as inductive filters and capacitors which slow down the system and hence,
reduce its total bandwidth. The inductance value should, therefore, be carefully chosen as a

compromise between fast transient response and low drawn current ripples.

1.6 Literature Review

Various physical power loads (i.e. resistors, inductors, capacitors, ac/dc motors, and
converters) can be used to offer controllable load options in order to provide power loading

conditions for application under test (AUT) as shown in Fig. 1-2.

Application Under Test (AUT) Static and Dynamic Loading

Fig. 1-2 Physical load connected to the application under test (AUT).

During the development of a hardware-in-loop (HIL) simulation system for testing
operation and control of micro-grids as reported in [ 7], the electric load was represented by fixed

resistive and inductive loads controlled by separate tap-change transformers to achieve different

5



load profiles. Due to large power consumption, size, limitation in a laboratory environment, and
fixed setup, a passive load could not provide flexible loading profiles nor compact design due
to the need for a massive cooling fan. Inability to represent the exact system is one disadvantage
of using physical loads.

Test platforms and prototypes for low power machines are relatively inexpensive and
accessible. However, as power levels rise into the upper kilowatt and megawatt ranges,
validation of prototype machines and drives becomes costly and risky. Dimensional analysis
was used in the 1960s to get preliminary test results before constructing a prototype by
establishing laws of similitude between the original and its model [8]. The shortcoming of this
approach lies in the difficulty of scaling the ratio of machine inertia to frictional loss [9].
Alternatively, power electronics are known for their fast, accurate, and flexible control
algorithms, and different power stage options. Hence, it is feasible to use power electronics and
their controls to mimic static or slow time-scale electrical dynamics (milliseconds). It can ease
testing both the hardware and software of the AUT, which will offer a more safe and flexible
platform for testing devices and novel control schemes in a laboratory environment.

Power electronic converters can be controlled to emulate numerous kinds of dynamic
systems or machines such as induction motors as achieved in [10] - [15], synchronous generators
asin [16]-[19], and static systems or machines such as transformers and different power system
loads for diverse testing purposes as in [20] - [27]. Examples of emulating renewable energy
systems in a hardware testbed (HTB) are also available in the literature [28] - [33]. Machine
emulation is achieved by simulating the dynamic model of the required system component
inside a real-time controller. The generated current and voltage commands of the model can
then be used as reference signals for the power converter to track and achieve. This offers a
flexible and easy way to test and analyze the characteristics of the emulated machine or device
under test at particular operating conditions. With proper controller design, converters can
behave in a similar manner to the real device.

Several converter-based emulators, or power hardware-in-loop systems, have been
proposed in order to emulate machines with different parameters and with wide power ranges
for diverse testing purposes.

An induction machine emulation (IME) test platform based on an HIL model is

implemented in [10]. The electrical machine and its load dynamics are simulated with a real-



time digital simulator (RTDS) which supplies control reference signals to a power electronics
converter that is interfaced with a variable speed drive (VSD) via a transformer-based LCL-type
coupling network. The coupling impedance is assumed to be constant however it can vary
depending on the VSD operating frequency and on imbalances in the transformer leakage
reactance. This variation can result in inaccuracies in the IME. The proposed IME is limited
with a minimum operating frequency due to the coupling transformer saturation effect which is
not considered in the IME model. It is also limited by the natural filtering effect which results
in unstable operation of the IME and overcurrent tripping of the HIL power converter. The IME
is also limited with an upper bandwidth which is constrained by the maximum switching
frequency of the converter. This limits the system’s ability to respond to different transients
such as load torque variations. Another drawback of the proposed IME is the initial peak voltage
of 10 V that is required for a stable phase-locked loop (PLL) prior to enabling the IM model
operation. Also, there is a delay due to the sampling of the measured voltage, computation, and
production of the reference signals from the RTDS.

A three-phase induction motor emulator based on a power electronic converter (PEC) in a
rectifier mode is introduced in [11]. The induction machine is mathematically modeled using
the dg-synchronously rotating reference frame. During start-up, the proposed PEC-based
induction motor emulator shows similar output responses of an induction motor. However, the
experimental results do not agree well with output results of the induction motor model.
Moreover, the results show different torque and speed transients, specifically in torque transients
and settling time of the motor speed.

The dynamics of an inverter-virtual induction machine is examined in [12] using a
hardware-based inverter and real-time simulation of an induction motor. The inverter is
connected to a bidirectional power electronic ac/ac converter through a line inductor. The stator
currents obtained from the induction motor model are used as reference signals to control the
drawn current from the inverter and to match the current that would be drawn if the inverter was
connected to a real motor. To accommodate the induction motor model from the output voltages
of the inverter, a voltage sampling system at high frequency is designed.

In an attempt to increase the power and frequency capabilities of the HIL platform, a
multilevel parallel switch-based converter is applied in [13]. The work proposes a motor drive

test-bed with induction machine and load model controlled by multilevel bridge based



‘LinVerter’ shown in Fig. 1-3. The figure reveals a single-phase representation of the converter
within the ‘LinVerter’ frame. The virtual test platform had a motor emulator and regenerative
converter to regulate the dc voltage and feedback power to the grid. It draws the same currents
from the motor drive performing field oriented-control as motor-load combination during
transient and steady-state conditions. It shows a high bandwidth and low-harmonic current
content. The drawback however of this topology includes the cost of structural complexity in

the three-phase ‘LinVerter’, and large numbers of devices and common-mode chokes.

3-Phase 3-Phase
Supply LinVerter Supply

0O0O0 Regenerative 000
Converter o1 PR — .

4

Device
Under
Test

Coupling
Network

HH

Fig. 1-3 Induction motor PHIL simulation using LinVerter [13].

A commercial power converter is used in [14] to emulate induction motors in order to test
the performance of a high power level motor drive system. Slow semiconductor devices with
low switching frequency of 3 kHz were utilized. A comprehensive analysis of the characteristics
of two possible interface designs using the L and LCL coupling filters for the PHIL experiments
is presented in [15].

Synchronous generator emulators are developed in [16] and [17] to investigate the
performance of medium voltage micro-grids. Utility interfaced inverters are designed to
improve load sharing performance with conventional synchronous generators. In [17], the
impedance of the stator windings is represented by the converter output inductance and
resistance. Therefore, the converter side voltage represents the back electromotive force (EMF)
and the voltage across the converter output capacitor represents the terminal voltage of the
synchronous generator. A digital signal processor (DSP) includes the model of the synchronous
generator and all controller parts. The simulated stator currents are used as current references
for the inverter operating in current control to mimic a real generator as shown in Fig. 1-4 [18].

A HTB-based grid emulator system consisting of a converter that emulates a synchronous

generator is developed in [19]. The synchronous machine model is implemented to define the

8



sim

[ I P
Va.[Simulate - - e _,' dq v _
i [ 1 - af—>
vg | Machine iT C
— Eagns Lsp s a Te . . T
e L R lg<[dq ], labe
‘ -T l4<—| ~abc
Iy ’|e V<7 dq_~|Vabe
Vd< abe
g

Fig. 1-4 Inverter control for emulation of a synchronous generator [18].

voltage references for the converter in the dg-axes. A voltage control loop with current
differential feedback is used in order to minimize the controller output impedance (gain) and
eliminate its influence on the generator model and to compensate for load disturbance on the
output voltage.

A converter based HTB is used in [9] to emulate a two-area real power grid system. Two
limitations that affect the accuracy of the HTB are addressed. First, the switching frequency
limits the ability to emulate fast electromagnetic phenomena such as switching transients and
traveling wave features. Second, the losses of the inductors that emulate transmission lines
cannot be controlled. In [20], a power converter is controlled in rectifier mode in order to
emulate a three-phase diode rectifier load to be used in a HTB-based grid transmission network
emulator.

In [21], parallel power converters are connected to the grid via an active rectifier to emulate
the dynamics of interconnected loads i.e. synchronous generator, induction motor, and constant
impedance, current and power (ZIP) load within a wide-area transmission network. The
mathematical model for each load is implemented inside the control algorithm of its specific
converter. The combined system simulation of regenerative power among generation emulators
and different types of loads is capable of normal operation with some fluctuations on the
emulated grid voltage. The required power is shared and circulated inside the whole network
system for regenerative purposes. Reconfigurable power grid emulators are used in [22] and
[23] to emulate both ZIP and three-phase induction motor loads. The trapezoidal numerical
method shows an improvement in the induction motor’s emulation performance, while other
numerical techniques exhibit incorrect output characteristics.

A power HIL application for high power drives at the megawatt level is implemented in

[24]. A commercial variable speed drive is connected to a virtual power system through a
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megawatt-scale variable voltage source for integrating the drive with the simulated power
system. Certain challenges with the accuracy of power HIL interface are investigated. In other
words, the need for a high precision interface amplifier is challenging due to the time delay,
nonlinearities, and sensor noise in the amplified signal which results in significant simulation
errors.

A back-to-back voltage source converter is used in [25] in order to emulate an ac
transmission line connecting two-area grid networks. Two approaches in the phasor domain and
discrete time domain models are used in order to study the transient features of the ac line. The
developed control techniques show less dependency on frequency, and hence allowed high
capabilities for emulation of AC transmission line flow dynamics.

A state-space control design method is proposed in [26] and [27] by using the linear
quadratic regulator (LQR) optimization. This design was implemented in a digital platform.
Experimental validation includes induction motor emulation, unbalanced three phase loads, and
non-linear rectifier load emulation have been demonstrated. However, current tracking is
inaccurate, with unwanted high order harmonics being introduced into the line currents. Also,
the calculated motor torque has significant oscillations.

Due to continuous growth in power demand and the need for clean energy, renewable
energy sources and related topics have recently attracted more attention. Physical emulators
have been designed to test the interactions between wind turbines and the power grid in real-
time [28] - [30] . The developed wind turbine emulators require a torque controlled motor to
represent the wind torque and turbine inertia, and other systems to serve as the wind turbine
generator. In [31], the emulation of a full-converter wind turbine based on a permanent magnet
synchronous generator using a single converter is developed. The emulator is used to analyze
machine behavior and system impact, and to verify the feasibility of emulating renewables
within a HTB power grid emulation system. The emulating converter measures the grid voltage
and generates the current reference signals.

A two-stage (DC-DC-AC) photovoltaic (PV) system emulation is implemented in [32] by
using a single power inverter in a HTB-based power grid. In the model, the boost converter
model achieves the maximum power point tracking (MPPT) or controls the DC link voltage in
the reserved power mode. The inverter realizes DC link voltage control in the MPPT mode or

active/reactive power control in the reserved power mode. The inverter-filter terminal voltage
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and current measurements are used as model inputs while the generated model current is used
as the current reference to be achieved by the inverter. Simulation results of the PV inverter
show faster dynamics compared to the PV emulator in MPPT operating mode and under
irradiance step change. Moreover, while validating the emulator operation, the MPPT control
period was set to a very short time period, with very high frequency, which is unrealistic. Similar
work is done in [33], which provides control and emulating methodologies for wind generators
and PV by using small-scale voltage source converters which are rated at tens of kWs.

A brief review of the works mentioned above and achieved in implementing induction

motor emulators, their control topologies, and some concerns are given in Table 1-1.

Table 1-1 Summary of induction motor emulation in the literature.

. . . Current
ftem V1rtua! induction controller Switching Coupling Publishing
machine power Concerns
Case Study rating/reference frame reference frequency network year
frame
W1 Slater e 4 kW PLbased - Studies only motor running
J-Slateretal 40 ationary reference -base 13 kHz L at steady state. May 1998
[12] natural-abc . ..
frame - Saturation effect is ignored.
y - High power levels with
56 kW o .
g limited lect
M. Armstrong et dqg-stationary reference Pl-based 6 kHz L 1m1' ¢ po'w er'e ceronie Sep. 2005
al. [14] frame natural-abc device switching frequency.
- Saturation effect is ignored.
- Inaccurate current tracking.
- Distorted emulator currents.
Y.'S. Rao and 3KW PLbased - High oscillations in
M. Chandorkar ~ dg-stationary reference ase 10 kHz LCL calculated torque. Apr. 2010
natural-abc . .
[26] frame - Using six current transducers
(grid and emulator currents).
- Saturation effect is ignored.
- Structure complexity.
' - A large number of devices
S. Grubic et al. dq-model Pl-based 12 kHz LC and common-mode chokes. Apr. 2010
[13] natural-abc
- Cost
- Saturation effect is ignored.
- Increasing the number of
25kVA ; :
coupling network will
0. Vodyakho et dg-synchronously Pl-based dq 5kHz LCL increase the complexity of Mar. 2012
al. [10] rotating reference coordinates
frame the control.
- Saturation effect is ignored.
L w I d IOth ) PLbased d - Different transients between
- wang et al d-synchronously ased 4 gy, L the model and emulator. Apr. 2016
[22] rotating reference coordinates X o
frame - Saturation effect is ignored.

To date, the literature available focuses mainly on emulating different types of static and

dynamic loads as well as studying different network coupling methodologies, control
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techniques, and emulating higher power rating loads. All are within a built-in reconfigurable
power network HIL test bed. Individual emulators have the advantage of being independently
controllable, representing real physical electrical machines and their applications. The literature
lacks studies on induction machine emulators running as generators, specifically in one of the

innovative renewable energy fields as wind generation systems.

1.7 Thesis Outline

This thesis is organized as follows:

Chapter 1 defines the context for this research by stating the problem, motivation, and
objectives of this work. Some technical limitations are reported. Furthermore, this chapter
reviews previous and most recent related publications and available applications of electrical
machines emulation. It discusses different examples of load emulators, scaled physical
components based mini-grids, real-time simulation/emulation platforms, and dynamic and static
load emulators. Some examples in the field of renewable energy e.g. PV and wind turbine

emulators are also discussed. Contributions of this study are then presented.

Chapter 2 discusses the dynamic model of the induction machine based on the dq-frame
equivalent circuits. The mathematical model is expressed by a set of first-order differential
equations while the stationary circuit variables are referred to the synchronously rotating
reference frame. Experimental procedures are also discussed to estimate different parameters of
the induction machine based on IEEE Std-112™., The reactance parameters are expressed by
current-dependent functions in order to include the saturation effect in both the main and leakage
flux paths. In this chapter, machine models that consider or neglect the main and leakage flux

saturation are compared with experimental results.

Chapter 3 introduces a direct and precise method to estimate and separate the stator and
rotor leakage reactance parameters under normal operating conditions and when the core is
deeply saturated. The method exploits the 2D time-stepping finite element method with a
coupled circuit. This chapter also discusses the relationship between the stator and rotor leakage
reactance of the induction machine which is assumed by IEEE Std-112™ to be constant under
all operating conditions. However, this assumption is not substantially accurate during severe

transients such as the direct online startup and loading conditions of a three-phase induction
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motor. Moreover, the impact of the stator/rotor leakage split ratio, estimated by the proposed
method on the dynamic performance of the induction machine is also discussed in this chapter.
The predicted results are compared to the dynamic responses obtained experimentally from a

three-phase, 5-hp squirrel-cage induction motor.

Chapter 4 presents an induction motor emulation based on a power electronic converter.
The machine model which includes the main and leakage flux saturation is used in the developed
emulation system. Moreover, the proportional-resonant current controller in the abc-frame is
discussed and used. Both the machine model and control scheme are implemented on the real-
time simulator to control the emulating converter. This chapter presents the experimental results
which show the effectivness of using the developed emulator to resemble accurately an actual

induction motor running at different operating conditions.

Chapter 5 describes the development of a power electronic converter-based self-excited
induction generator emulator to replace a wind- or microhydro-turbine driven squirrel-cage
induction generator that works within an isolated power system to feed power in remote areas.
This chapter presents the dg-modeling of the three-phase self-excited induction generator with
modified parameters while the stationary circuit variables are referred to a reference frame fixed
in the rotor. It discusses the design of the cascaded voltage and current control loops which
utilize the proportional-integral type in the dq-frame. Furthermore, the chapter investigates the
use of the voltage-type ideal transformer model as a power interface for the emulator whereas
an excitation capacitance is added to the power-hardware-in-the-loop block diagram. Likewise,
the dynamic responses of the induction generator emulator and real generator recorded during
different operating conditions are compared and discussed in this part of the thesis. The results

validate the effectiveness of using the developed emulator to resemble closely a real generator.

Chapter 6 presents the conclusions and future works.
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1.8 Thesis Contributions

The technical contributions achieved in this Ph.D. work are as follows:

1.8.1 Journal papers

Mohammad A. Masadeh, K. S. Amitkumar and Pragasen Pillay, "Power electronic

converter-based induction motor emulator including main and leakage flux saturation," in
IEEE Transactions on Transportation Electrification, vol. 4, no. 2, pp. 483-493, Jun.
2018. (DOI: 10.1109/TTE.2018.2824619)

Mohammad A. Masadeh and Pragasen Pillay, "Induction generator emulator for isolated

renewable energy power system," submitted for publication to /[EEE Transactions on

Industrial Electronics, Oct. 2018 (under revision).

Mohammad A. Masadeh and Pragasen Pillay, "Impact of the stator/rotor leakage split ratio

on induction machine performance," submitted for publication to /EEE Transactions on

Industrial Electronics, Oct. 2018.

Not related topic:

Mohammad A. Masadeh, Kiran Kuruvinashetti, Mehdi Shahparnia, Pragasen Pillay, and
Muthukumaran Packirisamy, "Electrochemical Modeling and Equivalent Circuit
Representation of a Microphotosynthetic Power Cell," in IEEE Transactions on Industrial

Electronics, vol. 64, no. 2, pp. 1561-1571, Feb. 2017. (DOI: 10.1109/TIE.2016.2618755)

1.8.2 Conference papers

Mohammad A. Masadeh and Pragasen Pillay, "Induction motor emulation including main

and leakage flux saturation effects," in [IEEE International Conference on Power
Electronics, Drives, and Energy Systems (PEDES), Trivandrum, India, Dec. 2016.
(DOI: 10.1109/PEDES.2016.7914307)

Mohammad A. Masadeh and Pragasen Pillay, " Power electronic converter-based three-

phase induction motor emulator," in IEEE International Electric Machines and Drives
Conference (IEMDC), Miami, FL, USA, May 2017.
(DOI: 10.1109/IEMDC.2017.8002207)
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Chapter 2. Induction Machine Model with Modified Parameters

2.1 Introduction

In this chapter, the mathematical modeling of the electrical and mechanical parts of the
three-phase induction machine (IM) based on the dg-frame in the synchronous reference is
presented. The machine model is simulated in Matlab/Simulink® using parameters measured
based on IEEE Std. 112™ [34] and IEC 60034-1 [35] for a three-phase, 5-hp, squirrel-cage

induction machine and results are compared with output characteristics of a real machine.

2.2 Induction Machine Dynamic Model

To study the behavior of a three-phase induction machine, its dynamic model can be derived
from the two-phase machine theory. In the dg-model, two stator windings (g, and d;) replace
the three-phase stator coils (as, by, and cg), while another two rotor windings (q,- and d,.) replace
the three-phase rotor coils (a,, b,, and c,) as shown in Fig. 2-1 [5].

The subscript (s) denotes variables and parameters associated with the stator circuits, and
the subscript () denotes variables and parameters associated with the rotor circuit. The
assumption made for deriving the equations is that the core losses (eddy current and hysteresis)

are negligible.

a-axis

Fig. 2-1 Three-phase induction machine windings distribution in abc and dq axes [5].
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The abc-model variables f,;, should be transformed into the dg-model variables f;40 with

. e . . .
an arbitrary angle value 8 and angular speed w = —, using Park’s transform as given in the

Appendix - A.
2.3 Conventional Induction Machine Model

To study the behavior of the three-phase induction motor, its dynamic model is derived
from the well-known dg-coordinate equivalent circuits shown in Fig. 2-2 in the arbitrary
reference frame [22]. The mathematical modeling of the three-phase IM in the synchronously
rotating reference frame is given in (2-1) - (2-12). They are expressed as first-order differential

equations to represent machine dynamics.

dAgs

Vgs = Rgigs + ac ws/lqs (2-1)
, dAgs
VUgs = Rslqs + T + ws/lds (2—2)
. ddgr
Var = Rylgr + “ac (ws — (‘)r)/lqr (2-3)
_ dAgr
Vgr = erqr + ar + (ws - (‘)r)/ldr (2-4)

Fig. 2-2 dg-equivalent circuit for a three-phase induction machine (0-axis is neglected) [4].
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The flux linkage equations, which relate the stator and rotor flux linkages with the stator

and rotor currents, are:

Aas = Lisias + Ly (ias + lar) (2-5)
Ags = Lisigs + Ly (igs + igr) (2-6)
Aar = Liplar + Ly (igs + iar) (2-7)
Agr = Lipigr + Ly (igs + igr) (2-8)

where v4s and vy are the stator terminal voltages in the d- and g-frame, respectively; v4, and
Vg are the rotor terminal voltages in the d- and g-frame, respectively which go to zero in the
case of the squirrel-cage machine; iy; and iy are the stator currents in the d- and g-frame,
respectively; iy and g, are the rotor currents in the d- and g-frame, respectively; 445 and A4
are the stator flux linkages in the d- and g-frame, respectively; A4, and A, are the rotor flux
linkages in the d- and g-frame; and R, and R, are the stator and rotor resistances, respectively.
w; 1s the electrical angular frequency of the synchronously rotating reference frame; w, is the
electrical angular frequency of the rotor; L;; and L, are the leakage inductances of the stator
and rotor, respectively; and Ly, is the mutual or magnetizing inductance. These inductances are
denoted by their respective reactance values given as X = wgL.

The electromechanical behavior of the induction machine is expressed by (2-9):

dwm
]m% =T — T, — Bpwm , (2-9)

where T, is the load torque, J,,, is the moment of inertia of the machine, B, is the friction
coefficient, and w,, is the mechanical angular speed of the machine w,, = %a)r . T, is the

electromagnetic torque produced by the induction machine which can be expressed either in

terms of the stator current and the stator flux or rotor current and the rotor flux as follows:

3P ., .
Te=+3 (Aasiqs = Agslas) » (2-10)
3P . .
= PR (Aqudr - Adrlqr) > (2-11)
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This expression yields the torque expressed in terms of currents as:

3P . ..
T, = >3 LM(lqsldr - ldslqr) (2-12)
where P is the number of poles in the machine.

2.4 Induction Machine Model Including Flux Saturation Effect

During normal steady-state operation, the flux paths in the stator, air-gap, and rotor circuitry
are operated under rated conditions, in which the stator, rotor, and main inductances are
considered constant. However, the electromagnetic parameters of an IM can vary widely during
different kinds of severe transients such as direct online starting, loading, and faults, which
results in flux saturation in different parts of the machine. Hence, different machine behaviors
other than the ones predicted by computer simulation may occur [36].

In fact, the large inrush currents that flow in the machine during starting results in larger
values of slot leakage flux in both stator and rotor slots, which saturate the machine’s teeth;
hence, the leakage inductances that are normally considered constant in the conventional model
become functionally dependent on machine currents [36]. To have an emulator that resembles
closely a real induction motor, the inclusion of new terms representing the main flux as well as
the stator and rotor leakage flux saturation is considered in this work.

Since the 1980s, many works were achieved to analytically model the saturation effect in
the IM in either the stator and rotor leakage flux paths [36] or in the main flux path [37].
Moreover, recent works are also available in [38], which considers only the leakage saturation
based on analytical methods. On the other hand, experimental methods are utilized in [39] to
incorporate the magnetic saturation in the main flux path for the wound-rotor IM, and in [40],
[41], and [42] to compensate for both the main and leakage flux paths.

Assumptions to include the saturation effects in the emulator model can be summarized as

follows:

e The motor is well-ventilated and running under constant temperature. Hence, resistances

R, and R, of the motor windings are considered constant.

e The three-phase input voltage is symmetrical and balanced. The fundamental frequency

of 60 Hz is only considered. Higher frequency impacts on the reactance are not modeled.
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In this chapter, the 5-hp IM is considered as the machine-under-test due to the availability
of its design specifications. The standard tests; the blocked-rotor and no-load tests were
employed to obtain the electrical parameters of the machines. Moreover, the run-down test was
run to obtain the mechanical parameters. All linear parameters, in which the saturation is not

considered, are given in Table 2-1.

Table 2-1 IM measured parameters based on IEEE Std-112™ and specifications at rated conditions.

Three-phase, 5-hp, 4-pole, 220 V, 16 A, 60 Hz, 1730 rpm, A-connected
Squirrel-cage induction machine

Parameter Value

Stator resistance Ry 0.9649 Q
Rotor resistance R, 1.3046 Q
Magnetizing reactance Xy, 76.5378 Q
Stator leakage reactance X 1.8990 Q
Rotor leakage reactance X, 4.4164 Q
Moment of inertia J,,, 0.0138 Kg.m?
Friction coefficient B,, 0.0021

2.4.1 Magnetizing reactance calculation

The model of the IM considering the main flux saturation is developed by replacing the
unsaturated magnetizing inductance Ly, or reactance Xj; in (2-1) - (2-12) by its corresponding
saturation function.

In order to obtain the saturation characteristics in the main flux path of the squirrel-cage
induction motor, the no-load motor test is carried out. The applied voltage ranging from 125%
of the rated voltage down to a point, at which further voltage reduction increases the current
[34]. The experimental measurements of the applied line voltage and measured currents per
phase for the 5-hp machine are given in Fig. 2-3. The plotted graph represents the magnetization
curve for this machine. It describes the unsaturated or the linear part when the voltage varies
from minimum to the rated voltage. Thereafter, the machine starts to saturate, in which a very
small variation in the applied voltage leads to a large change in the drawn current.

For the no-load test, since X;; << Xy, the stator leakage reactance can be ignored. Hence,

the magnetizing reactance can be determined based on measured values as follows:
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Xy = w,Ly = Imag (‘I’—"’) , (2-13)

[

where V,, is the applied phase voltage and I, is the measured current per phase.

Therefore, the magnetizing reactance has been calculated based on the measured values and
then plotted as shown in Fig. 2-3. The figure shows the reduction in the magnetizing reactance
at high current values. The function which signifies the variation of the magnetizing reactance

under saturation for this machine with the amplitude of the magnetizing current is given by:

Xy sat (Im) = ke~ tim — ke~ C2im | (2-14)

where k4, k,, c;, and c, are the magnetizing reactance saturation parameters. For the sake of
avoiding repetition of the function, these parameters are tabulated and given in Table C-3 in
Appendix - C. While implementing the saturation model, the magnetizing reactance Xj; ¢4 1S

updated during each calculation iteration of I,,,. The magnetizing current I,,, is calculated in the

dg-frame as follows:

2
— - I3 - - 2 -
b = Cigs + iar)” + (s + 1) (2-15)
300 oo poesenennna yeeennnne qmemmmmnmnno remmmnmnnnes pommmnnneees poeeennnna ~ 100
240 80
~ £
S ol 3
s~ 180 60
T
o ®
= ()]
o F o
> 120 40 téo
) - —
c N
5 * ‘ ]
0 ,’ 77777777777 L v VL-Experimental o . 2 §)
L s | —e— Xm - Experimental | _ =
P S N N I N I I
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0

Phase Current (A)

Fig. 2-3 No-load measured magnetization curve for the 5-hp machine and the corresponding main reactance.
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2.4.2 Stator and rotor leakage reactance calculation

For different transient conditions, the high inrush current flowing into the stator and rotor
windings induces the leakage inductances to saturate. The stator and rotor leakage reactance
values have a significant impact on the motor’s behavior. This effect should be taken into
account in the machine model.

Experimental estimation of the IM leakage reactance is considered challenging [42]. The
locked-rotor test only allows the determination of the sum of both the stator and rotor reactance
values. Hence, it is hard to conclude the degree of the saturation affecting each reactance. For
simplicity, the leakage saturation reactance characteristics are determined based on two
methods. First, rapid test measurements at 120% of the rated current down to the lowest possible
current according to IEC 60034-1 [35] and machine datasheet have been implemented and
recorded. Moreover, a motor startup at reduced voltages to obtain the inrush currents is
implemented. Hence, 100%, 75%, and 50% of rated voltage are applied and the corresponding
currents are recorded.

Fig. 2-4(a) shows the experimental measurements of the applied line voltages and phase
currents for the 5-hp machine. The total leakage reactance has been calculated using (2-16),
plotted and curve fitted. The figure describes the machine at high starting currents, while the

corresponding total reactance values are significantly reduced at the flux saturation condition.

Xis+ Xy =Z2— (R, + R)?, Z="2 (2-16)

Iy

Since the design of the machine is known as Design C motor, the relationship between the
stator and rotor leakage reactance is given by X;; = 0.43X},- [34]. The variation of the stator and
rotor leakage reactance values function of the drawn current for both machines are demonstrated
in Fig. 2-4(b). The curve fit functions of the stator and rotor leakage reactance under saturation

are given by:

Xls satUs) = k3oe_63015 - k4o€'_c401S (2'17)

Xlr sat(lr) = kSoe_CZ'oIr - k6oe_c4olr (2'18)

where ks, t0 60 » C30 and ¢y, are the initial leakage reactance saturation parameters, they are
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Fig. 2-4 Leakage reactance measurements for the 5-hp machine.

listed in Table C-3 in Appendix - C. They are updated during each calculation iteration of I and

I.. These currents represent the amplitude values of the stator and rotor currents, respectively.

They are calculated and implemented in the dg-frame as follows:

(2-19)

Iy = [(igs +igs)" and L= [(igr+iar)” .
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2.5 Experimental and Simulation Results

The saturation model derived in the Section 2.4 was implemented in the machine model
(2-1)-(2-12). To prove the effectiveness of using the IM model with modified parameters, an
experimental direct online startup was employed. The test results were compared with the motor
model while neglecting the flux saturation effect and linear parameters were used and when the
saturation effect in both main and leakage flux paths are considered in the machine model.

Fig. 2-5 and Fig. 2-6 show the detailed startup responses of the real 5-hp induction motor
at rated voltage with no-load. They show a comparison between the experimental and predicted
dynamics when the saturation effect in both paths are ignored and when they are included in the
machine model. Fig. 2-5 demonstrates the predicted line current compared to the measured one.
Fig. 2-5(a) reveals the differences in the peak values (overshoots) while no significant difference
is noticed when the motor reaches its steady-state. The difference in peak values between the
predicted and experimental responses has been reduced when the flux saturation effect in both
flux paths is considered in the machine model as revealed in Fig. 2-5(b). Moreover, Fig. 2-6(a)
shows the predicted speed response of the IM when the saturation effect is ignored and the fixed

measured IM parameters are only used. It is compared to the measured speed response. The

_______ Predicted - without saturation

Line Current (A)

Line Current (A)

Time (s)

(b)
Fig. 2-5 Predicted line current response during DOL startup of the 5-hp IM at rated voltage compared to the
measured current response. (a) Model without saturation. (b) Model with saturation.
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figure shows the difference between the two responses, especially in the transient condition.
However, this difference is decreased by including the saturation effect in the machine model
as shown in Fig. 2-6(b). This proves that the leakage and magnetizing reactances should not be

considered fixed and their variations should be included in the machine model.
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Fig. 2-6 Predicted speed response during DOL startup of the 5-hp IM at rated voltage compared to the
measured speed response. (a) Model without saturation. (b) Model with saturation.

2.6 Summary

In this chapter, experimental test procedures in accordance with IEEE Std-112™ and IEC
60034-1 are implemented in order to obtain the leakage and magnetizing reactance saturation
characteristics of the mathematical model for the 5-hp IM. This helps to predict closely the
performance of the machine during severe transients as well as steady-state condition. The stator
and rotor leakage reactance parameters are calculated and separated based on a constant ratio
defined by IEEE Std-112™ and the machine specifications. Other linear parameters of the
machine are also determined at rated conditions. The derived current-dependent reactance
parameters are then included in the dq-model of the IM. Machine models that consider or neglect
the main and leakage flux saturation are compared with experimental results. The model which
considers the magnetic saturation effect in both flux paths results in more acceptable transient

responses.
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Chapter 3. Impact of the Stator/Rotor Leakage Split Ratio on Induction

Machine Performance

3.1 Introduction

The behavior of the induction machine (IM) can be predicted from its well-known electrical
equivalent circuit. However, this is not enough accurate because it assumes the linearity of the
core and its parameters are derived from analytical methods with many simplifying assumptions.
Some attempts of introducing nonlinear inductances have been done. With linear parameters,
significant errors may occur when analyzing the machine performance. Machine parameters
with high electric current transients such as the direct online startup are different from the
parameters at rated or no-load current values. Therefore, machine behavior may also differ.

IM equivalent circuit parameters are calculated according to different testing methods
proposed by IEEE Std 112™ [34]. The total leakage reactance of the machine is determined by
using the locked rotor test. Besides, the stator and rotor leakage reactance parameters are
calculated and separated according to a constant splitting ratio assumed by [34] at all operating
conditions. In fact, the reactance in both the stator and rotor flux paths are widely varying during
severe transients [36]. Hence, in order to have a close prediction of the dynamic performance of
the machine, the leakage reactance in both paths should be determined and separated according
to the machine current and the ratio between them is no longer constant at all electric current
values.

With the development of numerical modeling tools, the finite element method (FEM) can
be used to precisely predict the performance of an electromagnetic device. Although the field
distribution within the machine is three-dimensional, the two-dimensional (2D) field solution
can still be highly-accurate in calculating the steady-state (SS) as well as the dynamic
performance of electrical machines. Analytically calculated leakage reactance values are
sometimes higher than those obtained by the FEM [43]. This can be attributed to the fact that
analytical solutions use machine parameters around rated magnetic specification of the core. In
other words, they do not take into consideration the effect of saturation of leakage flux paths in
the iron.

Induction machine parameter estimation based on complex space vectors of currents and

flux linkages is proposed in [44]. It is used to predict the total leakage and magnetizing
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inductances based on time-harmonic FE simulations. A 2D nonlinear time-harmonic analysis is
used in [45] to extract the induction motor parameters from FE solutions. The leakage reactance
was decomposed into the slot, end-winding, harmonic, and skew terms. The frozen permeability
method is used in the static magnetic field simulation to separate the leakage reactance terms.
However, some parameters are calculated analytically. A novel equivalent circuit for induction
motors is proposed in [46]. It includes the stray load loss and harmonic torques that are
determined from the FE simulation. The magnetizing and leakage reactance values are
calculated from the stator and rotor flux linkages that are produced by their respective currents
as a function of the slip frequency.

Experimental procedures are addressed in [39] to obtain the parameters of a dynamic model
of the synchronous machine with a saturation effect. The stator leakage inductance is extracted
from the frequency response utilizing genetic algorithms to solve the nonlinear optimization
problem. A procedure to estimate the stator leakage inductance at steady-state conditions for a
nine-phase synchronous machine is discussed in [47]. The methodology is based on a
combination of FEM and on measurements taken during no-load and short-circuit tests to
identify the magnetizing inductance and only the stator leakage inductance. A test method to
characterize experimentally the dq-model of the induction machine based on impedance
measurements at steady-state is also proposed in [48].

This chapter presents a direct and precise method to calculate the stator leakage reactance
of a three-phase, squirrel-cage induction motor under a wide range of stator current values. It is
implemented in a 2D-FEM by feeding the stator coils from a three-phase variable voltage source
while the rotor space is replaced by a very low permeability material u, of 107, the drawn
stator currents are recorded. Then, the locked rotor test with current sources in the FEM is
performed to estimate the total leakage reactance of the machine at different stator currents. The
rotor leakage reactance is then separated under normal operating conditions and when the
machine core is deeply saturated. The other machine parameters are determined by applying the

conventional tests; no-load and locked rotor tests in FEM with motion analysis [49].

3.2 Finite Element Model with Coupled Circuit

The equations that define the electromagnetic field diffusion are given by Maxwell’s

equations as follows [50]:

26



szzﬁ s (3_1)
B=uH
and
1 — —
VX(I.VXA)—], (3-2)

where H is the magnetic field intensity and B is the flux density, A symbolizes the magnetic
vector potential (MVP), and u is the magnetic permeability of the material. The current density
J represents the sum of three main components; the current density due to the applied source,
another due to the induced electric field produced by the time-varying magnetic flux and the
third component is due to the rotor motion. However, when a moving reference frame is defined,
the relative velocity of the moving element in this reference frame becomes zero [51]. By
considering the source or the current density J directed in the z-axis and the field in the xy-plane,
the 2D field equation which uses the Maxwell’s equation (3-2) and represents the MVP in the
z-direction is given by [52]:

d (104, d (1 04, 34; _
5(7 6x)+6y(u ay) Gat o ]Z’ (3_3)

where o is the electrical conductivity of the conductors.
The external coupling circuit makes the numerical model flexible to the indirect tests e.g.
no-load and locked rotor tests. A three-phase voltage source is used for field excitation. In order
to calculate the current in the stator winding, the circuit equations are coupled with the field

equation. Hence, the coupled stator circuit equation is given by:

Vs = Rl + jws (Y5 + ) (3-4)

where I is the stator phase voltage, R, is the stator phase resistance, I is the stator phase current,
Y, 1s the stator leakage flux linkage, ¥, is the flux linkage in the main path, and wy is the

source angular frequency.
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The electromagnetic circuit model of the squirrel-cage IM under study includes two main
parts, first is the three-phase stator windings which are connected in delta (A) and fed from three
sinusoidal AC voltage sources as shown in Fig. 3-1(a). In this figure, R; and L, represent the
end-winding impedance per-phase of the stator winding. The second part is the rotor bars which
are connected in parallel as shown in Fig. 3-1(b). Between every two neighboring rotor coils
which are modeling the rotor bars, an impedance that short-circuiting two adjacent rotor bars
where R, is the rotor bar resistance and the end-ring impedance is represented by Rz, and L.
These parameters are given in Table C-1 in Appendix - C.

The stator and rotor leakage reactance values for the induction motor are calculated and
separated by using the 2D, time-stepping, nonlinear analysis in FEM with the coupled circuit

shown in Fig. 3-1 and defined in (3-4).
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Fig. 3-1 Electromagnetic coupled circuit model in MagNet. (a) Stator circuit and (b) Part of the rotor circuit.

3.3 Stator Leakage Reactance Estimation

3.3.1 Method I: Calculation when the rotor is removed and replaced by air

According to IEC standard [53], the leakage reactance of the stator winding X, of the
synchronous machine is measured with the rotor being removed and the air is occupying the
rotor space. A search coil is placed inside the stator bore during measurement, detailed

specifications of the search coil are available in [53]. A symmetrical three-phase voltage is then
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applied to the stator windings and the voltage induced across the coil’s terminals V, is measured.
In fact, this voltage is directly proportional to the flux available in the rotor’s space. Thus, the
resulted measured reactance X, is the part due to the flux present in the space normally occupied
by the rotor. This reactance is then subtracted from the total stator measured reactance of one

phase X, as in (3-5) since it is not considered as part of the leakage reactance.

X, =X,—X,. (3-5)

This technique is implemented in [54] in order to determine the total leakage reactance of
the stator for a turbo-generator using the 2D numerical analysis with FE modeling. As well-
known, the stator of IMs has a similar design as in the synchronous machines. Therefore, this
method is used in this work as a benchmark for stator leakage reactance estimation at the rated
current condition. Moreover, it is difficult to separate and measure the end-winding leakage
field independently from the leakage field in the machine core [54]. Therefore, the comparison
of the obtained results with the measured data is accomplished in terms of the total stator leakage
reactance instead of considering the end-winding leakage reactance separately.

The IEC standard procedures stated earlier have been implemented in a 2D nonlinear
analysis in FEM with the coupled circuit. The 5-hp squirrel-cage IM with the design
specifications listed in Table C-1 in Appendix - C has been modeled in FEM while, the rotor
core, bars, and shaft are removed and space is replaced by the air. The rotor circuit has also been
removed from the FE-coupled circuit model. The flux distribution map and its lines in the stator
part of the IM when the rotor is removed are shown in Fig. 3-2(a) and (b), respectively. The
figure shows the flux in the rotor space which is not part of the leakage field. The part of the
reactance X, which characterizes the flux linkage in the machine core, given as X/, can be

calculated by using the results obtained from the FEM as follows:

= 2nf, Lo (3-6)

where f; is the source frequency, n, is the number of parallel branches of the stator per phase,

I, is the total phase current and 1), is the total flux linkage in one phase. The later term is
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Fig. 3-2 Magnetic flux distribution in the induction machine when the rotor is removed and space is replaced
by air: (a) flux density map and (b) flux lines.

calculated as the sum of all flux linkages of all coils that are connected in series in one phase as
given in (3-7). Moreover, the flux linkage of each individual coil is equal to the line integral of
the MVP A, along the contour of the same coil. In the 2D-FEM, this integral is directly
proportional to the difference between the average magnetic vector potential in the meshed
geometric regions employed by the coil sides placed in different pole regions. This flux linkage

is calculated by using the following relationship [44]:

P
Yq = > c=1¥c =
P 1
=233 (f;, Az dS — [, A, dS) N, (3-7)
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where n is the number of coils per phase in one pole side, 1. is the flux linkage for each
individual coil in one phase, N; is the number of turns of each individual coil and [ is the stack
length of the stator. S is the coil cross section area while S, is the total area over one side of the
coils in one phase winding in one pole region and S_ is the total area over the other side of the
same phase winding in another pole region.

Thus, the reactance X, is then calculated as the sum of the reactance X, that is calculated
in FEM as in (3-6) and the end-winding leakage reactance X,,4. Since the main purpose of this
work is to determine and separate the stator and rotor leakage reactance values, X,, 4 parameter
is determined using MotorSolve FEM [55] and listed in Table C-1 in Appendix - C.

To calculate the reactance X; due to the flux created by the stator windings in the space
which is normally occupied by the rotor, the required voltage V. is determined by employing the
magnetic vector potential distribution along the outer diameter of the rotor space concluded
from the FEM which is shown in Fig. 3-3(a). The fast Fourier transform and the magnitude of

its fundamental component is depicted in Fig. 3-3(b). Other high order harmonics with lower
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Fig. 3-3 Magnetic vector potential: (a) Its distribution along the outer diameter of the rotor space and (b)
spectrum analysis.
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magnitudes are also revealed. The root-mean-square value of the produced V, is given as

follows:

Ve = 2nf, = (2 Anl), (3-8)

where A, is the magnitude of the fundamental component of the MVP distribution along the
outer diameter of the rotor space. With the estimated voltage V., the reactance X, is then

calculated as follows:

, (3-9)

where N is the number of series-connected turns per circuit of a phase of the stator winding, k,,
is the stator winding factor, N, is the number of search coil turns, and [, is the stator current.
Hence, the stator leakage reactance of the induction machine is determined by subtracting

the calculated X from X, in FEM according to (3-5).

3.3.2 Method II — Proposed Method: Calculation when the rotor has a non-magnetic

material with u,, = 107°

In order to eliminate completely the magnetic field present in the space normally occupied
by the rotor, this space is replaced in FEM by a non-magnetic material which has a very low
relative magnetic permeability e.g. 1076, Therefore, the magnetic field does no longer penetrate
the rotor space and will only be restricted within the stator core as leakage flux. Fig. 3-4(a)
shows the half of the induction machine model in FEM. It also shows the stator leakage field
distribution in the machine when the rotor core, bars, and shaft are replaced by a material with
a very low magnetic permeability. In Fig. 3-4(b) and the enlarged region in Fig. 3-4(c), it is clear
that the flux lines are only constrained in the stator and airgap regions as leakage flux. By using
the obtained flux linkages and electric current in one phase in FEM, the stator leakage reactance

X| is directly calculated as given by:

Ye=1 Ve

Ip

’ 1
X5 = ansn_p , (3-10)

where [, is the current of the parallel branch per-phase circuit of the stator winding.
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Fig. 3-4 Magnetic flux distribution in the induction machine when the rotor space is replaced by a non-
magnetic material with ,, = 107°. (a) Flux density map. (b) Flux lines. (c) Enlarged view.
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Thus, the total stator leakage reactance Xjs is then calculated as the sum of the reactance
XJ that is calculated in FEM as in (3-10) and the end-winding leakage reactance X,,4 which is
determined in MotorSolve [55] and coupled with the external circuit as shown in Fig. 3-1.

Both aforementioned methods were implemented on the induction machine model in FEM.
The machine under test is a three-phase, 5-hp, 220 V four-pole squirrel-cage induction motor.
Its specifications and some of the design parameters are listed in Table C-1 in Appendix - C.
The total stator leakage reactance values calculated in FEM using the two methods at the rated
current condition are given in Table 3-1. The comparison shows the closeness of the total stator
leakage reactance for both methods with a relative error of 1.48%. Furthermore, the comparison
between the calculated value using the proposed method and the leakage reactance determined
experimentally using the conventional locked rotor test with a constant ratio between the stator
and rotor leakage reactance values is also presented in Table 3-1. They show an acceptable
agreement with a relative error of 1.06%. This verifies the effectiveness of using the proposed

technique to determine the stator leakage reactance at the rated current condition.

Table 3-1 Comparison between the total stator leakage reactance calculated in FEM using the two methods and
the measured value at the rated current condition

Method I: Method II: Relative Measured Value Relative
Quantity (Proposed Method) Error Error
Rotor removed and Rotor replaced by a Methods II & 1 Exp. with constant Method II &
replaced by air material with u. = 10~° reactance ratio Exp.
Total stator leakage
& 1.9479 Q 1.9194 Q 1.48 % 1.8990 Q 1.06 %

reactance X;g

In order to study the stator leakage reactance variation under severe current transients and
saturation condition, method II has been implemented using the 2D nonlinear analysis in FEM
for a wide range of stator winding electric currents and then, the leakage reactance has been
calculated as given in (3-10). Fig. 3-5 demonstrates the stator leakage reactance variation with
phase current calculated by using the FEM. Apparently, the stator leakage reactance does not
differ significantly with the drawn current and it can be considered as a constant. In fact, this
result agrees with the outcome demonstrated in [56] as a function of the slip.

To calculate the rotor leakage reactance, the rotor’s core, bars, and shaft will have in this
test the original magnetic material (M-45 29 GA) and the coupled circuit model in FEM is
operated under the locked rotor test. Current sources are connected to the three-phase stator

windings of the induction machine in FEM as shown in Fig. 3-6. To overcome circuit over-
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determination, the current source in the third phase is replaced by a direct connection to the
common node. The FEM software will determine the current of this phase using Kirchhoff’s
current law [57]. The rotor circuit is maintained the same as depicted in Fig. 3-1(b). The currents
obtained from the previous step are imposed to the FE model. It is assumed that all the flux

created in the machine is a leakage flux and the machine is represented by its equivalent circuit
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Fig. 3-5 Variation of the stator and rotor leakage reactance with current using the FEM for the 5-hp IM.
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Fig. 3-6 The electromagnetic coupled circuit of the stator in MagNet during the locked-rotor test of IM for
rotor leakage reactance estimation.
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per phase and the magnetizing branch is neglected. Hence, the total leakage reactance of the

machine is calculated using the results obtained from FEM as follows:

Xips = Xis + Xy = Imag (7225, G-11)

ly FE

where 1, g and V,, pg are the current and voltage per-phase of the machine in FEM. Then, the

rotor leakage reactance is calculated at each specific current value. The variation of this leakage
reactance with the drawn phase current is also shown in Fig. 3-5. It is clear that the rotor leakage
reactance changes significantly under different loading conditions. At low current values, the
rotor leakage reactance increases. This occurs because the rotor slots are closed and the iron
bridges on the top of the slots are unsaturated and the leakage flux is large. When the rotor
circuit is drawing high currents or under saturation, the leakage flux is very low and the
inductance or reactance is also low.

In order to validate the results obtained by implementing method II in the FEM, the total
leakage reactance of the real induction machine is measured. The locked-rotor test is achieved
based on the two procedures discussed in [58]. Rapid test measurements at 120% of the rated
current down to the lowest possible current according to [35] and machine data sheet have been
implemented and recorded. Moreover, a motor startup at reduced voltages to obtain the inrush
currents is performed. Hence, 100%, 75%, and 50% of rated voltage are applied and the
corresponding currents are recorded.

The total leakage reactance for the 5-hp IM has been calculated based on the experimental

measurements of the applied voltages and measured phase currents shown in Fig. 3-7 as follows:

Xitotas =22 — (Rs + R? , Z =‘,’—:, (3-12)
where Z is the total stator and rotor impedance. V,, is the applied phase voltage and I, is the
measured current per phase.

The results in Fig. 3-7 describes the machine at high currents, while the corresponding total
reactance values are significantly reduced at the flux saturation condition. Moreover, the total
leakage reactance values calculated based on method II in FEM for the same machine have been

plotted and compared to the experimental measurements. The figure reveals an acceptable
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Fig. 3-7 Experimental measurements of the total leakage reactance for the 5-hp machine compared to the
calculated values using FEM with the current.
agreement with the experimental results. The slight difference is due to the inaccurate estimation
of the end-winding impedance which is considered constant during calculation. However, this
error can be mitigated by using a 3D-FEM to determine a more accurate end-winding reactance.
The machine leakage reactance resulted for both the stator and rotor under saturation are

then expressed by:

Xlssat(ls) = k3 B (3'13)

Xlr sat(lr) = k4e_CBIT + kSe_C4IT s (3'14)

where k3, 5, C3 and c, are the leakage reactance saturation parameters, they are listed in Table
C-3in Appendix - C. They are updated during each calculation iteration of I; and I,.. These
currents represent the amplitude values of the stator and rotor currents, respectively. They are

calculated and implemented in the dq-frame as:

I, = /(iqs +ig)” and I, = /(iqr +ig)’. (3-15)

The ratio between the stator and the rotor leakage reactance (X;;/X;,-) values estimated by

using the proposed method is calculated and demonstrated with the phase current in Fig. 3-8. At
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rated current Ipn of 9.2 A (line of 16 A), the ratio is about 0.447 which represents Design C
machines according to IEEE Std. 112™ [34]. The ratio is less than 1 for all currents range up to
about 65 A, which represents approximately 7 times the rated phase current. Increasing the
drawn current results in a significant reduction in the rotor leakage reactance until it becomes
less than the stator leakage reactance of the machine. At extremely high currents, the rotor core
is deeply saturated and the reluctance is very high. In other words, the relative magnetic

permeability of the rotor core decreases and as a results, it acts as air.
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Fig. 3-8 Stator to rotor leakage reactance ratio with current estimated in FEM.

3.4 Experimental and Simulation Results

3.4.1 FEM-based machine parameters with a constant X,/ X, ratio

The standard machine tests; the dc, no-load and locked rotor tests are implemented in a
2D time-stepping, nonlinear analysis in FEM with a coupled circuit to calculate the main
components of the equivalent circuit of the induction machine. The stator, rotor, and
magnetizing reactance values have been calculated at rated current condition. They are listed in
Table 3-2. The stator and rotor leakage reactance parameters have been primarily separated
based on a constant X;;/X;, ratio defined by IEEE Std. 112™ [34]. The results obtained from
the FEM are compared with the machine parameters obtained experimentally from the same
conventional tests and also listed in Table 3-2. The results show a maximum relative error of

13%. This validates the machine model in FEM with the coupled circuit.
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Table 3-2 Comparison between experimental and FEM-based parameters of the 5-hp induction machine with a
constant X5 /X, ratio

Parameter Exp li?;:ftntal lfeﬁéll\l/{t Relative Error
Stator resistance R, 0.965 Q 0.9679 0.31%
Rotor resistance R, 1.305 Q 1.1322 Q 13.21%
Magnetizing reactance X, 76.54 Q 71.3207 Q 6.82%
Stator leakage reactance X 1.899 Q 1.9194 Q 1.07%
Rotor leakage reactance X, 4.42 Q 439 Q 0.6%

3.4.2 FEM-based machine parameters with a variable X;;/X,, ratio

In IEEE Std. 112™ [34], the calculation of the IM’s parameters starts by assuming a
constant relationship between the stator and rotor leakage reactance values at all loading
conditions. However, machine parameters such as the leakage reactance are highly dependent
on the loading conditions as proved earlier. Hence, the dg-model of the induction machine,
discussed in Chapter 2 has been simulated in Matlab/Simulink when the saturation effect in the
leakage path that derived by using the proposed method is considered. This effect is expressed
by the current-dependent functions as given in (3-13) and (3-14). On the other hand, the machine
model is also simulated when the X;;/X;, ratio is maintained fixed at 0.43. In fact, this case is
realized by separating the total leakage reactance given in (3-12) based on the machine design
class specified in its datasheet and assumed by IEEE Std. 112™ [34]. The predicted results
obtained from the two aforementioned operating scenarios are compared with the response
recorded experimentally for the real machine.

Fig. 3-9 and Fig. 3-10 show the detailed startup responses of the 5-hp induction motor at
the rated voltage with no-load. In both figures, the machine model is run when the saturation
effect in both leakage flux paths is included. Fig. 3-9(a) shows the predicted line current
response compared with the measured response during DOL startup of the induction motor and
when the X;; /X, ratio is kept constant at 0.43 (design C). The figure reveals the discrepancies
in the peak values (overshoots) while insignificant difference is noticed in Fig. 3-9(b) when a
current-dependent ratio is considered in the machine model. However, both models exhibit an
adequate agreement with the measured current response at the steady-state condition. This
verifies the effectiveness of including the saturation effect and the current-dependent leakage

reactances in the machine model to more accurately predict the machine’s dynamic response.
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measured current when: (a) the machine model includes the saturation effect with a constant leakage reactance
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speed when: (a) the machine model includes the saturation effect with a constant leakage reactance ratio and
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During the DOL startup, the predicted speed response of the 5-hp IM model which
considers the saturation effect is shown in Fig. 3-10. Moreover, it is compared with the
experimental speed response of the motor. Fig. 3-10(a) shows the difference between the two
responses, especially in the transient condition or motor acceleration when a fixed reactance
ratio is considered. However, this difference can be mitigated by including the variation of the
machine leakage reactance ratio in the machine model as demonstrated in Fig. 3-10(b).

In order to investigate the variation of the leakage reactance ratio of the machine under
different operating conditions. The machine model which includes the saturation effect in the
main flux path which is discussed in [58] and in both the stator and rotor leakage flux paths has
been run under the following operating conditions; the DOL startup at rated voltage, running at
steady-state with no-load and then operating the motor at the rated conditions. Fig. 3-11(a)
shows the response of the line current drawn by the motor at these specified conditions. During
the DOL startup, the machine draws enough current values to saturate its core. The machine
runs under normal conditions during the steady-state (SS) at no-load condition. However, when
a step change of the rated load torque of 20.55 N.m is applied at about 0.4 s, the drawn current
passes during another high loading transient current which may saturate the machine’s core.
Then, the machine’s current reduces gradually to reach its rated current at steady-state condition.

Fig. 3-11(b) and (c) depict the variation of both the stator and rotor leakage reactance
parameters, respectively during the above-mentioned operating conditions. The stator leakage
reactance X;g does not change substantially and keeps fluctuating around the rated value at all
scenarios as shown in Fig. 3-11(b). This has been discussed in the previous section. Meanwhile,
the rotor leakage reactance X, reduces significantly during startup which pushes its core to
saturate deeply as shown in Fig. 3-11(c). At no-load operation, minimum current is drawn by
the rotor circuit which pushes the rotor leakage reactance to the unsaturated region. At the time
instant of t = 0.4 s, the rated load torque is applied. Higher current is flowing in the rotor circuit
to meet the torque demand. Hence, it pushes again the rotor core to saturate which reduces the
leakage reactance in the rotor part. When the machines reaches its steady-state condition, its
leakage reactance values maintain the rated values which are approximately equal the values
calculated and given in Table 3-2. The ratio between the stator and rotor leakage reactance has
been calculated and plotted for the same operating conditions. During the DOL startup, a high

leakage reactance ratio around 0.8 is shown in Fig. 3-11(d). This is due to the deeply saturated
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rotor iron. It also displays a ratio of about 0.3 when it is running with no-load, and around 0.437
at rated conditions. This verifies that X;5/X;, ratio is a current-dependent parameter and to have
a closer prediction of IM dynamic response, this ratio should not be assumed constant at all

current values.
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Fig. 3-11 Machine parameters variation during DOL startup, SS with no-load, and loading condition. (a) Line
current response. (b) Stator leakage reactance. (c) Rotor leakage reactance. (d) Leakage reactance ratio.
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3.4.3 FEM- and Matlab/Simulink- based IM performance including the saturation effect

with variable X;;/X,, ratio compared to the experimental IM dynamic response

To verify the machine model that includes the saturation effect and parameters estimated
using the proposed method, the machine model has been implemented in FEM and
Matlab/Simulink using the dg-model discussed in Chapter II. The predicted response of the
induction motor during a severe transient such as the DOL startup are compared with the
measured results obtained from the induction motor running at rated voltage and under the same
operating condition. Fig. 3-12 shows the line current response drawn by the 5-hp induction
motor during the DOL startup at rated voltage with no-load resulted from the FEM and
Matlab/Simulink. Both results are superimposed with the experimental response of the machine
at same operating condition. The figure exhibits the high peak current values that oscillate at
about the source frequency 60 Hz. These peaks push the machine core to saturate. Hence, the
model which includes the nonlinear saturation model with variable X;,/X;, ratio exhibits an
acceptable agreement with the measured response as displayed in the zoomed part. However,
the FEM model shows some differences due to the inaccurate compensation for the end winding
reactance. The figure also reveals a good response agreement between the two models and the

measured one at the steady-state condition.
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Fig. 3-12 Current response during DOL startup of the 5-hp IM.

The motor speed during the DOL startup in FEM and the predicted by Matlab/Simulink are
plotted as displayed in Fig. 3-13. It is then compared to the one recorded experimentally. The
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figure demonstrates an acceptable speed response correlation between them. However, the FEM

model shows a slight difference due to the reason discussed earlier.
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Fig. 3-13 Speed response during DOL startup of the 5-hp IM.

Moreover, the electromagnetic or motor torque response at the DOL startup calculated by
the FEM is shown in Fig. 3-14. It reveals a high starting torque and its oscillation around the
average value which is compared to the torque predicted by Matlab/Simulink. It demonstrates a
good agreement between the model solved in FEM and the model predicted and implemented
using the current-dependent leakage reactance parameters extracted using the proposed method

in the FEM.
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Fig. 3-14 Electromagnetic torque response during DOL startup of the 5-hp IM.
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3.5 Summary

The stator and rotor leakage reactance parameters of the induction machine can be
calculated and separated according to IEEE Std. 112™ only when the machine is run at steady-
state and rated condition. During severe transients such as a DOL startup and loading conditions
of a three-phase induction motor, the linear parameters of the equivalent circuit of the machine
mainly, the magnetizing and both stator and rotor leakage reactance parameters should be
replaced by their current-dependent reactance functions. This ensures including the saturation
effect in the machine model and hence, predicting accurately the dynamic performance of the
induction motor. Furthermore, the ratio between the stator and rotor leakage reactance X;5/X;,
under saturation circumstance is no longer constant. To obtain an accurate ratio, the machine
leakage reactance should be separated according to the saturation effect in each stator and rotor
flux paths distinctly.

A 2D finite element modeling with the coupled circuit method is proposed to determine
accurately the stator leakage reactance of a three-phase squirrel-cage induction motor at
different current values. The stator leakage reactance that is determined using the proposed
method shows a good agreement with the experimental results when the total leakage reactance
is separated according to IEEE Std. 112™ at rated current. The locked rotor test and the current
sources in a circuit coupled model in a 2D nonlinear time-stepping in FEM are used to determine
and extract the rotor leakage reactance under normal operating conditions and also when the
core is highly saturated. The remaining equivalent circuit parameters are determined using the
well-known techniques in FEM. These parameters are used to predict the dynamic response of
the motor. The results are compared with experimental motor dynamics. Moreover, the effect
of a current-dependent leakage reactance ratio on the performance of the induction machine has
been studied and results acknowledge considering the variation of this ratio to accurately
resemble a real machine. Results show the effectiveness of the method discussed in this chapter.
More accurate parameter estimation using the proposed method can be implemented when a 3D

FEM is used in calculating the stator end-winding reactance.
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Chapter 4. Power Electronic Converter-Based Induction Motor Emulator

Including Main and Leakage Flux Saturation

4.1 Introduction

Different kinds of electrical machines are being considered for electrified transportation
systems. Since the 1990’s, induction machines (IMs), specifically the squirrel-cage type has
been used in the propulsion systems [59]. This is due to its robustness, high-torque density and
shock resistance, reduced acquisition and maintenance costs, safe operation, low vibration and
acoustic noise emissions [60]. Induction motors and their drives have been increasingly utilized
in large-power, high-voltage applications pertaining to marine propulsion systems especially
when high-torque density and shock resistance are required [61]. Other applications of induction
machines compared to other special machines in the field of traction system in electric/hybrid
vehicles are reported in [62]. An induction machine diagnosis process to improve the availability
and reliability of the transportation system is addressed in [63]. The approach helps to predict
early faults of voltage imbalance and inherent asymmetry.

The electromechanical system for an electrical machine with its associated load can be
replaced by solid-state devices that can be controlled and flexibly programmed to emulate a real
machine. An emulator is typically a bidirectional power electronic interface; it has the capability
to run either as an energy sink which draws electrical power from the grid or as an energy source
by feeding back the energy. Furthermore, the emulator can be used to provide different load
characteristics whereby various control algorithms and industrial converter designs can be
tested. This offers a flexible platform to test machines and inverters in a laboratory environment.

Dimensional analysis was used in the 1960’s to obtain preliminary test results before
constructing a prototype by establishing laws of similitude between the original and its model
[8]. The shortcoming of this approach lies in the difficulty of scaling the ratio of machine inertia
to frictional loss [9]. Alternatively, power electronic systems are fast and accurate. They allow
flexible control algorithms at numerous power levels. Hence, it is feasible to use the power
electronics and their controls to mimic static or slow time-scale electrical dynamics in
emulators. Machine emulation is achieved by simulating the dynamic model of the required
system component in a real-time controller. The generated current and voltage commands of the

model can then be used as reference signals for the controller of the power converter.
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An induction machine emulation (IME) test platform is implemented in [ 10]. The emulating
converter is interfaced with a variable speed drive via a transformer-based LCL-type coupling
network. Different system inductances are considered constant and the saturation effect is not
included in the IME model, this results in inaccuracies in the emulator performance. Another
drawback of the IME stated in [10] is the initial peak voltage of 10V that is required for a stable
phase-locked loop (PLL) operation prior to enabling the IM model operation.

A three-phase IME in the dqg-reference frame is introduced in [22]. During start-up, the
emulator’s dqg-currents show similar output responses of an induction motor with some
differences in peak values. The dynamics of an inverter-virtual induction motor is examined in
[12]. The inverter is connected to a bidirectional converter through a line inductor. The virtual
machine is controlled by using a PI-controller in the abc-reference frame. Likewise, it discusses
the virtual machine running in the steady-state condition.

In an attempt to increase the power and frequency capabilities of the testing platform, a
multilevel parallel switch-based converter is applied in [13]. The virtual machine draws the
same currents from the motor drive during transient and steady-state conditions. It shows high
bandwidth and low-harmonic current content. The drawback of this topology includes the cost
of structural complexity in the three-phase ‘LinVerter’ and a large number of devices and
common-mode chokes. A current control method using a linear quadratic regulator optimization
is proposed in [26]. The proposed IME was validated experimentally. However, the current
tracking is inaccurate with unwanted high order harmonics being introduced into the line
currents.

The main and leakage reactance parameters of the IM were experimentally calculated and
verified. The obtained current-dependent reactance functions for a 2-hp machine were included
in the mathematical model of the IM. The simulation results of the converter-based IM emulator
were presented by the authors in [58].

In this chapter, the work is modified and extended by updating the literature review with
the most recent related publications. Experimental procedures are used to calculate the
parameters of the mathematical model for the 5-hp induction machine. The leakage reactance
parameters of the machine are extracted and separated by using the finite-element modeling
(FEM) when the machine is deeply saturated. The machine model that includes the saturation

effect in both the main as well as the stator and rotor leakage flux paths has been verified
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experimentally with the real machine. Furthermore, an emulator based on a power electronic
converter (PEC) has been developed and the proportional-resonant current controller in the abc-
frame has been used. The IME has been tested and results show the effectiveness of the
developed emulation system to resemble closely the dynamic performance of the actual motor

especially, during direct online (DOL) startup and loading conditions.

4.2 Induction Motor Emulator Structure

In order to replace expensive test benches and equipment as well as the risks associated
with development and testing of new drive systems, electrical machine emulator can be used.
Various kinds of electric machines with different power ratings or the conventional and
advanced control strategies can be tested. This can be implemented by utilizing the concept of
power hardware-in-the-loop (PHIL) along with an inclusive model of the machine and load

dynamics.

4.2.1 Voltage source converter

The structure of the machine emulation in the abe-frame is depicted in Fig. 4-1. It shows
the main elements of an emulation system. Basically, it comprises two back-to-back, six-switch,
bridge-type voltage source converters (VSCs). One runs as an active front-end converter
(AFEC) to maintain a fixed DC link voltage of the emulator and also control the bidirectional

power flow from/to the emulating converter. The three-phase currents drawn by the PEC are
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Fig. 4-1 Emulator structure with abc-reference frame current control.
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compared with the calculated currents in a real-time simulator (RTS). The error signal is the
input to the current controller in which the output signal is sent to the modulator to generate the
required pulses of the emulating converter. This offers a flexible way to test and analyze the
characteristics of the emulated machine or device under test at particular operating conditions.
A coupling transformer is used for isolation purposes and to avoid common-mode
circulating currents flowing through the power converter assembly. The transformer rating, as
well as the coupling network, are chosen appropriately so as to avoid saturation, which could
complicate emulator control significantly. As shown in Fig. 4-1, the parameters of the induction
motor model would change depending on the type of the motor being emulated e.g. squirrel-
cage or wound-rotor. However, the developed system can emulate a machine up to 15 hp at
steady-state with a current control bandwidth capability up to 2 kHz but it is limited only by the

converter ratings.

4.2.2 Synchronous reference frame phase-locked loop

Grid-connected applications require an accurate and fast estimate of the grid or supply
angle. In fact, the quality of the phase-lock directly affects the control loop performance in grid-
tied applications [64]. A method to design an industrial phase-locked loop discussed in [65] is
employed in this research work as presented in Fig. 4-2(a). It uses the three-phase measured
voltages of the power supply as inputs and performs an abc-af-dq transformation. The phase-
lock procedure is implemented in the synchronous reference frame by using the q-component
as the phase detect value. For a balanced three-phase system when PLL is locked, v, reduces to
zero. When it is not locked or there is a small error, v, is linearly proportional to the error.
Hence, a PI-controller is included to eliminate the steady-state error. The output of the controller
is the grid (supply) frequency which is added to the feed-forward frequency to provide the grid
phase angle. The PLL should also be able to reject frequency variation and phase loss and
maintain a phase-lock to the grid. The block diagram of the PLL algorithm is implemented and
tested while the proportional gain and integral time are calculated according to [65] as Kp =
533 and T; = 4 ms, respectively. Fig. 4-2(b) shows the simulated behavior of the PLL when the
grid frequency varies to 60.5 Hz and a phase jump of 90° occurs. The figures exhibit that the
PLL is capable of locking into the grid phase angle with less than 18% of the cycle and

estimating the grid frequency within 47 ms under different disturbances.
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4.2.3 Coupling network

Another essential element in the emulation system shown in Fig. 4-1 is the coupling
network which connects the emulating converter with the grid or the application under test
(AUT). Moreover, It helps in designing the control scheme of the emulating converter.

The simplest coupling configuration is shown in Fig. 4-3(a) in which the emulator is
connected to the grid (or AUT) through an inductor Ly as a filter. The added inductor results in
a higher effective value of the ac side inductance which reduces current harmonics and improves

the power factor [66]. The Laplace transfer function of the inductor filter is given by (4-1).

© 1
Vpcc(S)-Vo(s) — Lgs

He(s) = 4-1)

An alternative topology can be used by adding a filter capacitor Cr, which sets up a low
pass filter at the input of the emulator as depicted in Fig. 4-3(b). This provides a low impedance
path for high switching frequency current ripples. Moreover, the voltage at the PCC will

improve. Conversely, since the current drawn from the grid is different from the desired

reference currents. Therefore, while a large capacitor €y will result in a smooth PCC voltage,

Avpcc

the resulting error in the currents drawn from the grid will increase as ic = Cy [26].

Obvious drawbacks of this topology are cost, size (space), and losses [66]. The transfer function

of this topology is expressed by (4-2).

Vo(s) 1
Vecce(s) - LfoSZ+1 ’

He(s) = (4-2)

The third configuration that is shown in Fig. 4-3(c) is used specifically when an AUT (e.g.

inverter) is used. The inductor Ly and capacitor Cr filters help in removing some of the switching

frequency harmonics producing a smoother inverter current i;.

L s
Grid/ —Psmo—Emulator
AUT A
Vo i
(@)
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Fig. 4-3 Grid-emulator network coupling per-phase using: (a) An L. (b) An LC. (c) An LCL.

The complete configuration for the equivalent single-phase LCL filter for power converter

input is shown in Fig. 4-4.

ii Ri Li Lf R if
Grid/ - ) Emulator
AUT A A

. G

v | Vo |

! Rq !

Fig. 4-4 Equivalent circuit for a single-phase LCL filter.

The corresponding mathematical model is given as follows:

ii = iC + Lf N (4-3)
. di;

Vi = Upce + Ry + Ly d—lt , (4-4)
. di

7.70 = UPCC - Rflf - Lf d_t}_c N (4_5)
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1. .
Upcc = c_ff icdt + Ryic, (4-6)

where v; and i; are the voltage and current values of grid or AUT side, respectively. v, and if
are the voltage and current values of the emulator side, respectively. R; is the damping resistor
which helps in absorbing part of switching frequency ripples to avoid resonance [67].

The block diagram of the LCL filter including all parasitic resistances of the filter

capacitance is shown in Fig. 4-5.

1 1 1
Lis +R; CfS+Rd L¢s + Rs
i I i
+ z\ -

\&/

Fig. 4-5 Equivalent circuit for a single-phase LCL filter.

Its transfer function is derived in Appendix - B and expressed as follows:

_ 1
Hf(S) B Vo(s)

. LinSZ+(Ri+Rd)CfS+1
—LiLfoS3—(RfLi+RiLf+Rde+RdLi)CfSZ—(RinCf+RdeCf+RiRdCf+Lf+Li)S—(Rf+Ri) ’

(4-7)

Although LCL coupling network shows some advantages over other types of filter,
however, it complicates the emulator control which reduces the emulator bandwidth and then
decreases significantly the emulation accuracy. Moreover, poor filter design may cause lower

attenuation than expected or a distortion increase because of oscillation effects [67].

4.3 Current Controller Design

The performance of the emulator relies mainly on the current control approach used in the
emulation system. The current control loop ensures that the converter with the help of a three-
phase coupling network (in this case, an inductor) draws the desired current from the grid or

application under test. The implementation of the emulator current control in the natural abc-

53



reference frame is depicted in Fig. 4-6. The three-phase measured current signals are compared
with corresponding current references calculated by the motor model in the RTS. The error
signal is the input to the proportional-resonant (PR) current controller. The output of the
controller is the input to the pulse-width modulation (PWM) generator. The generated gate drive
signals are the duty cycles that control the three-phase power converter. The current loop

dynamics is governed by:

di(t)

Veon(t) = Ly — T Rri(t) + v,y(2) , (4-8)

where V.0, (t) is the converter-side voltage, v, (t) is the grid-side voltage, Ry and Ly are network

filter parameters, and i(t) is the drawn current.

Controller Vg . o
AC Side Circuit
i* + z _ K:s Veont 1 _ i
> 52 + U.)Oz L¢s + R¢
> Kp

Fig. 4-6 Block diagram of the AC-input current control system.

Developing the transfer function for the coupling network current and voltages; the grid-
side voltage can be considered as a disturbance signal while designing the current control

system, then the transfer function of the AC side is obtained as:

I(s) 1
Veon(s) Lgs+Rp

Goe(s) = (4-9)
In the natural abc-reference frame, the control variables, which are the source currents, are
time-varying waveforms. Hence, PI controllers encounter difficulties in eliminating the steady-
state error. The tracking error can be minimized by choosing a larger controller gain [13].
The proportional-resonant (PR) controller developed in [68] has been recently used in [69]
- [72] to regulate the current in grid-tied systems. It shows its capability of eliminating the
steady-state error when regulating sinusoidal waveforms without using the acquired values of

the supply voltage and the network coupling parameters. Furthermore, this controller can be
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used with carrier-based PWM rectifiers in which the switching frequency is maintained constant

and hence, it is suitable for high power rectifiers [68]. Its transfer function is expressed by [73]:

GRR“(S) = Ky + 207 - (4-10)
where K, is the proportional gain, K, is the resonant controller time constant, and w, is the
resonant angular frequency which is set to the angular frequency of the supply voltage.

The PR controller is characterized by a very high gain in a narrow band around the
resonance frequency which facilitates elimination of the steady-state error. The frequency
bandwidth around the resonance point relies on the resonant controller time constant. A low
time constant results in a narrow bandwidth, whereas larger time constant results in a wider
band. The Bode plot of the PR controller is shown in Fig. 4-7. It describes the effect of varying
the resonant controller time constant on the controller gain and operating bandwidth.

By using the ac-side transfer function given in (4-9) and the controller transfer function

given in (4-10), the closed-loop transfer function of the current control is written as:
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Fig. 4-7 Bode plot of PR current controller with different values for K.
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I1(s) _ Ggc(s)Gpr(s)
I*(s) ~ 1+Gac(s)Gpr(s)

Hey(s) = (@-11)

The value of the resonant controller time constant has been chosen using the Bode plot of
the open-loop system in which the value of K, = 100 provides a high gain at the resonant
frequency of the controller which is 60 Hz, thus having a minimum steady-state error. Moreover,

the frequency response of the closed-loop system given by (4-11) is used to obtain the

proportional gain of the PR controller with a damping factor ({) of 1/v2. Hence, the
proportional gain of the controller has been selected as K, = 1.

The controller (4-10) has an objective to achieve a zero phase and magnitude error. Since
the controller has an infinite gain at, or close to, the grid frequency as depicted in Fig. 4-7, it is
still weak when frequency changes. A possible method to solve this concern by inserting a
damping factor and choose a bandwidth of the controller system represented by the cutoff

frequency w, as given in (4-12) [74].

KrwcoS

GEE(s) = K, + , (4-12)

$2420005+0F
where w,, is selected so w., << w, .

From (4-12), it is clear that the steady-state output phase and magnitude error achieved by
this controller is still approximately zero, provided Gpy (s) continues to achieve a relatively high
gain at the resonant frequency as shown in Fig. 4-8. As seen from the plot, the resonant gain has
now a finite gain of around 35 dB which is quite high to eliminate the tracking error.
Furthermore, the band width around the resonant frequency has been increased which minimizes
the sensitivity of the controller to slight grid frequency variations. However, the gain has
reduced. For this work, w., is chosen as 10 rad/s. Greater than this value, the reference
frequency will reduce.

For variable frequency applications, it is required that the resonant frequency of the PR-
controller is continuously adjusted to match the output fundamental frequency. However, this is
not challenging since different standard techniques in signal processing theory can be utilized
to operate across variable frequencies. For digital implementation, the digital filter coefficient
needs to be re-calculated to suit the target frequency. This coefficient can be computed as part

of the control loop calculation [74].
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Fig. 4-8 Bode plot of PR current controller with damping factor w., = 10 rad/s, K, = 1, and K;. = 100.

4.4 Experimental Results and Discussion

The validated model for the 5-hp IM that is discussed in Chapter 2 and modified in Chapter
3 was run on the real-time simulator (RTS) OP4510 from OPAL-RT® [75] and the current
responses were used as the reference signals for the developed emulator.

The experimental setup for the emulation system is shown in Fig. 4-9. It consists of a back-
to-back, two-level VSCs, an RTS, which runs the IM model and controls both the emulator
converter and the AFEC in real-time, over-voltage and over-current protection circuits, coupling
inductors for both converters, and the isolation transformer. The two-level SEMICRON-VSCs
are designed to run at 440 V AC, 30 A-RMS per phase with a DC-link voltage of 750 V [76].
The AFEC control has to be fast so the emulator converter can attain the reference response.
The switching frequency chosen for both converters is 15 kHz. The AC terminals of both VSCs
are connected to the AC grid (220V) through coupling filters of 2.5 mH. The controller design
for the AFEC is not discussed in this work, details pertaining to the control structure and
controller gains design required for the AFEC are explained in [77]. However, the appropriate
controller gains are chosen to have a current control loop bandwidth of about 4 kHz.

In the emulation system developed in this research work, the line to line voltage achieved

is around 220 V, as this is the rated voltage of the machine being emulated. This requires a DC
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bus voltage of 350 V and the same is maintained by the AFEC control. Currents within the
switch rating, around 40 A peak is achieved by the machine emulator system. The VSC of the
machine emulator system is operated at a switching frequency of around 15 kHz which is close
to the maximum possible switching frequency [76]. A standard triangle comparison-based

PWM is used and hence, the switching frequency and carrier frequency are the same.

Current

—
e

Converter

Over\m‘tage

4nd current

protec‘_lio‘

circuits

Real Timél |
controllet =
(OP4510)% RN Y

Front-End
converte
Emu\ator

Coupling_>
Filters

Three-Phase
Transformer

-
Connected to
Grid

Fig. 4-9 Experimental setup for the power electronic-based induction motor emulation system.

The current control bandwidth is limited by the switching frequency of the inverter, which
i1s 15 kHz, and the sampling time of the real-time simulator, which is 40 us. Typically, the
innermost controller which is the current controller needs to be at least 5-10 times slower than
the switching frequency of the voltage source inverter [77]. Hence, the current controller of the
emulating converter is designed to achieve a bandwidth of around 2 kHz. This is the maximum
possible bandwidth achievable by the emulator system for the given VSC specifications of the

emulating converter.
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The 5 HP machine has a stator resistance of 0.9649 Q and a stator leakage reactance of
around 5 mH, which results in a time constant of around 5 ms. Hence, the designed emulator
current loop, which has a bandwidth of 2 kHz is quite sufficient to emulate the transients
associated with this machine. The developed IM emulator is capable of emulating the machine’s
behavior within the voltage and current ratings of the VSC used as the emulating converter. It
is designed for a voltage rating of 440 V line-line RMS and a current rating of 30 A RMS. These
rating limits cannot be exceeded during the transient behavior of the machine. A higher rated
converter would allow larger machines to be emulated.

In order to show the effectiveness of the developed emulator and its controller capability at
severe conditions, a DOL startup for the 5-hp induction motor emulator test was implemented.
The DOL startup current for this machine can exceed the rated current of the switches hence,
the motor model and the PEC-based emulator were run with a reduced voltage under no-load
conditions.

Fig. 4-10 presents the experimental results of the phase current response drawn by the
induction motor model in the real-time simulator during the DOL startup with no-load. As stated

earlier, due to the limitation of the rated current of the emulating converter, which is rated at 30
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Fig. 4-10 Experimental phase current response drawn by the 5-hp IM emulator during the DOL startup with
60% of the rated voltage and no-load compared to the current drawn by the IM model in RTS.
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A RMS and corresponds to about 42 A peak value [76], the applied voltage is reduced to 60%
of the rated voltage and phase currents were emulated. The figure reveals the high starting
current transients of the induction motor model, which reach a peak value of about 36 A with
an oscillation frequency nearly equal to the supply frequency of 60 Hz for about 250 ms.
Moreover, the figure displays the phase current drawn by the power electronic-based IM
emulator under the same operating conditions. The drawn current by the emulator correlates
well with the current waveform measured in real time which proves the effectiveness of the
control scheme.

The current drawn by the emulator during the DOL startup at 60% of the rated voltage and
the no-load condition has been compared with the current drawn by the real 5-hp machine
running at the same operating conditions in Fig. 4-11(a). The figure shows an acceptable current
response for the developed emulator. The experimental phase current responses of both the real

motor and the PEC-based emulator at steady-state are shown in Fig. 4-11(b). It demonstrates a
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Fig. 4-11 Experimental phase current response of the 5-hp IM PEC-based emulator at 60% of the rated voltage

and no-load condition compared to the real machine’s current response under similar operating conditions
during: (a) DOL startup and (b) steady-state operation.
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good agreement between both waveforms with some ripple around the desired value. This is
due to the switching frequency of the PWM technique that is used to switch the six power
electronic devices at low current. The distortion around zero-crossing is due to the dead time of
about 2 ps that is predetermined for the converters arms for all phases. A higher bandwidth
converter would produce lower ripples.

In order to demonstrate the effectiveness of the developed emulator and to study its
dynamic response, the IM emulator is subjected to load torque. The real machine has been
coupled to a 13-kW DC dynamometer and run under no-load, a load has then been applied at
about 1.25 s and the motor current captured is shown in Fig. 4-12(a). The applied load is
equivalent to a motor load torque of 12 N.m and a peak-to-peak current of about 23.6 A. The
IM model has been run in the RTS with the new moment of inertia. Fig. 4-12(b) describes the
response of the phase current drawn by the PEC-based IM emulator at the no-load condition and
when a step change in the load torque of 12 N.m is applied at about 1.25 s. Basically, the load

torque is applied to the IM model in the RTS. The drawn current is increased due to the newly

sl INWWNNWMMMMMMMMWMM

1 L AU AR
_ PRI e
PURREE R WWWNMNMNMWWWMWMMW

Motor Current (A)
[&)] o
T
I
I
| =
| =
-r—‘

| |

| \

| \ \
1.5 2 2.5 3 3.5 4
Time (s)

(2)

f:____f____% _____ HMNMWWWWWWMMMNWMMWW
‘Hh"MAMMWWWWWMWWWWWWWWWWWWWMMMW
Ml IMMMMWWWWMMWWWMMMWW

|
|
D

[

|

2 2.5 3 3.5 4
Time (s)

(b)

Fig. 4-12 Experimental current response drawn by (a) the 5-hp IM during loading condition of 12 N.m at 60%
of the rated voltage and (b) the IM emulator running under the same operating conditions.
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required torque. The current drawn by the emulator with its current control correlates well with
the current response of the real machine.

Fig. 4-13 demonstrates the phase current drawn by the PEC-based IM emulator at steady-
state. The machine model is supplied by 60% of the line voltage and run under 12 N.m load
torque. The current drawn by the emulator shown in Fig. 4-13(b) is compared to the current
drawn by the real 5-hp induction motor shown in Fig. 4-13(a) that is running at the same
operating conditions. The figure demonstrates the tracking accuracy of the developed emulator
converter, in which the experimental current drawn by the IM emulator correlates well with the

measured current of the real machine.
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Fig. 4-13 Experimental current response drawn by (a) the 5-hp IM at steady-state with a load torque of 12 N.m
and 60% of rated voltage and (b) the IM emulator running under the same operating conditions.

4.5 Summary

A failure in the control algorithm can result in a damage to both the drive and the connected

machine. In this chapter, an induction motor emulator based on a power electronic converter is
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developed to allow detailed testing the converter and controller. A proportional-resonant current
controller with a damping factor in the abc-frame and pulse-width modulation are employed.

The mathematical model of the IM with modified parameters that is verified experimentally
is employed in this chapter. The flux saturation characteristics in the main and both stator and
rotor leakage flux paths have been included in the machine model to replicate accurately the
IM’s performance for severe transients specifically, during DOL starting and load conditions.
However, this part has been detached to avoid repetition.

The developed PEC-based IM emulator has been tested experimentally during severe
transients such as the DOL startup and loading transients. The dynamic response of the induction
motor emulator shows the effectiveness of using the developed emulator and its control scheme

to resemble closely a real induction motor.
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Chapter 5. Self-Excited Induction Generator Emulator for Renewable Energy

Tests within an Isolated Power System

5.1 Introduction

Induction generators have been widely employed to operate as a wind-turbine generator
and small/micro-hydroelectric generator of isolated power systems or to supply additional
power to a load in a remote area that is being served by a weak transmission line [78], [79]. The
squirrel-cage induction generator can be operated as a self-excited induction generator (SEIG)
which can be a good option for a standalone wind energy conversion system and other renewable
energy sources [80], [81]. This configuration features simplicity, low capital and maintenance
cost, rugged construction, and better transient performance [82]. Since the machine is not grid-
connected, the terminal voltage and frequency are not fixed and the excitation should be
provided by capacitors connected to the generator’s terminals. The excitation capacitors could
be connected in delta which results in more nearly balanced line currents [79].

Autonomous SEIGs are used to feed power for isolated loads through suitable power
electronic converters [83], [84]. Moreover, proper designed power electronic interfaces are
configured with SEIGs to achieve the maximum power point tracking for supplying microgrids
[85], [86].

The electrical machine with its detailed design and its associated prime-mover can be
replaced by solid-state devices that can be controlled and flexibly programmed in order to
emulate the behavior of a real machine. An emulator is basically a power electronic interface
that employs the idea of power-hardware-in-the-loop (PHIL) to offer a flexible platform for
testing machines, industrial converters, conventional/novel control algorithms, and various
renewable energy sources in a laboratory environment. Machine emulation is achieved by
simulating the dynamic model of the required system component in a real-time simulator (RTS).
The generated current and voltage commands of the model can then be used as reference signals
for the rapid control prototyping (RCP) of the power converter or amplifier. The developed
induction generator emulator helps in studying the dynamic performance of the standalone
microgrid system when it is working in parallel with other renewable/nonrenewable generation
system e.g. diesel-engine and wind/hydro generators, and when it is connected to different kinds

of loads. Furthermore, it offers a safe and inexpensive testbed to study novel control schemes
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for voltage and frequency regulation of a standalone induction generator for isolated power
systems as in [84] and [87].

An electromechanical emulation machine platform is developed in [88] to evaluate and test
the operation of a scaled down hydrokinetic turbine. A power take-off controller is used to track
the maximum power point of the turbine when it is subjected to turbulence. The emulator
response agrees well with the simulated results at low frequency. However, the speed response
deviates when operating at higher frequencies. Various kinds of machines are emulated by
utilizing the PHIL simulation for testing purposes. [24], [22], [10], and [89] are examples of the
induction motor emulation for testing motor drives. The dynamic behavior of the permanent
magnet synchronous generator is emulated in [90] to test the power electronic interface which
controls the power flow supplied by a wind/hydrokinetic power generation system, and in [91]
to test and validate the power electronic controllers and traction electrification systems. The
synchronous generator emulator performance is developed in [92] for transmission power
system testing and in [17] to investigate the stability of power systems dominated by parallel-
operated inverters in distributed generation. However, there are few published works on the
emulation of induction generators [93]. In [93], a grid-connected virtual induction generator has
been built in Matlab/Simulink and used as an alternative synchronization strategy only to replace
the operation of the phase-locked loop (PLL) to synchronize multiple units in a low inertia
power system that is prone to fast frequency fluctuations.

In this chapter, a SEIG emulator based on a power electronic converter (PEC) has been
developed. A cascaded control scheme using the proportional-integral (PI) controller in the dg-
frame has been used to control the emulating converter. The mathematical model of the SEIG
is implemented inside the RTS using the rotor reference frame while the saturation effect not
only in the main but also in both stator and rotor leakage flux paths are included in the machine
model. The excitation capacitance has been chosen to ensure an accurate operation of the PHIL
and voltage buildup across the SEIG emulator terminals. To verify the generator model used in
the emulation system, the predicted transient response of the voltage buildup process of the
SEIG and the output loading characteristics and dynamics are compared with the real machine
results. Furthermore, the dynamic response of the SEIG emulator during voltage buildup and
loading conditions show the effectiveness of using the developed emulation setup to resemble

closely the dynamic performance of the actual squirrel-cage induction generator.
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5.2 Self-Excited Induction Generator Model with Modified Parameters

To emulate the behavior of the three-phase SEIG, an accurate mathematical model that
represents its dynamics is required. The machine model which includes the saturation effect in
both the main and leakage flux paths is derived in Chapter 2 and 3 and discussed in [89]. Thus,
the model with modified parameters is considered in this chapter. The dynamic model of the
three-phase induction generator squirrel-cage type is derived from the well-known dg-
coordinate equivalent circuits shown in Fig. 5-1. The mathematical modeling is expressed in the

arbitrary reference frame by a set of first-order differential equations as given in (5-1) - (5-5).

vy = =Ry + 25 + Kws, (5-1)
. diy
v, = R0, + — T K(w— w)A,, (5-2)
where
_ [0 -1
k=[] %] (53)

and v, = [Vas Vgs|T is the stator voltage vector in the dq-frame, v, = [Var Vgr]7 is the rotor
voltage vector in the dq-frame which goes to zero in the case of the squirrel-cage machine, i; =
[ias igs]” is the stator current vector in the dg-frame, i, = [iar igr]7 is the rotor current
vector in the dg- frame, A3 = [Aas  A4s]7 is the stator flux linkage vector in the dq-frame, and
Ay = [Aar Agr]" is the rotor flux linkage vector in the dg-frame. Also, Rg and R, are the stator
and rotor resistances, respectively. w is the electrical angular frequency of the reference frame
and w, 1s the electrical angular frequency of the rotor. In this chapter, the dg-reference frame is
fixed in the rotor and hence, w = w,-.

The flux linkage equations, which relate the stator and rotor flux linkages with stator and

rotor currents, are given as follows:

As = —Ligis + LM(ir - is) + 4o, (5-4)

A = Lyyir + LM(ir - is) + /10 > (5-5)
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where L, is the magnetizing inductance, L;; and L;,- are the stator and rotor leakage inductances,
respectively. These inductances are denoted by their respective reactance values given as X =
wL. The residual flux linkage in the machine is denoted by A5 = [dao Aqo]”. This term is
essential to solve the differential equations and promote voltage build-up process. It has been
determined experimentally by driving the generator under no-load condition from standstill to
the rated speed without connecting the excitation capacitance. The line voltage and its
corresponding speed have been recorded and plotted. The slope of the resulted line which
represents the flux linkage is then transformed to dg-quantities to be used as input parameters
for (5-4) and (5-5). The specifications of the induction machine under test and experimentally

measured parameters are given in Table C-2 in Appendix - C.

+
©
Vid § Ved —
—o o S
+
© ——
Vig | 8| Vaa ==C WCVes Vs Ags Ly e Vgr
- \\ / g-axis -

Fig. 5-1 Equivalent circuits of SEIG squirrel-cage type in the dg-coordinates and arbitrary reference frame
(the 0-axis is neglected).

Assumptions for the modeling and analysis of the SEIG in this part of this work are given

as follows:

- The friction and windage losses, as well as core losses are neglected.
- The effect of space harmonics in the air-gap flux and time harmonics in the
electromotive force and current waveforms are neglected.

- The rotor resistance does not vary with the slip.
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Both the magnetizing as well as leakage inductances depend significantly on the degree of
magnetic saturation in both air-gap and machine core. The saturation effect in the main flux path
and characterizing the magnetizing reactance is discussed and derived in Chapter 2. The leakage
reactance in both the stator and rotor circuitry are estimated and separated using the FEM with
coupled circuit according to the proposed method explained in Chapter 3. They are characterized
under nominal operating condition and when the core is deeply saturated. All IM reactance

parameters are then expressed by their corresponding saturation functions as follows:

XM sat(lm) = kle_cllm - kze—Czlm s (5'6)
Xls sat(ls) = k3 B (5'7)
Xlr sat(lr) = k4e_C31r + kse—C41r s (5'8)

where ki, 5, C1t04 are the main and leakage reactance saturation parameters, they were
evaluated in Chapter 2 and modified in Chapter 3. For the sake of reference, they are listed in
Table C-3in Appendix - C. The saturation reactance parameters are updated during each
calculation iteration of I, I and I,.. These currents represent the amplitude values of the
magnetizing, stator and rotor currents, respectively, which are calculated and implemented in

the dg-frame as the following:

I = \/(iqr - iqS)z + (lgr — las)? (5-9)
Io= ((igs +ias)” , and (5-10)
L= ((igr+ia)” . (5-11)

The abc-quantities of the voltage across the excitation capacitor and its current can be

transformed into dg-frame ones. The transformed results are given as below [4]:

dvca dvgs

ica =C Frain wCvgs =C pras wCvys , (5-12)
icq = C 28— Cugy = C2L — (g, , (5-13)
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where i¢cq and i¢4 are the excitation capacitor current in dq- frame, v¢4 and v¢, are the excitation
capacitor voltage in dg-frame, and C is the excitation capacitance which is connected in delta
with the generator terminals as an external source of reactive power.

When the generator is loaded, in this case by a resistive load, Kirchhoff’s current law is

used and hence, the current equations are written as follows:

) . 1
b, =l —lc =205, (5-14)

where i; = [iza iLq]T is the load current vector in the dq-frame, ic = [ica Icq]” is the
excitation capacitor current, and R, is the load resistance.

The general block diagram that has been employed in this research work is shown in
Fig. 5-2. (The dashed blocks and lines are used for predicted results and not implemented in

the experimental work).

td, it
LS ]
[r=—===—=  Vid Vid Labe
itd, fiq : Load 1 dg-abc
I (5-14) L v vi; | Transformation
I— _____ 1 —> Voabc
wt —>
(<
«—
s, | o Ved=Vig=V,
ds s Excitation Ccd” Yl ¥ds
. Capacitance .
Itd, Iig P Veg= Vig= Vgs Ids S
(5-12)-(5-13)
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Input Mechanical Power | wyg SEIG L
e.g. Wind Power dg-Model
(5-1)-(5-5) .
L Idr -
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<
DIE—
P
\

Fig. 5-2 General block diagram for the SEIG in dq-frame.
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5.3 Self-Excited Induction Generator Emulator Structure

In order to replace expensive test benches and equipment as well as the risks associated
with the development and testing large-scale power systems, electrical machine emulator can
be used. Various kinds of electrical machines with different power ratings or conventional and
advanced control strategies can be tested. This can be implemented by utilizing the concept of
the PHIL along with an inclusive model of the generator and its associated prime-mover
dynamics at an early stage of the design or development process.

The physical system of the SEIG which is connected to a load/islanded microgrid system
is demonstrated in Fig. 5-3(a). The implementation of the PHIL-based SEIG emulation is shown
in Fig. 5-3(b). It consists of three main parts: the real-time computing system in which the set
of the nonlinear differential equations of the SEIG are solved, the actual load or the hardware
under test, and the power interface that connects the real-time simulator (RTS) and the hardware
system.

The developed emulator uses a voltage-type ideal transformer model (ITM) as a power
interface with its associated interface algorithm [94], [95] as displayed in Fig. 5-3(b). In this
case, the terminal voltage signal of the SEIG v, 1s amplified by means of the voltage-controlled
voltage source after being processed by the digital-to-analog converter (D/A). The software
current-controlled current source is driven by the actual load current i,,. A current sensor, signal
conditioning and an analog-to-digital converter (A/D) are employed in the feedback path. The
excitation capacitance C helps building up the terminal voltage and hence, solve the SEIG’s

ordinary differential equations represented by (5-1) - (5-14).

SEIG Load/Isolated Power System
| |

m E i Isolated
( O H t O---f==-f=----- r———-- - Power
u i i i i System
I e e R e R S
S C\/\, i L WY
: Z S : H H ?  Actual

Prime-mover Three-phase
(e.g. wind/ Balanced
hydro Capacitor Bank Loads

turbine) [ —— [P S|

(2)
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Fig. 5-3 Equivalent circuit. (a) The original system. (b) PHIL with voltage-type ITM power interface for
the SEIG emulator.

5.4 Block Diagram and Stability of the PHIL Emulation System

The signals that are exchanged between the hardware and software are the current which is
measured in the hardware components and the voltage across the current source in the software
side in which is computed by the real-time simulation system. The voltage amplifier is described
by its transfer function Ty 4(s) that includes a delay and a low-pass filter with very high cut-off
frequency. Moreover, a total time delay T, is introduced in order to take into account the
computation time of the numerical model in a discrete time of the real-time simulator, D/A, and
A/D converters operation nature as well as the delay introduced by the voltage amplifier [95]
and [96].

To study the stability of the PHIL implementation, the equivalent circuit of the voltage-type
PHIL of Fig. 5-3(b) is represented by the block diagram shown in Fig. 5-4(a). The developed
SEIG emulator consists of the SEIG model that can be represented by its back electromotive
force (EMF) E;;, machine stator impedance Z;, and the excitation capacitance C. The actual
load is represented by its impedance Z,. A low pass filter with a cut-off frequency of 1600 Hz
i1s employed in the current feedback path. The filter will help to ensure system stability and get

rid of the high-frequency components arising due to numerical computations [94].
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Fig. 5-4 Block diagram of the PHIL for the SEIG emulator. (a) Block diagram for the equivalent circuit.
(b) Reduced block diagram.

To simplify the analysis of the PHIL simulation, the reduced block diagram of Fig. 5-4(b)
is utilized and the time-delay expression is replaced by the first-order Padé approximation as

the following:

1-ks

e—TdS —
1+ks °

(5-15)
where k = % and s is Laplace operator. Time delays due to the voltage and current sensors and

PWM module are insignificant and hence, they are neglected.
The simulated impedance is the stator impedance of the machine Z, (s) while, the hardware

impedance is the actual load impedance Z,(s). They are given as follows:

Z1(s) =L;s+ Ry = Lis + Ry, (5-16)

Zz(S) == LzS + RZ == LLS + RL 5 (5'17)

where R; and L; are the actual load resistance and inductance, respectively. Rg and L;; are

machine parameters that discussed in Section 5.2 and tabulated in Table C-2 in Appendix - C.
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The closed-loop transfer function for the reduced block diagram is derived as:

Gya(s) e"Tas

Zpy(s)Cs | wec ’ (5'18)

VAe_TdS " stwee

Ger(s) =

Z;(5)+Gya(s)e Tas zy(s) -
The characteristic equation of (5-18) is then calculated as follows:

(1-ks) wcc
(1+ks) (s+wee)

Z1(8)Z,(s)Cs + Z,(s)

+27,(s)=0. (5-19)

The characteristic equation can be used to study the stability of the developed PHIL system.
By substituting (5-15) - (5-17) into (5-19), one can result:

akL,L,Cs® + (kL;L, + akR;L, + akR,L; + aL,L,)Cs*
+ (akLy + akR RyC + kRyL,C + kRyL,C + aRyL,C + aRyL,C

+ LyL,C)s®
+ (akRy + kL, + aL, + kR{R,C + aR{R,C + R{L,C + R,L,C — kL;)s?
+ (kR + aR, + L, + RyR,C + Ly — kRy)s + (R; +R,) =0, (5-20)

where @ = —. For simplicity, a balanced resistive load is only considered and hence, the

Wce

characteristic equation (5-20) can be approximated as follows:

akR,L,Cs* + (akR,R, + kR,L,; + aR,L,)Cs3
+ (akRz + kR1R2C + aRlec + R2L1C - kLl)Sz
+ (kRZ + OCRZ + R1R2C + Ll - le)S + (Rl + Rz) - 0 . (5_21)

This clearly shows that the PHIL system will be unstable if akR, + kR{R,C + aR{R,C +
R,L,C < kL, or kR, + aR, + R{R,C + L; < kR;. These equations indicate the importance of
selecting a proper value of a that reflects the filter cut-off frequency and excitation capacitance
in which they place the closed-loop poles in a desirable manner and ensures voltage buildup
across the generator terminals. The selected values listed in Table C-4 in Appendix - C ensure
positive values of all elements of the first column of the Routh Hurwitz’s array. Hence, the

necessary and sufficient condition for stability is met.
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5.5 Voltage Source Converter Modeling and Control

The voltage source converter (VSC) shown in Fig. 5-5 is a six-switch, two-level converter.
It is controlled in such a way to emulate the SEIG. The DC side is fed by a three-phase
uncontrolled rectifier. The AC side is connected to a three-phase load via an RLC coupling
network that runs as a filter. Thus, the control objective is to regulate the output or load voltage
v, ape and frequency to the desired reference signals. The filter is composed of an inductor Ly
with an internal resistance Ry and a shunt capacitance Cy. It provides a low impedance path for
switching current harmonics resulted by the pulse-width modulated output voltage and
originated by the converter. The figure illustrates that the control system is implemented in the
dg-frame and system variables are referred to a reference frame fixed in the rotor. Thus, abc- to
dg-frame transformation is implemented when the transformation angle 8 = 6,.. The angle is
obtained from the electrical angular speed of the generator w, which is corresponding to the

generator frequency as follows:

0=0,=[w(t)dt+6,(0) and w, =~y , (5-22)

where P is the number of poles of the machine and w,, is the mechanical angular speed of the

generator.
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Fig. 5-5 Schematic diagram of the developed emulator with the cascaded control system.
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The control procedure for the emulator is employed via a cascaded control system. The
inner loop represents the current control loop while the outer loop is the voltage control loop.
All control schemes are implemented inside the real-time digital system in a RCP mode. It is
assumed that the VSC cascaded controllers are designed based on a balanced system and hence,

the negative and zero-sequence components in dq-frame are ignored.

5.5.1 Current control scheme

The main objective of the current control scheme is to regulate the current of the AC-side
of'the VSC, i; 4 by means of the pulse width modulation (PWM) switching strategy. As shown
in Fig. 5-6, the control scheme is implemented in the dq-reference frame fixed in the rotor, in
other words, w is chosen to be equal to w,.. Dynamics of the dq-frame components of i; ;. are

represented by:

dijg . . Va

Lf ? = _Rflid + (‘)Lfliq + my (TC) — Vod » (5—23)
di; _ . . Va

Lf d_tq = _Rfliq - (J.)Lflid + mq (TC) - voq , (5-24)

where my and m, denote the d- and g-axis components of the three-phase PWM modulating

signal mg,.(t).

Vod
Feed-Forward Signal

dg-Current Controller Coupling Inductor

my Vid

Iig =+_ Eq G; (5) Yvd —_I £ X_I

A A

r Y
Decoupling Feedforward

Feed-Forward Signal

Vog

Fig. 5-6 Block diagram for the current control scheme of the SEIG emulator.
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In the block diagram shown in Fig. 5-6, the current signals of the coupling inductor i;; and
ljq are controlled independently and compared to the reference currents i;4 and i;,. The desired

signals in turn, are the output signals of the voltage controller. The error signals are processed
by two identical proportional-integral (PI) compensators G;(s) given in (5-25). The controller

outputs are then augmented with the feedforward and decoupling terms which are determined
based on (5-23) and (5-24). The resulting signals are normalized to the gain of the VSC (Vdc)

in order to generate the dq-frame modulation indices my and m, for the PWM gating pulse

generator.
Gi(s) = Kp + L. (5-25)

where Kp; and Kj; are the PI-controller gains for the current control scheme.

The control system loop gain can be found as follows:

s+ i
_ [ Kpi Kpi _
£05) = 6u() * (o) = (£2) | == ) (5-26)
Ly

where Ry and Ly are the coupling inductor filter internal resistance and inductance, respectively.
The transfer function of (5-26) has a stable pole at ——L. To improve the open-loop
Ly

frequency response, the pole can be canceled by the zero of the PI compensator. Thus, choosing

Kri R Kpj 1 . . . . . .
K—“ = L—f and L—P’ = where 7; is a design choice which represents the desired time constant
Pi f f i

for the closed-loop system. Hence, the obtained transfer function of the closed-loop system is

given by:

ld(s) = H; (S) Ild(s) ﬁ ld(s) (5'27)

lq(s) = H; (S) Ilq(s) = ﬁ Lq(s) (5'28)

which are first-order transfer functions with a unity DC gain. Since Ti characterizes the current
13

control bandwidth, this design parameter t; should be small enough to have a fast current control
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response and an acceptable tracking, but adequately large such that the closed-loop bandwidth

is 10 times less than the switching frequency of the converter [97].

5.5.2 Voltage control scheme

As depicted in Fig. 5-5, the output or load voltage dynamics can be described based on
the voltage across the coupling capacitor Cy in the abc-frame using Kirchhoff’s current law as
follows:

C dVo abc

dt = liabc — Lo abc » (5-29)

where i; 4pc and i, 45 are the three-phase currents of the inverter and load sides, respectively.

Equation (5-29) can be represented in the dq-frame as follows:

dv, . .

Cr th = wCrVq + lig — ioa » (5-30)
av, . .

Cr d‘;q = —wCrVpq + lig — loq » (5-31)

and re-written in the s-plan as the following:

CrsVoa(s) = CrL{wvyg} + Lia(s) — Ioa(s) , (5-32)

CfSVoq (S) = _Cfﬁ{wvod} + qu (S) - qu (S) > (5'33)

where L{. } denotes Laplace transform operation, v,,4 and v, are the output voltages in the dg-
frame, i;4 and i;, are the inverter side electric currents in the dq-frame, and the load side or
output currents in dq-frame are represented by i,4 and i,,. The output voltage is represented by
the voltage across the filter capacitance as shown in Fig. 5-7 and expressed by (5-32) and (5-33).

The voltage control block diagram including feedback and feedforward terms is depicted

in Fig. 5-8. The output voltage control is attained by using a PI controller as:

Gy () = Kpy + 722, (5-34)

where Kp,, and K}, are the PI-controller gains for the voltage control scheme.
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Fig. 5-7 Block diagram for the voltage across the filter capacitance the SEIG emulator.
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Fig. 5-8 Block diagram for the voltage control scheme of the SEIG emulator.
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The reference voltage signals v,, and v,, are set corresponding to the generator stator
voltages in dq-frame, vg4 and vg,. The reference current signals are determined in the s-domain
as given in (5-35) and (5-36). A decoupling feedforward compensation is added in order to

eliminate the coupling between the dg-frame output voltages v,4 and v,4 [98]. Moreover, this

*

iq> respectively. The output

configuration enables independent control of v,4 and v,4 by i;; and i
or load currents i,4 and i,4 are included by means of a feedforward compensation scheme. Their
measures are added to the reference currents if; and i, as shown in Fig. 5-8. By this way, the

compensated system will mitigate the impact of load dynamics on output voltages and avoid
undesirable transients and hence, it will operate under all loading conditions mostly the same

way as the system without compensation would perform under no-load condition [99].

Ii4(s) = Uia(s) = CrLf{wvog} + Ioa(s) , (5-35)

Ii*q (S) = Uiq (S) + CfL{wvod} + qu (S) ’ (5'36)

where w is the angular speed of the arbitrary reference frame which is fixed in the rotor w =

wr, and U;4 and U, are current control inputs which are defined as follows:

Uia(s) = Gy * (Vga(s) = Voa(s)) (5-37)

Uiq(s) = Gy * (Voq (5) = Vog (s) ) - (5-38)

By substituting for I;;(s) and I, (s) of (5-35) and (5-36) in (5-27) and (5-28), respectively,
one can result in the currents I;4(s) and I;; (s). If the resulted variables are then substituted in

(5-32) and (5-33), the impact of the load or output current on the output voltage can be

represented as the following:

Voa(s) = Ap(s) Vog(s) + Cr Be() L(wVoq) = Be(S) loa(s) , (5-39)

Voq(s) = Ay(s) Vog (s) = Cr Be(s) L>wvoq) = Be(5) Iog(s) (5-40)

where
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_ Hi(5)Gy(s)
Ay(s) = Crs+H;(5)Gy(s)

B(s) = —22HO__ ond [1— Hy(s)] = —25—

Crs+Hi(s)Gy(s) ’ T;s+1

It is worth to mention that A,,(s) is equivalent to the transfer function of the closed-loop
voltage control scheme while, the transfer function B.(s) is available in the last two terms of
(5-39) and (5-40). H;(s) has a unity DC gain while [1 — H;(s)] has a zero DC gain. Since the
current control time constant 7; is very small hence, B;(s) can be ignored over a wide frequency
range which simplifies the controller design.

The voltage controller G, (s) is designed so that the output voltage can track the calculated
reference voltage signal and ensure a fast response and zero steady-state error. Since the dg-
frame is fixed in the rotor, the dq-voltages are varying at an insignificant frequency at no-load
conditions that is the slip frequency. On the other hand, when it is loaded, the slip frequency
will be of a few Hertz. Hence a simple PI controller as in (5-34) is employed.

The compensator design is carried out with the aid of the frequency-response or Bode plot

for the open-loop transfer function calculated as in (5-41).

£) = Hi9)Go(5) (25) = 72 (225) & (5-41)

Crs Crti \s+p/ s?

K 1 .
where z = Ki andp = — are system design parameters and always z < p.
Pv i

The controller parameters are chosen according to the method of symmetrical optimum
[100], which is a standard design procedure for transfer functions that contain a double
integration when the controller is included. The frequency response of the open-loop voltage
control scheme that is represented by (5-41) is illustrated in Fig. 5-9. It shows the phase margin
at the crossover frequency w, and the desired side frequencies w; and wy,.

The unity-gain crossover frequency or system bandwidth occurs at w, rad/s. At frequencies
lower than w,, the gain is maintained high while at frequencies higher than w,, the gain is kept

low. The ratio of the two corner frequencies is given by:



The crossover frequency is chosen as the geometric mean of the two corner frequencies.
This results in a maximum phase margin and then improve the transient performance of the

closed-loop system. It is determined as follows:

log w, =w = W, =.+Z*p . (5-43)
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Fig. 5-9 Open-loop system Bode plot.
The expression for the phase margin is found from (5-41) to be:

@ =tan"lwz — tan twp . (5-44)

The maximum phase margin is found at the frequency at which d¢/dw = 0 as follows:

Pmax = Sin™1 (M) =sin™?! (%) = sin™1 (%) ) (5-45)

whtw;

Hence, the controller gain Kp,, is obtained from the solution of |#( jw,)| = 1 as follows:
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] Kpy /wg+zz
[t(jwdl = —FF7—==1, (5-46)

fliwe a)§+p2

since < w, K p , one can obtain the gain as follows:
Kpy, = Cra . (5-47)

It is clear that the closed-loop voltage control system is of the third order. It has one real
pole at the crossover frequency while the locations of the other two poles rely on the phase
margin. A phase margin around 55° is sufficient to locate the other two poles at the same
frequency of w.. This kind of open-loop frequency response shows its efficient tracking
capabilities at low frequencies with high gain and its capability to attenuate the noise at high
frequencies with low gain. The power electronic hardware data and calculated parameters for

the control system are provided in Table C-4in Appendix - C.

5.6 Experimental Results and Discussion

To investigate the effectiveness of the developed converter-based SEIG emulator and its
controller capability at different operating conditions, its performance is compared with the
output characteristics of the real 5-hp SEIG running at similar operating conditions. The
experimental setup for the emulation system is shown in Fig. 5-10. It mainly consists of a two-
level IGBT VSC from SEMIKRON [76] which runs as an emulating converter, an inductive-
capacitive (LC) coupling filter, a real-time controller that runs the machine model and VSC
control scheme, resistive load bank, and voltage/current sensors. The maximum capability of
the developed emulator relies primarily on the VSC design which is rated at about 11 kVA and
corresponds to approximately 15 hp. Meanwhile, the terminal voltage range can vary between
0-220 V and a frequency range of 0-60 Hz [76].

The induction machine model with the modified parameters including the saturation effect
in both the main and leakage flux paths is implemented in MATLAB/Simulink. Furthermore,
the simulation includes the excitation capacitance and the VSC control scheme. The complete
Simulink file is run and built in real-time using dSPACE DS1103 controller. The fourth-order

Runge-Kutta solver option with a fixed-step time is selected during simulation and code
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generation. The minimum possible sampling time used to solve the differential equations related
to the induction machine, the excitation capacitance and current filters is 110 us. Hence, the
switching frequency of the VSC as well as the bandwidth of the control schemes are defined.
In this work, it is assumed that the generator is driven by a prime-mover in which the speed
is the system input and varying with time until it reaches a constant speed. However, it can be

modified as preferred since it has been added to the simulation part.

Two-Level
IGBT VSC

Resistive | ;
Load

Fig. 5-10 Experimental setup for the converter-based SEIG emulator system.

5.6.1 SEIG Model with modified parameters verification

The saturation effect in both main and leakage flux paths was implemented in the machine
model. To prove the effectiveness of using the SEIG model with modified parameters, an
experimental run of the real machine at no-load and loading conditions were implemented. The
test results were compared with the generator model running at similar operating conditions.
Fig. 5-11(a) and (b) show the load characteristics of the 5-hp SEIG indicating the variation of
the terminal voltage, frequency, and power with the load current for two excitation capacitance
values (36 and 40 puF per phase) and a unity power factor. As expected, terminal voltage drops
with load while the load power rises then tends to reduce with excessive loading. The close

agreement between the predicted and measured values for terminal voltage and power is
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observed. When an excitation capacitance of 36 uF is connected to the output terminal of the
generator, the frequency drops by approximately 4% from no-load to a load of about 265
W/phase while a frequency drop of almost 6% occurs at a drawn power of around 370 W/phase

when a capacitance of 40 puF is connected to the generator’s terminals.
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Fig. 5-11 Measured and predicted output performance of the 5-hp SEIG for two different excitation
capacitance values. (a) V-I output characteristics. (b) P-I output characteristics.

The dynamic response of the machine model is compared with the experimental results of
a real 5-hp SEIG running under similar operating conditions. Fig. 5-12 shows the predicted

dynamic response of voltage buildup process of the SEIG that considers the saturation effect in
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both main and leakage flux paths under no-load condition. The excitation capacitance has been
calculated from the magnetizing current characteristics at a rated voltage to be around 36 pF.
The speed of the prime-mover is gradually driven from standstill and to a speed of 1800 rpm
within 6 s that is shown in Fig. 5-12(a). The impact of the generator speed can be noted on the
output frequency of the generator. The generated sinusoidal voltage reaches its steady-state at
the rated voltage and frequency after about 7 s as presented in Fig. 5-12(b). The buildup process
could reduce if a larger capacitance would have been used while the terminal voltage would rise
as well. The generator current shown in Fig. 5-12(c) is supplied by the excitation capacitance in

order to maintain the stator magnetic field.
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Fig. 5-12 Predicted response of the 5-hp SEIG during buildup with C = 36 pF. (a) Frequency. (b) Generator
terminal voltage. (c) Generator line current.
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On the other hand, the experimental results of the 5-hp SEIG running under similar
operating conditions are shown in Fig. 5-13. There is a good agreement between the predicted
and measured results. However, small discrepancies during the buildup process can be observed,
this could be due to the inaccurate estimation of the residual flux in the machine. However, this
is not the main objective of this work and hence, the SEIG model and its modified parameters
can be used in the emulation system to mimic closely the dynamic and steady-state operation of

a real induction generator.
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Fig. 5-13 Measured responses of real 5-hp SEIG during buildup with C =36 pF. (a) Frequency. (b) Generator
terminal voltage. (¢) Generator line current.
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5.6.2 SEIG emulator during voltage buildup

In order to demonstrate the effectiveness of the developed emulator with its control and
to study its dynamic response, the system is used to emulate the SEIG during the voltage buildup
at the no-load. The machine model with its modified parameters has been run in RTS. The
generator is driven from standstill gradually to the speed of 1800 rpm as shown in Fig. 5-14(a),
however, any speed profile e.g. wind, hydro, can be used. The output frequency of the generator
follows its speed profile. In this part, a larger excitation capacitance of 40 pF is used and hence,
the generated voltage has increased. This is observed in the terminal voltage response of the
generator running in RTS in Fig. 5-14(b). Moreover, the generator’s terminal voltage builds up
faster, the figure shows a buildup duration of less than 6 s. The terminal voltage of the emulating
converter shown in Fig. 5-14(c), replicates the generator response calculated in the RTS.
Fig. 5-14(d) and (e) show zoom-in views of the emulating converter terminal voltage
superimposed to the generator output voltage calculated in RT at different operation times.
Fig. 5-14(d) demonstrates the case during highly dynamic buildup process at a time around 7.5
s while Fig. 5-14(e) exhibits the voltage response at steady-state operation. There is a good
agreement between both responses with some ripples around the desired value. This is due to

the switching frequency of the PWM technique used to switch the six power electronic devices.
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Fig. 5-14 Experimental results of the SEIG emulator buildup process at no-load with C = 40 puF; (a) output
frequency, (b) generator model terminal voltage in RTS, (c) generator emulator terminal voltage, (d) a zoom-
in during building up at t = 7.7 s, (e) a zoom-in at steady-state at around t = 35 s.

During voltage buildup and unloading condition, the generated voltage and variation of the
magnetizing reactance are the primary quantities to be concerned. Fig. 5-15 demonstrates the
variation of the magnetizing reactance and both stator and rotor leakage reactance parameters
during voltage buildup process of the SEIG emulator. It can be noted that the value of X, is
varied from the unsaturated value about 79 Q to the saturated one about 64.5 Q during the
interval corresponds to the variation of the generated voltage from transient state to its steady-
state value. The rotor current is negligible at the no-load condition and hence, X;,- maintained
constant. The reactance reduction in the main field is significant compared to the stator part in

which it is considered almost constant [89].
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Fig. 5-15 Measured leakage and magnetizing reactance parameters variation in RT during voltage buildup at
no-load condition of the SEIG emulator.

At no-load condition, the slip is insignificant which is about -0.3042x107. Since the
stationary circuit variables are referred to a reference frame fixed in the rotor (8 = 6,.) hence,
the d- and g-axes terminal voltages of the SEIG emulator are varying at a very low slip frequency
that is approximately equal to 18 mHz as displayed in Fig. 5-16 and represented by the Park’s

transformation [4]:

[vds] _ [Km sin(6 — wt) ] _ [ Vp sin(w,t — wgt)

Vgs cos(0 — wgt) V,, cos(w,t — wgt)

-V, sin(ws — wr)t]

Vi cos(wg — w,)t (5-48)

Furthermore, the dq-voltages measured across the terminals of the SEIG emulator are
compared with the dg-voltages of the generator model calculated inside the RTS. Fig. 5-16(a)
and (b) reveal a good agreement between the two responses during voltage buildup process and
at the steady-state condition. Therefore the cascaded controllers using the conventional PI terms

are capable to track appropriately the reference signals calculated in RT.
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Fig. 5-16 Measured output voltage of the SEIG emulator during voltage buildup at no-load condition
compared to the one calculated in RTS; (a) d-axis generator terminal voltage, (b) q-axis generator voltage.

5.6.3 SEIG emulator during loading condition

The performance of the SEIG emulator is tested during a loading circumstance and when
it reaches the steady-state condition. An actual balanced three-phase wye-connected resistive
load of 25 Q is connected to the terminals of the emulating converter and the real current is
recorded. The SEIG emulator has been primarily driven at a speed of 1800 rpm at no-load with
an excitation capacitance of 40 uF. The load has been applied at around 11.8 s and the dynamic
results of the SEIG emulator are compared with the response of the generator model run in real-
time. Fig. 5-17(a) and (b) show respectively the dynamic responses of experimental results of
the studied no-load SEIG emulator and generator model running in real-time when the emulator
1s subjected to a sudden connection of resistive loads. In general, a good agreement between the
two responses is noted. The VSC controller is able to track the voltage reference in less than
half cycle during loading as demonstrated in Fig. 5-17(c) and at the steady-state condition as
shown in Fig. 5-17(d). Moreover, the figure reveals that loading causes an obvious terminal
voltage drop. The feature is mainly referred to the variation in the magnetizing reactance shown
in Fig. 5-18 which pushes the reactance in the main field to the unsaturated region and causes
the voltage to have a significant drop. On the other hand, loading the generator causes an
increase in the stator and rotor currents and hence, pushes the leakage reactance values of the
machine into a deeper saturation region. The reduction in the rotor leakage part is significant
compared to the stator part in which it is considered almost constant [89].

Fig. 5-17(e) shows the actual current drawn from the generator emulator. It reveals a zero
current prior to load application while an inrush current is drawn at the instant of switching on

the load. The load current reaches the steady-state condition after about 1.2 s.
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During loading, a sharp negative increase in the electromagnetic torque of the SEIG is
clearly noted in Fig. 5-19(a). The rapid rise at this moment is related to a large demand of active
power to be supplied by the generator. The torque is then declined gradually to reach its steady-

state condition.
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Fig. 5-17 Experimental results of the SEIG emulator during loading condition with Rr =25 Q; (a) generator
terminal voltage in RTS, (b) emulator terminal voltage, (¢) zoom-in during loading condition around t = 11.8 s,
(d) zoom-in at steady-state at around t = 20 s, and (e) actual load current.
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Fig. 5-18 Measured leakage and magnetizing reactance parameters variation in RT during SEIG emulator

loading condition with Ry = 25 Q.

As discussed earlier, the slip at no-load condition is insignificant, s = -0.3042x 107 as shown

in Fig. 5-19(b). Hence, the dg-frame voltages of the SEIG that are calculated in RTS are varying

with a very low slip frequency (approximately 18 mHz). After loading condition, the slip

increases to around s = -0.033. Therefore, the dg-frame voltages vary as a function of the slip

frequency which is in this case about 2 Hz as shown in Fig. 5-20. The controller uses a reference

frame fixed in the rotor and hence, the dg-voltages are again represented by (5-48).

Gen Torque (N.m)




0.02

0
e
% -0.02
-0.04
-0.06
Time (s)
(b)

Fig. 5-19 Experimental results of the SEIG emulator during loading condition with Ry, = 25 Q; (a) generator
emulator torque calculated in real-time, (b) generator slip ratio.

Since the slip frequency is within the bandwidth of the designed controller of the emulator,
a PI controller in the dgq-coordination is quite enough to track accurately the desired voltages.
To ensure the effectiveness of the control scheme used in this work, the dg-voltages measured
across the emulator terminals are compared to the model variables calculated in RT. Fig. 5-20(a)
and (b) reveal a good correlation between the two responses during loading condition. Hence,

the developed emulator can emulate accurately the dynamic performance of a real SEIG.
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Fig. 5-20 Measured output voltage of the SEIG emulator during loading condition with Ry, =25 Q compared to
the one calculated in RTS; (a) d-axis generator terminal voltage and (b) q-axis generator terminal voltage.
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5.7 Summary

In this chapter, a power electronic converter-based self-excited induction generator
emulator is developed. The testbed replaces a wind- or microhydro-turbine driven squirrel-cage
induction generator that works within an isolated power system to feed the power in remote
areas. It helps testing and analyzing the dynamic performance of an islanded microgrid
generation system which comprises various kinds of parallel-operated renewable energy
sources. Hence, the risk and cost associated with the testing, analysis and development of novel
control topologies, electrical machine prototypes, and another renewable energy system will be
considerably reduced.

The dg-model of the induction generator with modified machine reactance parameters in
the rotor reference frame was implemented. The saturation effect in the main and both rotor and
stator leakage flux paths were included in the machine model. The predicted response of the
generator during voltage buildup was compared and verified experimentally with the response
of a real 5-hp induction generator. The predicted output (V-1, {-1, and P-I) characteristics of the
generator were verified experimentally with the real machine’s characteristics.

The validated model was implemented in RTS and the dq-frame terminal voltages were
used as reference signals for the emulating converter cascaded controller to follow. The voltage-
type ideal transformer model was used as a power interface for the SEIG emulator and the
excitation capacitance had been included in the PHIL simulation block diagram. The PHIL
system revealed an appropriate operation especially when the time delay of the system and the
current filter in the feedback path were introduced. Likewise, the dynamic performance of the
SEIG emulator testbed was experimentally compared with the output response of a 5-hp SEIG-
dynamometer setup. The comparison includes the transient performance during voltage buildup
process at the no-load condition and when the generator terminals are connected to a balanced
three-phase resistive load. The results validate the effectiveness of using the developed emulator

to resemble closely a real induction generator.
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Chapter 6. Conclusions and Future Work
This Ph.D. work is devoted to

e Developing a power electronic converter-based induction machine emulator which
can then be used to mimic closely the dynamic performance of a real machine when
it is running as a motor. This offers a flexible platform for testing and analyzing
industrial converter designs and novel control algorithms in a laboratory safe
environment.

e Secondly, developing a power electronic converter-based self-excited induction
generator. This testbed can replace a wind- or microhydro-turbine driven squirrel-
cage induction generator that works within an isolated power system to feed electric
power in remote areas. Furthermore, it supports testing and analyzing the dynamic
performance of islanded generation systems which comprise numerous kinds of
parallel-operated renewable energy sources. Therefore, the risk and cost associated
with testing, analysis and development of novel control topologies, and electrical

machine prototypes are reduced significantly.

6.1 Conclusions

In Chapter 1, a review of different kinds of developed machine emulation in the literature
showed that conventional or simplified machine models were used. The developed emulation
systems were used only when the emulated machine was running at steady state or when the
current drawn by the emulating converter is at low levels. The saturation effect in both main and
leakage flux paths was ignored. As an attempt of increasing the power capability of the emulated
machine, complicated converter structures and a large number of devices and common-mode
chokes were used. This may result in different system delays, control complexity and
prospective faults. The cost will also increase. Some of the developed systems showed different
transients between the model and emulator. Complicated filter arrangements were used as
coupling elements which results in: control topology complexity and a significant reduction in
the emulation bandwidth and hence accuracy, the possibility of LC oscillation/resonance leading
to stability issues, and additional losses in the damping resistances leading to a reduced

emulation efficiency. Therefore, there is a necessity to develop a machine emulation system

95



which uses a comprehensive or detailed machine model, modest control scheme, and a simple
coupling filter arrangement.

In order to have an accurate operation of the induction machine emulator and a close
prediction for the machine performance, the conventional model of the induction machine with
constant parameters does not represent accurately the performance of this machine with severe
transients such as direct online startup and loading conditions. Hence, the magnetic saturation
effects should be considered in the machine model. Therefore, experimental procedures based
on IEEE Std. 112™ and IEC 60034-1 were implemented in chapter 2 to determine the
machine’s leakage and main flux saturation characteristics which were then included in the dg-
model. Machine models that consider or neglect the main and leakage flux saturation were
compared with experimental results. The model which considers the magnetic saturation effect
in both flux paths results in more accurate transient response calculations.

The relationship between the stator and rotor leakage reactance of the induction machine
according to IEEE Std. 112™ is assumed to be constant under all operating conditions.
However, this is not substantially accurate during severe transients such as the direct online
startup and loading conditions of a three-phase induction motor. The reactance in the main and
leakage flux paths of the induction machine can vary widely during severe conditions. Hence,
using constant parameters in the machine model will result in an inaccurate dynamic
performance prediction and significant errors may occur when designing the control scheme.
Moreover, considering a constant ratio between the stator and rotor leakage reactance is no
longer valid for all current levels. Therefore, a direct and precise method utilizing a 2D FEM
with coupled circuit was proposed in chapter 3. It estimates and separates the stator and rotor
leakage reactance parameters under normal operating conditions and when the core is deeply
saturated. The dq-model of the machine with newly modified parameters was compared to the
dynamic responses obtained experimentally from a three-phase, 5-hp squirrel-cage induction
motor. Results acknowledged considering the effect of the current-dependent X;5/X;, ratio on
the performance of the induction machine.

In chapter 4, the developed induction motor emulator which used the induction machine
model with modified parameters was tested. The measured responses and comparison results
verified the effectiveness of using the emulation system to resemble closely the dynamic

response of an actual motor specifically during severe transient and steady-state conditions. The
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PR-current controller in the abc-frame showed its ability in eliminating the steady-state error
with time-varying reference signals close to the grid frequency. However, it is still weak when
frequency changes. A possible method to mitigate this concern was achieved by inserting a
damping factor as discussed in this chapter. For variable frequency applications, it is required
that the resonant frequency of the PR-controller is continuously adjusted to match the output
fundamental frequency.

As discussed in Chapter 5, an interface algorithm is essential to link the software and
hardware. It can be implemented using numerous methods available in the literature, leading to
different degrees of accuracy and system stability for the PHIL simulation. However, the ideal
transformer model (ITM) method is simple to implement and highly accurate. Therefore, it was
implemented in this work and its stability was also guaranteed for most generator operating
conditions. During the no-load condition of the SEIG emulator, the slip was insignificant.
Hence, the dg-frame voltages of the SEIG calculated in real-time vary at a very low slip
frequency s = -0.3x107. After loading, the slip increased to around s = -0.033. Therefore, the
dg-frame voltages varied as a function of the slip frequency of 2 Hz. Since the controller used a
reference frame fixed in the rotor and the slip frequency was within the bandwidth of the
designed controller of the emulator, a PI controller in the dgq-frame was quite enough to track
accurately the desired voltages and hence, the developed emulator could emulate closely the

real SEIG operation and its dynamic performance.

6.2 Future Work

Improvements and prospective research works are addressed based on the acquired

experiences throughout this work as follows:

e [t is difficult to separate and measure the end-winding leakage field independently from
the leakage field in the machine core. Therefore, in this work, the comparison of the
obtained results with the measured data was accomplished in terms of the total stator
leakage reactance instead of considering the end-winding leakage reactance separately. To
mitigate the discrepancies between the FEM model and experimental results during startup,
a more accurate end-winding reactance can be estimated by using a three-dimensional FEM.

Its updated value can be connected the coupled circuit in FEM software.
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e The developed induction motor emulator can be expanded by adding a third two-level
converter which can be controlled to run as a driving converter. Different speed control
techniques such as V/f, direct torque control, and other novel control schemes can be tested.
Higher power capability emulating converter can be used to extend the voltage and current
capabilities of the emulated induction machine. Hence, the DOL startup can be
implemented at full-voltage. Moreover, a higher bandwidth converter would produce lower
current ripples when the emulator converter is running at no-load conditions or low drawn
current values. Modifying the PR-controller scheme so it can work with variable frequency

applications.

e The developed induction generator emulator can be tested for different electrical loads
such as nonlinear loads (uncontrolled and controlled rectifiers). Furthermore, it can be used

to emulate a fault on output terminals or on one of the capacitance.
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Appendix - A
abc/dq Coordinates Transformation

A change of variables that formulates a transformation of the three-phase abc-coordinate
variables of a stationary circuit elements to the dqo-arbitrary reference frame coordinate is

expressed as the following formula [4]:

quO =T fabe (A-1)
where
fd fa
quO = ﬁ] and fape = fo (A-2)
fo fe

The transformation matrix when the rotating frame is aligned 90° behind the stator a-axis,

is given as follows:

. . 21 . 21
l[sm wt sin (a)t - ?) sin (cut + ?)]l
=2 _zr 2 -

T = 3|cos wt cos(wt 3) cos(wt+ 3)| (A-3)

l 1 1 1 J

2 2 2
The inverse transformation is given as follows:
fabe = T_lquo (A-4)
where
sin wt cos wt 1

7-1 — [sin (wt - 2{) cos (wt - 2?”) 1 (A-5)

sin (wt + 2{) cos (wt + 2?”) 1
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Appendix - B
LCL Transfer Function

Equations (4-3) - (4-6) can be re-written in s-domain as follows:

L;(s) = Ic(s) + I (s) , (B-1)

Vi(s) = Vpce(s) + (Lis + R)I(s) (B-2)
Voce(s) = Vo (s) = (Lys + Ry )¢ (s) , (B-3)
Vece(s) = L e(s) (B-4)

For filter analysis, v; is considered as a disturbance signal and hence v; = 0, (B-2) becomes:

Vpec(s) = —(Lis + R)I(s) . (B-5)
By equating (B-4) and (B-5):
Vecc(s) = L 1e(s) = =(Lis + ROI(S) . (B-6)

I can be calculated as follows:

LinS2 +RiCys

I;(s) . (B-7)

RgCrs+1 t

Ic(s) = —

By substituting (B-7) in (B-1), one can get:

RgCrs+1

li(s) = Licf52+(Ri+Rd)cfs+11f(S) ' (B-8)
If (B-5) is substituted in (B-3), one can get:
Vo(s) = —(Lis + R)I;(s) — (Lgs + Ry ) I (s) (B-9)

And then, (B-8) is substituted in (B-9) to get:

—RdLinSZ—(Li+RiRdCf)S—Ri

Vo(s) = LiCrs?+(R+R)Crs+1 (Lys + Rf)] Ir (s)
_ —LiLfoS3—(RdLl'+RfLi+RiLf+Rde)CfSZ—(Li+Lf+Rl'RdCf+RinCf+RdeCf)S—(Ri+Rf) I ( )
- LinSZ+(Ri+Rd)CfS+1 f §
Hence, the transfer function of the whole coupling filter can be described as follows:
i)
B () =36
_ LinSZ+(Ri+Rd)CfS+1 (B 10)

- —LiLfCps3—(RqLi+RLi+R;Lf+RqLf)Crs?—(Li+Ls+RiRqCr+RiRrCr+RaRfCr)s—(Ri+Ry)
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Appendix - C

System Parameters and Specifications

Table C-1 IM under test specifications and some design parameters

Three-phase, 5-hp, 220 V, 60 Hz, 16 A, 1730 rpm, C-Class, A-Connected squirrel-cage induction

motor
Parameter Value Parameter Value
Stator outer diameter 188 mm No. of poles 4
Stator inner diameter 109 mm No. of stator slots 36
Rotor outer diameter 108.45 mm No. of rotor bars 28
Rotor inner diameter 33.5 mm Stator winding factor 0.96
Air gap thickness 0.275 mm Stator winding layers single/double
Stack length 125 mm No. of turns for each coil 48/24
Skewing of rotor bars 1.5/36 No. of coils per-phase 4
End-winding reactance 0.12Q No. of parallel branches 2
End-winding resistance 0.45Q Steel type M-45 29 GA
End-ring reactance 18.76x10-6 Q  Wire 21 SWG area 0.5189 mm2
End-ring resistance 4.21x10-6 Q No. of search coil turns 1

Table C-2 SEIG measured parameters and specifications

Three-phase, 5-hp, 4-pole 220 V, 16 A, 60 Hz, 1730 rpm, A-connected
Squirrel-cage induction machine

Parameter Value

Stator resistance R 0.9649 Q
Rotor resistance R, 1.3046 Q
Moment of inertia J,,, 0.0138 Kg.m?
Friction coefficient B, 0.0021
Excitation capacitance C 36 pF

Table C-3 Magnetizing and leakage reactance saturation parameters

Parameter Value Parameter Value Parameter Value
ki 111.7 ky 3.807 Cy 3.45

k, 97 kso 2.003 C3o 0.1347
k3o 1.342 ks 2.885 C3 0.1182
ks 1.9194 koo 3.512 Cs0 0.0105
k4o 2.353 C1 0.1502 Cy 0.0058
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Table C-4 Hardware and control systems parameters

Voltage source converter (VSC): three-phase, two-level IGBT inverter from
SEMIKRON, SKM 50 GB 123D, 440 VAC, 30 A [76]

Parameter Value Parameter Value
Supply voltage V; 220 Vi Le 1 mH
Supply frequency f; 60 Hz R 0.12 Q
Sampling time T 110 us Cr 6.67 uF
Delay time Ty 15 us Ve 300V
Switching frequency f,, 9kHz Kp; 1.43
Crossover frequency w, 450 rad/s K 171.43
T; 0.7 ms Kp, 0.003
R; 17-50 Q K, 0.4265
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