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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 dq-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 dq-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 dq-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 

CO2 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 
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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. 

 

 

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. 
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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 dq-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.  
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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 dq-model of the induction machine. 

c) 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) Utilizing the dq-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. 

b) Designing and setting up the power electronic converter with the coupling inductor. 

c) 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) 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. 

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

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

c) 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 
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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. 

 

 

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 
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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]  [11] [12]- [13] [14] [15], synchronous generators 

as in [16] [17]- [18] [19], and static systems or machines such as transformers and different power system 

loads for diverse testing purposes as in [20]  [21] [22] [23]- [24] [25]  [26] [27]. Examples of emulating renewable energy 

systems in a hardware testbed (HTB) are also available in the literature [28]  [29] [30]- [31] [32] [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-
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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 dq-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 
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‘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. 
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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 
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voltage references for the converter in the dq-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 

 

Fig. 1-4 Inverter control for emulation of a synchronous generator [18]. 
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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] [29]- [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. 

               Item 
 

Case Study 

Virtual induction 
machine power 

rating/reference frame 

Current 

controller 

reference 
frame 

Switching 

frequency 

Coupling 

network 
Concerns  

Publishing 

year 

H. J. Slater et al. 
[12] 

4 kW 

dq-stationary reference 

frame 

PI-based 
natural-abc 

13 kHz L 

- Studies only motor running 

at steady state. 

- Saturation effect is ignored. 

May 1998 

M. Armstrong et 

al. [14] 

56 kW 

dq-stationary reference 
frame 

PI-based 

natural-abc 
6 kHz L 

- High power levels with 

limited power electronic 

device switching frequency. 

- Saturation effect is ignored. 

Sep. 2005 

Y. S. Rao and  
M. Chandorkar 

[26] 

3 kW 
dq-stationary reference 

frame 

PI-based 

natural-abc 
10 kHz LCL 

- Inaccurate current tracking. 

- Distorted emulator currents. 

- High oscillations in 

calculated torque. 

- Using six current transducers 

(grid and emulator currents). 

- Saturation effect is ignored. 

Apr. 2010 

S. Grubic et al. 

[13] 
dq-model 

PI-based 

natural-abc 
12 kHz LC 

- Structure complexity. 
- A large number of devices 

and common-mode chokes. 

- Cost 

- Saturation effect is ignored. 

Apr. 2010 

O. Vodyakho et 
al. [10] 

25 kVA 

dq-synchronously 
rotating reference 

frame 

PI-based dq 
coordinates 

5 kHz LCL 

- Increasing the number of 

coupling network will 

increase the complexity of 

the control. 

- Saturation effect is ignored. 

Mar. 2012 

J. Wang et al.  

[22] 

10 kW 
dq-synchronously 

rotating reference 

frame 

PI-based dq 

coordinates 
10 kHz L 

- Different transients between 

the model and emulator. 

- Saturation effect is ignored. 

Apr. 2016 

 

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-112TM. 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-112TM 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 



 

13 

 

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 dq-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 IEEE 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 IEEE 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)  

https://doi.org/10.1109/TTE.2018.2824619
https://doi.org/10.1109/TIE.2016.2618755
https://doi.org/10.1109/PEDES.2016.7914307
https://doi.org/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 dq-frame in the synchronous reference is 

presented. The machine model is simulated in Matlab/Simulink® using parameters measured 

based on IEEE Std. 112TM [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 dq-model, two stator windings (𝑞𝑠 and 𝑑𝑠) replace 

the three-phase stator coils (𝑎𝑠, 𝑏𝑠, and 𝑐𝑠), while another two rotor windings (𝑞𝑟 and 𝑑𝑟) replace 

the three-phase rotor coils (𝑎𝑟, 𝑏𝑟, and 𝑐𝑟) as shown in Fig. 2-1 [5]. 

The subscript (𝑠) denotes variables and parameters associated with the stator circuits, and 

the subscript (𝑟) 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. 
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Fig. 2-1 Three-phase induction machine windings distribution in abc and dq axes [5]. 
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The abc-model variables 𝑓𝑎𝑏𝑐 should be transformed into the dq-model variables 𝑓𝑑𝑞0 with 

an arbitrary angle value 𝜃 and angular speed 𝜔 =
𝑑𝜃

𝑑𝑡
 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 dq-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. 

 

𝑣𝑑𝑠 = 𝑅𝑠𝑖𝑑𝑠 +
𝑑𝜆𝑑𝑠

𝑑𝑡
− 𝜔𝑠𝜆𝑞𝑠  (2-1) 

𝑣𝑞𝑠 = 𝑅𝑠𝑖𝑞𝑠 +
𝑑𝜆𝑞𝑠

𝑑𝑡
+ 𝜔𝑠𝜆𝑑𝑠  (2-2) 

𝑣𝑑𝑟 = 𝑅𝑟𝑖𝑑𝑟 +
𝑑𝜆𝑑𝑟

𝑑𝑡
− (𝜔𝑠 − 𝜔𝑟)𝜆𝑞𝑟  (2-3) 

𝑣𝑞𝑟 = 𝑅𝑟𝑖𝑞𝑟 +
𝑑𝜆𝑞𝑟

𝑑𝑡
+ (𝜔𝑠 − 𝜔𝑟)𝜆𝑑𝑟  (2-4) 

+   - 
RS Lls

ω λds

LM

+

vqs 

-

Llr

-   + 

(ω-ωr) λdr
Rr

+

vqr

-

-   + 
RS Lls

ω λqs

LM

+

vds 

-

Llr

+   - 

(ω-ωr) λqr
Rr

+

vdr

-

iqs

ids

iqr

idr

λdrλds

d-axis

q-axis

λqs λqr

 

Fig. 2-2 dq-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: 

 

𝜆𝑑𝑠 = 𝐿𝑙𝑠𝑖𝑑𝑠 + 𝐿𝑀(𝑖𝑑𝑠 + 𝑖𝑑𝑟) (2-5) 

𝜆𝑞𝑠 = 𝐿𝑙𝑠𝑖𝑞𝑠 + 𝐿𝑀(𝑖𝑞𝑠 + 𝑖𝑞𝑟) (2-6) 

𝜆𝑑𝑟 = 𝐿𝑙𝑟𝑖𝑑𝑟 + 𝐿𝑀(𝑖𝑑𝑠 + 𝑖𝑑𝑟) (2-7) 

𝜆𝑞𝑟 = 𝐿𝑙𝑟𝑖𝑞𝑟 + 𝐿𝑀(𝑖𝑞𝑠 + 𝑖𝑞𝑟) (2-8) 

 

where 𝑣𝑑𝑠 and 𝑣𝑞𝑠 are the stator terminal voltages in the d- and q-frame, respectively; 𝑣𝑑𝑟 and 

𝑣𝑞𝑟 are the rotor terminal voltages in the d- and q-frame, respectively which go to zero in the 

case of the squirrel-cage machine; 𝑖𝑑𝑠 and 𝑖𝑞𝑠 are the stator currents in the d- and q-frame, 

respectively; 𝑖𝑑𝑟 and 𝑖𝑞𝑟 are the rotor currents in the d- and q-frame, respectively; 𝜆𝑑𝑠 and 𝜆𝑞𝑠  

are the stator flux linkages in the d- and q-frame, respectively; 𝜆𝑑𝑟 and 𝜆𝑞𝑟 are the rotor flux 

linkages in the d- and q-frame; and 𝑅𝑠 and 𝑅𝑟 are the stator and rotor resistances, respectively. 

𝜔𝑠 is the electrical angular frequency of the synchronously rotating reference frame; 𝜔𝑟 is the 

electrical angular frequency of the rotor; 𝐿𝑙𝑠 and 𝐿𝑙𝑟 are the leakage inductances of the stator 

and rotor, respectively; and 𝐿𝑀 is the mutual or magnetizing inductance. These inductances are 

denoted by their respective reactance values given as 𝑋 = 𝜔𝑠𝐿. 

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

 

𝐽𝑚
𝑑𝜔𝑚

𝑑𝑡
= 𝑇𝑒 − 𝑇𝐿 − 𝐵𝑚𝜔𝑚 , (2-9) 

 

where 𝑇𝐿 is the load torque, 𝐽𝑚 is the moment of inertia of the machine, 𝐵𝑚 is the friction 

coefficient, and 𝜔𝑚 is the mechanical angular speed of the machine 𝜔𝑚 =
2

𝑃
𝜔𝑟 . 𝑇𝑒 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: 

 

𝑇𝑒 =
3

 2 

𝑃

2
 (𝜆𝑑𝑠𝑖𝑞𝑠 − 𝜆𝑞𝑠𝑖𝑑𝑠) , (2-10) 

     =
3

 2 

𝑃

2
 (𝜆𝑞𝑟𝑖𝑑𝑟 − 𝜆𝑑𝑟𝑖𝑞𝑟) , (2-11) 
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This expression yields the torque expressed in terms of currents as: 

 

𝑇𝑒 =
3

 2 

𝑃

2
 𝐿𝑀(𝑖𝑞𝑠𝑖𝑑𝑟 − 𝑖𝑑𝑠𝑖𝑞𝑟)  (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: 

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

𝑅𝑠 and 𝑅𝑟 of the motor windings are considered constant. 

 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-112TM and specifications at rated conditions. 

Three-phase, 5-hp, 4-pole, 220 V, 16 A, 60 Hz, 1730 rpm, Δ-connected 

Squirrel-cage induction machine 

Parameter Value 

Stator resistance 𝑅𝑠  0.9649 Ω  

Rotor resistance 𝑅𝑟 1.3046 Ω 

Magnetizing reactance 𝑋𝑀 76.5378 Ω 

Stator leakage reactance 𝑋𝑙𝑠 1.8990 Ω 

Rotor leakage reactance 𝑋𝑙𝑟  4.4164 Ω 

Moment of inertia 𝐽𝑚  0.0138 Kg.m2 

Friction coefficient 𝐵𝑚  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 𝐿𝑀 or reactance 𝑋𝑀 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 𝑋𝑙𝑠 ≪ 𝑋𝑀, the stator leakage reactance can be ignored. Hence, 

the magnetizing reactance can be determined based on measured values as follows: 
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𝑋𝑀 = 𝜔𝑠𝐿𝑀 = 𝐼𝑚𝑎𝑔 (
𝑉𝜑

𝐼𝜑
) , (2-13) 

 

where 𝑉𝜑 is the applied phase voltage and 𝐼𝜑 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: 

 

𝑋𝑀 𝑠𝑎𝑡(𝐼𝑚) = 𝑘1𝑒
−𝑐1𝐼𝑚 − 𝑘2𝑒

−𝑐2𝐼𝑚 , (2-14) 

 

where 𝑘1, 𝑘2, 𝑐1, and 𝑐2 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 𝑋𝑀 𝑠𝑎𝑡 is 

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

dq-frame as follows:  

 

𝐼𝑚 = √(𝑖𝑞𝑠 + 𝑖𝑞𝑟)
2
+ (𝑖𝑑𝑠 + 𝑖𝑑𝑟)2  . (2-15) 

 

 

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.  

 

𝑋𝑙𝑠 + 𝑋𝑙𝑟 = √𝑍2 − (𝑅𝑠 + 𝑅𝑟)2 ,   𝑍 =
𝑉𝜑

𝐼𝜑
 . (2-16) 

 

Since the design of the machine is known as Design C motor, the relationship between the 

stator and rotor leakage reactance is given by 𝑋𝑙𝑠 = 0.43𝑋𝑙𝑟 [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 𝑠𝑎𝑡(𝐼𝑠) = 𝑘3𝑜𝑒
−𝑐3𝑜𝐼𝑠 − 𝑘4𝑜𝑒

−𝑐4𝑜𝐼𝑠 (2-17) 

𝑋𝑙𝑟 𝑠𝑎𝑡(𝐼𝑟) = 𝑘5𝑜𝑒
−𝑐3𝑜𝐼𝑟 − 𝑘6𝑜𝑒

−𝑐4𝑜𝐼𝑟 (2-18) 

 

where 𝑘3𝑜 𝑡𝑜 6𝑜 , 𝑐3𝑜 and 𝑐4𝑜 are the initial leakage reactance saturation parameters, they are 
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listed in Table C-3 in Appendix - C. They are updated during each calculation iteration of 𝐼𝑠 and 

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

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

 

𝐼𝑠 = √(𝑖𝑞𝑠 + 𝑖𝑑𝑠)
2
   and   𝐼𝑟 = √(𝑖𝑞𝑟 + 𝑖𝑑𝑟)

2
 . (2-19) 

 
(a) 

 

 
(b) 

Fig. 2-4 Leakage reactance measurements for the 5-hp machine. 
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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 

 
        (a) 

 
         (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. 

 

 
        (a) 

 
         (b) 

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-112TM 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-112TM 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 𝜇𝑟 of 10−6, 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]: 
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∇ × �⃗⃗� =  �⃗⃗� 

∇ × 𝐴 ⃗⃗  ⃗ = �⃗� 

�⃗� = 𝜇. �⃗⃗�     

  

}
 
 

 
 

 , (3-1) 

 

and 

 

∇ × (
1

 𝜇 
. ∇ × 𝐴 ⃗⃗  ⃗) =  �⃗⃗�  , (3-2) 

 

where 𝐻 is the magnetic field intensity and 𝐵 is the flux density, 𝐴 symbolizes the magnetic 

vector potential (MVP), and 𝜇 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]: 

 

𝜕

𝜕𝑥
(
1

 𝜇 

𝜕𝐴𝑧

𝜕𝑥
) +

𝜕

𝜕𝑦
(
1

 𝜇 

𝜕𝐴𝑧

𝜕𝑦
) − 𝜎

𝜕𝐴𝑧

𝜕𝑡
= −𝐽𝑧 , (3-3) 

 

where 𝜎 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 = 𝑅𝑠𝐼𝑠 + j𝜔𝑠(𝜓𝑙𝑠 + 𝜓𝑚) , (3-4) 

 

where 𝑉𝑠 is the stator phase voltage, 𝑅𝑠 is the stator phase resistance, 𝐼𝑠 is the stator phase current, 

𝜓𝑙𝑠 is the stator leakage flux linkage, 𝜓𝑚 is the flux linkage in the main path, and 𝜔𝑠 is the 

source angular frequency. 



 

28 

 

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 (Δ) and fed from three 

sinusoidal AC voltage sources as shown in Fig. 3-1(a). In this figure, 𝑅1 and 𝐿1 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 𝑅4 is the rotor bar resistance and the end-ring impedance is represented by 𝑅32 and 𝐿4. 

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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(a) (b) 

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 𝑋𝜎 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 𝑉𝑐 is measured. 

In fact, this voltage is directly proportional to the flux available in the rotor’s space. Thus, the 

resulted measured reactance 𝑋𝑏 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 𝑋𝑎 as in (3-5) since it is not considered as part of the leakage reactance. 

 

𝑋𝜎 = 𝑋𝑎 − 𝑋𝑏 . (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 𝑋𝑎 which characterizes the flux linkage in the machine core, given as 𝑋𝑎
′ , can be 

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

 

𝑋𝑎
′ = 2𝜋𝑓𝑠

1

 𝑛𝑝

𝜓𝑎

 (
𝐼𝑎
 𝑛𝑝
) 

   

   =  2𝜋𝑓𝑠  
  𝜓𝑎  

𝐼𝑎
 , (3-6) 

 

where 𝑓𝑠 is the source frequency, 𝑛𝑝 is the number of parallel branches of the stator per phase, 

𝐼𝑎 is the total phase current and 𝜓𝑎 is the total flux linkage in one phase. The later term is 
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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 𝐴𝑧 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]:  

 

𝜓𝑎 =
 𝑃 

2
∑ 𝜓𝑐
𝑛
𝑐=1  =   

                                                =
 𝑃 

2
∑

1

𝑆
(∫ 𝐴𝑧 𝑑𝑆𝑆+

− ∫ 𝐴𝑧 𝑑𝑆𝑆−
)𝑁𝑡𝑙

𝑛
𝑐=1  , (3-7) 

 
(a) 

 

 
(b) 

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. 
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where 𝑛 is the number of coils per phase in one pole side, 𝜓𝑐 is the flux linkage for each 

individual coil in one phase, 𝑁𝑡 is the number of turns of each individual coil and 𝑙 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 𝑋𝑎 is then calculated as the sum of the reactance 𝑋𝑎
′  that is calculated 

in FEM as in (3-6) and the end-winding leakage reactance 𝑋𝑒𝑛𝑑. Since the main purpose of this 

work is to determine and separate the stator and rotor leakage reactance values, 𝑋𝑒𝑛𝑑 parameter 

is determined using MotorSolve FEM [55] and listed in Table C-1 in Appendix - C. 

To calculate the reactance 𝑋𝑏 due to the flux created by the stator windings in the space 

which is normally occupied by the rotor, the required voltage 𝑉𝑐 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 

 

(a) 

 

 
(b) 

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 𝑉𝑐 is given as 

follows:  

 

𝑉𝑐 = 2𝜋𝑓𝑠
1 

√2
(2 𝐴𝑧1𝑙 ), (3-8) 

 

where 𝐴𝑧1 is the magnitude of the fundamental component of the MVP distribution along the 

outer diameter of the rotor space. With the estimated voltage 𝑉𝑐, the reactance 𝑋𝑏 is then 

calculated as follows: 

 

𝑋𝑏 =
  𝑁 𝑘𝑤 

𝑁𝑐

  𝑉𝑐 

 𝐼𝑎
 , (3-9) 

 

where 𝑁 is the number of series-connected turns per circuit of a phase of the stator winding, 𝑘𝑤 

is the stator winding factor, 𝑁𝑐 is the number of search coil turns, and 𝐼𝑎 is the stator current. 

Hence, the stator leakage reactance of the induction machine is determined by subtracting 

the calculated 𝑋𝑏 from 𝑋𝑎 in FEM according to (3-5). 

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

material with 𝝁𝒓 = 𝟏𝟎
−𝟔 

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. 10−6. 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 

𝑋𝑙𝑠
′  is directly calculated as given by: 

 

𝑋𝑙𝑠
′ = 2𝜋𝑓𝑠

1

 𝑛𝑝

 ∑ 𝜓𝑐 
𝑛
𝑐=1

𝐼𝑝
 , (3-10) 

 

where 𝐼𝑝 is the current of the parallel branch per-phase circuit of the stator winding. 
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(a) 

 

 

(b) 

 

 

(c) 

Fig. 3-4 Magnetic flux distribution in the induction machine when the rotor space is replaced by a non-

magnetic material with 𝜇𝑟 = 10
−6. (a) Flux density map. (b) Flux lines. (c) Enlarged view. 
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Thus, the total stator leakage reactance 𝑋𝑙𝑠 is then calculated as the sum of the reactance 

𝑋𝑙𝑠
′  that is calculated in FEM as in (3-10) and the end-winding leakage reactance 𝑋𝑒𝑛𝑑 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 

Quantity 

Method I: Method II: 
(Proposed Method) 

Relative 

Error 

Measured Value Relative 

Error 
Rotor removed and 

replaced by air 

Rotor replaced by a 

material with 𝜇𝑟 = 10−6 
Methods II & I Exp. with constant 

reactance ratio 

Method II & 

Exp. 

Total stator leakage 

reactance 𝑋𝑙𝑠 
1.9479 Ω 1.9194 Ω 1.48 % 1.8990 Ω 1.06 % 

 

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  

 

Fig. 3-5 Variation of the stator and rotor leakage reactance with current using the FEM for the 5-hp IM. 

I1

I2

R1

R2

R3

L1

L2

L3

Coil 1-8 Coil 36-9 Coil 17-10 Coil 18-9

Coil 19-26 Coil 18-27 Coil 35-28 Coil 36-27

Coil 13-20 Coil 12-21 Coil 29-22 Coil 30-21

Coil 31-2 Coil 30-3 Coil 11-4 Coil 12-3

Coil 7-14 Coil 6-15 Coil 23-16 Coil 24-15

Coil 25-32 Coil 24-33 Coil 5-34 Coil 6-33

 

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: 

 

𝑋𝑙 𝐹𝐸 = 𝑋𝑙𝑠 + 𝑋𝑙𝑟 = 𝐼𝑚𝑎𝑔 (
 𝑉𝜑 𝐹𝐸 

𝐼𝜑 𝐹𝐸
) , (3-11) 

 

where 𝐼𝜑 𝐹𝐸 and 𝑉𝜑 𝐹𝐸 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: 

 

𝑋𝑙 𝑡𝑜𝑡𝑎𝑙 = √𝑍2 − (𝑅𝑠 + 𝑅𝑟)2  ,   𝑍 =
𝑉𝜑

𝐼𝜑
 , (3-12) 

 

where 𝑍 is the total stator and rotor impedance. 𝑉𝜑 is the applied phase voltage and 𝐼𝜑 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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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:  

 

𝑋𝑙𝑠 𝑠𝑎𝑡(𝐼𝑠) ≅ 𝑘3 , (3-13) 

𝑋𝑙𝑟 𝑠𝑎𝑡(𝐼𝑟) = 𝑘4𝑒
−𝑐3𝐼𝑟 + 𝑘5𝑒

−𝑐4𝐼𝑟 , (3-14) 

 

where 𝑘3 𝑡𝑜 5, 𝑐3 and 𝑐4 are the leakage reactance saturation parameters, they are listed in Table 

C-3in Appendix - C. They are updated during each calculation iteration of 𝐼𝑠 and 𝐼𝑟. These 

currents represent the amplitude values of the stator and rotor currents, respectively. They are 

calculated and implemented in the dq-frame as: 

 

𝐼𝑠 = √(𝑖𝑞𝑠 + 𝑖𝑑𝑠)
2
  and   𝐼𝑟 = √(𝑖𝑞𝑟 + 𝑖𝑑𝑟)

2
 . (3-15) 

 

The ratio between the stator and the rotor leakage reactance (𝑋𝑙𝑠/𝑋𝑙𝑟) values estimated by 

using the proposed method is calculated and demonstrated with the phase current in Fig. 3-8. At 

 
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. 
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rated current Iph of 9.2 A (Iline 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.  

 

 

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 𝑿𝒍𝒔/𝑿𝒍𝒓 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 𝑋𝑙𝑠/𝑋𝑙𝑟 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 𝑋𝑙𝑠/𝑋𝑙𝑟  ratio 

Parameter 
Experimental 

Result 

FEM 

Result 
Relative Error 

Stator resistance 𝑅𝑠 0.965 Ω 0.9679 0.31% 

Rotor resistance 𝑅𝑟 1.305 Ω 1.1322 Ω 13.21% 

Magnetizing reactance 𝑋𝑚 76.54 Ω 71.3207 Ω 6.82% 

Stator leakage reactance 𝑋𝑙𝑠 1.899 Ω 1.9194 Ω 1.07% 

Rotor leakage reactance 𝑋𝑙𝑟  4.42 Ω 4.39 Ω 0.6% 

 

3.4.2 FEM-based machine parameters with a variable 𝑿𝒍𝒔/𝑿𝒍𝒓 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 dq-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 𝑋𝑙𝑠/𝑋𝑙𝑟 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 𝑋𝑙𝑠/𝑋𝑙𝑟 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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         (a) 

 

 

         (b) 

Fig. 3-9 Predicted current response during DOL startup of a 5-hp IM compared to the experimentally 

measured current when: (a) the machine model includes the saturation effect with a constant leakage reactance 

ratio and (b) the machine model includes the saturation effect with a variable leakage reactance ratio. 

 

         (a) 

 

 

         (b) 

Fig. 3-10 Predicted speed response during DOL startup of a 5-hp IM compared to the experimentally measured 

speed when: (a) the machine model includes the saturation effect with a constant leakage reactance ratio and 

(b) the machine model includes the saturation effect with a variable leakage reactance ratio. 
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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 𝑋𝑙𝑠 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 𝑋𝑙𝑟 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 𝑋𝑙𝑠/𝑋𝑙𝑟 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.  

 
        (a) 

 

 

         (b) 
 

 
         (c) 

 

 
         (d) 

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. 

DOL startup with no-load 

Loading       SS at rated current   SS with no-load 
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3.4.3 FEM- and Matlab/Simulink- based IM performance including the saturation effect 

with variable 𝑿𝒍𝒔/𝑿𝒍𝒓 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 dq-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 𝑋𝑙𝑠/𝑋𝑙𝑟 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. 

 

 

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. 

 

 

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. 

 

 

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 𝑋𝑙𝑠/𝑋𝑙𝑟 

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 dq-reference frame is introduced in [22]. During start-up, the 

emulator’s dq-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 abc-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-αβ-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, 𝑣𝑞 reduces to 

zero. When it is not locked or there is a small error, 𝑣𝑞 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 𝑇𝑖 = 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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Fig. 4-2 A three-phase synchronous reference frame PLL. (a) General structure. (b) PLL response to varying 

grid frequency 60.5 Hz and a phase jump of 90°. 
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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 𝐿𝑓 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). 

 

𝐻𝑓(𝑠) =
𝐼𝑓(𝑠)

𝑉𝑃𝐶𝐶(𝑠)– 𝑉𝑜(𝑠)
=

1

 𝐿𝑓𝑠 
 . (4-1) 

 

An alternative topology can be used by adding a filter capacitor 𝐶𝑓, 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 𝐶𝑓 will result in a smooth PCC voltage, 

the resulting error in the currents drawn from the grid will increase as 𝑖𝐶 = 𝐶𝑓
𝑑𝑣𝑝𝑐𝑐

𝑑𝑡
 [26]. 

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

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

 

𝐻𝑓(𝑠) =
𝑉𝑜(𝑠)

 𝑉𝑃𝐶𝐶(𝑠) 
=

1

 𝐿𝑓𝐶𝑓𝑠
2+1 

 . (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 𝐿𝑓  and capacitor 𝐶𝑓 filters help in removing some of the switching 

frequency harmonics producing a smoother inverter current 𝑖𝑖. 
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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. 
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Fig. 4-4 Equivalent circuit for a single-phase LCL filter. 

 

The corresponding mathematical model is given as follows: 

 

𝑖𝑖 = 𝑖𝑐 + 𝑖𝑓 , (4-3) 

𝑣𝑖 = 𝑣𝑃𝐶𝐶 + 𝑅𝑖𝑖𝑖 + 𝐿𝑖
𝑑𝑖𝑖

𝑑𝑡
 , (4-4) 

𝑣𝑜 = 𝑣𝑃𝐶𝐶 − 𝑅𝑓𝑖𝑓 − 𝐿𝑓
𝑑𝑖𝑓

𝑑𝑡
 , (4-5) 
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𝑣𝑃𝐶𝐶 =
1

𝐶𝑓
∫ 𝑖𝑐𝑑𝑡 + 𝑅𝑑𝑖𝐶 , (4-6) 

 

where 𝑣𝑖 and 𝑖𝑖 are the voltage and current values of grid or AUT side, respectively. 𝑣𝑜 and 𝑖𝑓 

are the voltage and current values of the emulator side, respectively. 𝑅𝑑 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. 
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Fig. 4-5 Equivalent circuit for a single-phase LCL filter. 

 

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

 

𝐻𝑓(𝑠)  = 
 𝐼𝑓(𝑠) 

𝑉𝑜(𝑠)
  

 = 
𝐿𝑖𝐶𝑓𝑠

2+(𝑅𝑖+𝑅𝑑)𝐶𝑓𝑠+1

−𝐿𝑖𝐿𝑓𝐶𝑓𝑠
3−(𝑅𝑓𝐿𝑖+𝑅𝑖𝐿𝑓+𝑅𝑑𝐿𝑓+𝑅𝑑𝐿𝑖)𝐶𝑓𝑠

2−(𝑅𝑖𝑅𝑓𝐶𝑓+𝑅𝑑𝑅𝑓𝐶𝑓+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-
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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: 

 

𝑣𝑐𝑜𝑛(𝑡) = 𝐿𝑓
𝑑𝑖(𝑡)

𝑑𝑡
+ 𝑅𝑓𝑖(𝑡) + 𝑣𝑔(𝑡) , (4-8) 

 

where 𝑣𝑐𝑜𝑛(𝑡) is the converter-side voltage, 𝑣𝑔(𝑡) is the grid-side voltage, 𝑅𝑓 and 𝐿𝑓 are network 

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

 

𝐺𝑎𝑐(𝑠) =
𝐼(𝑠)

 𝑉𝑐𝑜𝑛(𝑠) 
=

1

𝐿𝑓𝑠+𝑅𝑓
  . (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] 

[70]- [71] [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]: 

 

𝐺𝑃𝑅
𝑎𝑏𝑐(𝑠) = 𝐾𝑝 +

𝐾𝑟𝑠

𝑠2+𝜔0
2  , (4-10) 

 

where 𝐾𝑝 is the proportional gain, 𝐾𝑟 is the resonant controller time constant, and 𝜔0 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:  

 

 

Fig. 4-7 Bode plot of PR current controller with different values for 𝐾𝑟 . 
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𝐻𝐶𝐿(𝑠) =
𝐼(𝑠)

 𝐼∗(𝑠) 
=

𝐺𝑎𝑐(𝑠)𝐺𝑃𝑅(𝑠)

1+𝐺𝑎𝑐(𝑠)𝐺𝑃𝑅(𝑠)
  . (4-11) 

 

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 𝐾𝑟 = 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 (𝜁) of 1/√2. Hence, the 

proportional gain of the controller has been selected as 𝐾𝑝 = 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 𝜔𝑐𝑜 as given in (4-12) [74]. 

 

𝐺𝑃𝑅
𝑎𝑏𝑐(𝑠) = 𝐾𝑝 +

𝐾𝑟𝜔𝑐𝑜𝑠

 𝑠2+2𝜔𝑐𝑜𝑠+𝜔0
2 

  , (4-12) 

 

where 𝜔𝑐𝑜 is selected so 𝜔𝑐𝑜 << 𝜔𝑜 .   

From (4-12), it is clear that the steady-state output phase and magnitude error achieved by 

this controller is still approximately zero, provided 𝐺𝑃𝑅(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, 𝜔𝑐𝑜 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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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 

 

Fig. 4-8 Bode plot of PR current controller with damping factor 𝜔𝑐𝑜 = 10 rad/s, 𝐾𝑝 = 1, and 𝐾𝑟 = 100. 
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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. 

 

 

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 

is 15 kHz, and the sampling time of the real-time simulator, which is 40 µs. 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 Ω 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 

 
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 

 
          (a) 

 

 

          (b) 

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 μs 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 

 

          (a) 
 

 
          (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. 

 

 
          (a) 

 

 
          (b) 

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 dq-

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 dq-

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). 

 

𝑣𝑠 = −𝑅𝑠𝑖𝑠 +
𝑑𝜆𝑠

𝑑𝑡
+ 𝐾𝜔𝜆𝑠 , (5-1) 

𝑣𝑟 = 𝑅𝑟𝑖𝑟 +
𝑑𝜆𝑟

𝑑𝑡
+ 𝐾(𝜔 − 𝜔𝑟)𝜆𝑟 , (5-2) 

 

where 

 

𝐾 = [
0 −1
1 0

] (5-3) 

 

and 𝑣𝑠 = [𝑣𝑑𝑠 𝑣𝑞𝑠]𝑇 is the stator voltage vector in the dq-frame, 𝑣𝑟 = [𝑣𝑑𝑟 𝑣𝑞𝑟]𝑇 is the rotor 

voltage vector in the dq-frame which goes to zero in the case of the squirrel-cage machine, 𝑖𝑠 =

[𝑖𝑑𝑠 𝑖𝑞𝑠]𝑇 is the stator current vector in the dq-frame, 𝑖𝑟 = [𝑖𝑑𝑟 𝑖𝑞𝑟]𝑇 is the rotor current 

vector in the dq- frame, 𝜆𝑠 = [𝜆𝑑𝑠 𝜆𝑞𝑠]𝑇 is the stator flux linkage vector in the dq-frame, and 

𝜆𝑟 = [𝜆𝑑𝑟 𝜆𝑞𝑟]𝑇 is the rotor flux linkage vector in the dq-frame. Also, 𝑅𝑠 and 𝑅𝑟 are the stator 

and rotor resistances, respectively. 𝜔 is the electrical angular frequency of the reference frame 

and 𝜔𝑟 is the electrical angular frequency of the rotor. In this chapter, the dq-reference frame is 

fixed in the rotor and hence, 𝜔 = 𝜔𝑟. 

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

rotor currents, are given as follows: 

 

𝜆𝑠 = −𝐿𝑙𝑠𝑖𝑠 + 𝐿𝑀(𝑖𝑟 − 𝑖𝑠) + 𝜆0 , (5-4) 

𝜆𝑟 = 𝐿𝑙𝑟𝑖𝑟 + 𝐿𝑀(𝑖𝑟 − 𝑖𝑠) + 𝜆0 , (5-5) 
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where 𝐿𝑀 is the magnetizing inductance, 𝐿𝑙𝑠 and 𝐿𝑙𝑟 are the stator and rotor leakage inductances, 

respectively. These inductances are denoted by their respective reactance values given as 𝑋 =

𝜔𝐿. The residual flux linkage in the machine is denoted by 𝜆0 = [𝜆𝑑0 𝜆𝑞0]𝑇. 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 dq-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. 
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Fig. 5-1 Equivalent circuits of SEIG squirrel-cage type in the dq-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(𝐼𝑚) = 𝑘1𝑒
−𝑐1𝐼𝑚 − 𝑘2𝑒

−𝑐2𝐼𝑚  , (5-6) 

𝑋𝑙𝑠 𝑠𝑎𝑡(𝐼𝑠) ≅ 𝑘3 , (5-7) 

𝑋𝑙𝑟 𝑠𝑎𝑡(𝐼𝑟) = 𝑘4𝑒
−𝑐3𝐼𝑟 + 𝑘5𝑒

−𝑐4𝐼𝑟 , (5-8) 

 

where 𝑘1 𝑡𝑜 5, 𝑐1 𝑡𝑜 4 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 𝐼𝑚, 𝐼𝑠 and 𝐼𝑟. These currents represent the amplitude values of the 

magnetizing, stator and rotor currents, respectively, which are calculated and implemented in 

the dq-frame as the following: 

 

𝐼𝑚 = √(𝑖𝑞𝑟 − 𝑖𝑞𝑠)
2
+ (𝑖𝑑𝑟 − 𝑖𝑑𝑠)2  , (5-9) 

𝐼𝑠 = √(𝑖𝑞𝑠 + 𝑖𝑑𝑠)
2
 , and (5-10) 

𝐼𝑟 = √(𝑖𝑞𝑟 + 𝑖𝑑𝑟)
2
 . (5-11) 

 

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

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

 

𝑖𝐶𝑑 = 𝐶
𝑑𝑣𝐶𝑑

𝑑𝑡
+𝜔𝐶𝑣𝑞𝑠 = 𝐶

𝑑𝑣𝑑𝑠

𝑑𝑡
+ 𝜔𝐶𝑣𝑞𝑠 , (5-12) 

𝑖𝐶𝑞 = 𝐶
𝑑𝑣𝐶𝑞

𝑑𝑡
− 𝜔𝐶𝑣𝑑𝑠 = 𝐶

𝑑𝑣𝑞𝑠

𝑑𝑡
− 𝜔𝐶𝑣𝑑𝑠 , (5-13) 
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where 𝑖𝐶𝑑 and 𝑖𝐶𝑞 are the excitation capacitor current in dq- frame, 𝑣𝐶𝑑 and 𝑣𝐶𝑞 are the excitation 

capacitor voltage in dq-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: 

 

𝑖𝐿 = 𝑖𝑠 − 𝑖𝐶 =
1

𝑅𝐿
𝑣𝑠 , (5-14) 

 

where 𝑖𝐿 = [𝑖𝐿𝑑 𝑖𝐿𝑞]𝑇 is the load current vector in the dq-frame, 𝑖𝐶 = [𝑖𝐶𝑑 𝑖𝐶𝑞]𝑇 is the 

excitation capacitor current, and 𝑅𝐿 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). 
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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 𝑣𝑠 is 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 𝑖𝑜. 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). 
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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 𝑇𝑉𝐴(𝑠) that includes a delay and a low-pass filter with very high cut-off 

frequency. Moreover, a total time delay 𝑇𝑑 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) 𝐸𝐼𝐺, machine stator impedance 𝑍1, and the excitation capacitance 𝐶. The actual 

load is represented by its impedance 𝑍2. A low pass filter with a cut-off frequency of 1600 Hz 

is 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: 

 

𝑒−𝑇𝑑𝑠 =
 1−𝑘𝑠 

1+𝑘𝑠
 , (5-15) 

 

where 𝑘 =
𝑇𝑑

2
  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 𝑍1(𝑠) while, the hardware 

impedance is the actual load impedance 𝑍2(𝑠). They are given as follows: 

 

𝑍1(𝑠) = 𝐿1𝑠 + 𝑅1 = 𝐿𝑙𝑠𝑠 + 𝑅𝑠 , (5-16) 

𝑍2(𝑠) = 𝐿2𝑠 + 𝑅2 = 𝐿𝐿𝑠 + 𝑅𝐿 , (5-17) 

 

where 𝑅𝐿 and 𝐿𝐿 are the actual load resistance and inductance, respectively. 𝑅𝑠 and 𝐿𝑙𝑠 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: 

 

𝐺𝐶𝐿(𝑠) =
𝐺𝑉𝐴(𝑠) 𝑒

−𝑇𝑑𝑠

  𝑍2(𝑠)+𝐺𝑉𝐴(𝑠)𝑒
−𝑇𝑑𝑠 𝑍1(𝑠) [

𝑍2(𝑠) 𝐶𝑠

 𝐺𝑉𝐴𝑒
−𝑇𝑑𝑠 

+
𝜔𝑐𝑐

 𝑠+𝜔𝑐𝑐 
]

 . 
(5-18) 

 

The characteristic equation of (5-18) is then calculated as follows: 

 

𝑍1(𝑠)𝑍2(𝑠)𝐶𝑠 + 𝑍1(𝑠)
 (1−𝑘𝑠) 

(1+𝑘𝑠)

𝜔𝑐𝑐

(𝑠+𝜔𝑐𝑐)
+ 𝑍2(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: 

 

𝛼𝑘𝐿1𝐿2𝐶𝑠
5 + (𝑘𝐿1𝐿2 + 𝛼𝑘𝑅1𝐿2 + 𝛼𝑘𝑅2𝐿1 + 𝛼𝐿1𝐿2)𝐶𝑠

4

+ (𝛼𝑘𝐿2 + 𝛼𝑘𝑅1𝑅2𝐶 + 𝑘𝑅1𝐿2𝐶 + 𝑘𝑅2𝐿1𝐶 + 𝛼𝑅1𝐿2𝐶 + 𝛼𝑅2𝐿1𝐶
+ 𝐿1𝐿2𝐶)𝑠

3

+ (𝛼𝑘𝑅2 + 𝑘𝐿2 + 𝛼𝐿2 + 𝑘𝑅1𝑅2𝐶 + 𝛼𝑅1𝑅2𝐶 + 𝑅1𝐿2𝐶 + 𝑅2𝐿1𝐶 − 𝑘𝐿1)𝑠
2

+ (𝑘𝑅2 + 𝛼𝑅2 + 𝐿2 + 𝑅1𝑅2𝐶 + 𝐿1 − 𝑘𝑅1)𝑠 + (𝑅1 + 𝑅2) = 0 , (5-20) 

 

where 𝛼 =
1

𝜔𝑐𝑐
. For simplicity, a balanced resistive load is only considered and hence, the 

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

 

𝛼𝑘𝑅2𝐿1𝐶𝑠
4 + (𝛼𝑘𝑅1𝑅2 + 𝑘𝑅2𝐿1 + 𝛼𝑅2𝐿1)𝐶𝑠

3

+ (𝛼𝑘𝑅2 + 𝑘𝑅1𝑅2𝐶 + 𝛼𝑅1𝑅2𝐶 + 𝑅2𝐿1𝐶 − 𝑘𝐿1)𝑠
2

+ (𝑘𝑅2 + 𝛼𝑅2 + 𝑅1𝑅2𝐶 + 𝐿1 − 𝑘𝑅1)𝑠 + (𝑅1 + 𝑅2) = 0 . (5-21) 

 

This clearly shows that the PHIL system will be unstable if  𝛼𝑘𝑅2 + 𝑘𝑅1𝑅2𝐶 + 𝛼𝑅1𝑅2𝐶 +

𝑅2𝐿1𝐶 < 𝑘𝐿1 or 𝑘𝑅2 + 𝛼𝑅2 + 𝑅1𝑅2𝐶 + 𝐿1 < 𝑘𝑅1. These equations indicate the importance of 

selecting a proper value of 𝛼 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 

𝑣𝑜 𝑎𝑏𝑐 and frequency to the desired reference signals. The filter is composed of an inductor Lf 

with an internal resistance 𝑅𝑓 and a shunt capacitance 𝐶𝑓. 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 

dq-frame and system variables are referred to a reference frame fixed in the rotor. Thus, abc- to 

dq-frame transformation is implemented when the transformation angle 𝜃 = 𝜃𝑟. The angle is 

obtained from the electrical angular speed of the generator 𝜔𝑟 which is corresponding to the 

generator frequency as follows: 

 

𝜃 = 𝜃𝑟 = ∫𝜔𝑟(𝑡) 𝑑𝑡 + 𝜃𝑟(0)  and  𝜔𝑟 =
 𝑃

2
𝜔𝑚  , (5-22) 

 

where 𝑃 is the number of poles of the machine and 𝜔𝑚 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, 𝑖𝑖 𝑎𝑏𝑐 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, 𝜔 is chosen to be equal to 𝜔𝑟. Dynamics of the dq-frame components of 𝑖𝑖 𝑎𝑏𝑐 are 

represented by: 

 

𝐿𝑓
𝑑𝑖𝑖𝑑

𝑑𝑡
= −𝑅𝑓𝑖𝑖𝑑 +𝜔𝐿𝑓𝑖𝑖𝑞 +𝑚𝑑 (

𝑉𝑑𝑐

2
) − 𝑣𝑜𝑑 , (5-23) 

𝐿𝑓
𝑑𝑖𝑖𝑞

𝑑𝑡
= −𝑅𝑓𝑖𝑖𝑞 − 𝜔𝐿𝑓𝑖𝑖𝑑 +𝑚𝑞 (

𝑉𝑑𝑐

2
) − 𝑣𝑜𝑞 , (5-24) 

 

where 𝑚𝑑 and 𝑚𝑞 denote the d- and q-axis components of the three-phase PWM modulating 

signal 𝑚𝑎𝑏𝑐(𝑡). 
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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 𝑖𝑖𝑑 and 

𝑖𝑖𝑞 are controlled independently and compared to the reference currents 𝑖𝑖𝑑
∗  and 𝑖𝑖𝑞

∗ . 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 𝐺𝑖(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

2
) 

in order to generate the dq-frame modulation indices 𝑚𝑑 and 𝑚𝑞 for the PWM gating pulse 

generator. 

 

𝐺𝑖(𝑠) = 𝐾𝑃𝑖 +
 𝐾𝐼𝑖 

𝑠
 . (5-25) 

 

where 𝐾𝑃𝑖 and 𝐾𝐼𝑖 are the PI-controller gains for the current control scheme. 

 

The control system loop gain can be found as follows: 

 

ℓ(𝑠) = 𝐺𝑖(𝑠) ∗ (
1

  𝐿𝑓𝑠+𝑅𝑓  
) = (

𝐾𝑃𝑖

 𝐿𝑓𝑠 
)(

  𝑠 + 
  𝐾𝐼𝑖  

𝐾𝑃𝑖
  

𝑠 + 
 𝑅𝑓 

𝐿𝑓

) , (5-26) 

 

where 𝑅𝑓 and 𝐿𝑓 are the coupling inductor filter internal resistance and inductance, respectively. 

The transfer function of (5-26) has a stable pole at −
𝑅𝑓

 𝐿𝑓 
 . To improve the open-loop 

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

𝐾𝐼𝑖

 𝐾𝑃𝑖 
=

𝑅𝑓

 𝐿𝑓 
 and 

 𝐾𝑃𝑖 

𝐿𝑓
=

1

 𝜏𝑖 
, where 𝜏𝑖 is a design choice which represents the desired time constant 

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

given by: 

 

𝐼𝑖𝑑(𝑠) = 𝐻𝑖(𝑠) 𝐼𝑖𝑑
∗ (𝑠) =

1

 𝜏𝑖𝑠+1 
𝐼𝑖𝑑
∗ (𝑠) , (5-27) 

𝐼𝑖𝑞(𝑠) = 𝐻𝑖(𝑠) 𝐼𝑖𝑞
∗ (𝑠) =

1

 𝜏𝑖𝑠+1 
𝐼𝑖𝑞
∗ (𝑠) , (5-28) 

 

which are first-order transfer functions with a unity DC gain. Since 
1

 𝜏𝑖 
 characterizes the current 

control bandwidth, this design parameter 𝜏𝑖 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 𝐶𝑓 in the abc-frame using Kirchhoff’s current law as 

follows: 

 

𝐶𝑓
𝑑𝑣𝑜 𝑎𝑏𝑐

𝑑𝑡
= 𝑖𝑖 𝑎𝑏𝑐 − 𝑖𝑜 𝑎𝑏𝑐 , (5-29) 

 

where 𝑖𝑖 𝑎𝑏𝑐 and 𝑖𝑜 𝑎𝑏𝑐 are the three-phase currents of the inverter and load sides, respectively. 

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

 

𝐶𝑓
𝑑𝑣𝑜𝑑

𝑑𝑡
= 𝜔𝐶𝑓𝑣𝑜𝑞 + 𝑖𝑖𝑑 − 𝑖𝑜𝑑 , (5-30) 

𝐶𝑓
𝑑𝑣𝑜𝑞

𝑑𝑡
= −𝜔𝐶𝑓𝑣𝑜𝑑 + 𝑖𝑖𝑞 − 𝑖𝑜𝑞 , (5-31) 

 

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

 

𝐶𝑓𝑠𝑉𝑜𝑑(𝑠) = 𝐶𝑓ℒ{𝜔𝑣𝑜𝑞} + 𝐼𝑖𝑑(𝑠) − 𝐼𝑜𝑑(𝑠) , (5-32) 

𝐶𝑓𝑠𝑉𝑜𝑞(𝑠) = −𝐶𝑓ℒ{𝜔𝑣𝑜𝑑} + 𝐼𝑖𝑞(𝑠) − 𝐼𝑜𝑞(𝑠) , (5-33) 

 

where ℒ{. } denotes Laplace transform operation, 𝑣𝑜𝑑 and 𝑣𝑜𝑞 are the output voltages in the dq-

frame, 𝑖𝑖𝑑 and 𝑖𝑖𝑞 are the inverter side electric currents in the dq-frame, and the load side or 

output currents in dq-frame are represented by 𝑖𝑜𝑑 and 𝑖𝑜𝑞. 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: 

 

𝐺𝑣(𝑠) = 𝐾𝑃𝑣 +
𝐾𝐼𝑣

𝑠
 , (5-34) 

 

where 𝐾𝑃𝑣 and 𝐾𝐼𝑣 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 𝑣𝑜𝑑
∗  and 𝑣𝑜𝑞

∗  are set corresponding to the generator stator 

voltages in dq-frame, 𝑣𝑠𝑑 and 𝑣𝑠𝑞. 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 dq-frame output voltages 𝑣𝑜𝑑 and 𝑣𝑜𝑞 [98]. Moreover, this 

configuration enables independent control of 𝑣𝑜𝑑  and 𝑣𝑜𝑞 by 𝑖𝑖𝑑
∗  and 𝑖𝑖𝑞

∗ , respectively. The output 

or load currents 𝑖𝑜𝑑 and 𝑖𝑜𝑞 are included by means of a feedforward compensation scheme. Their 

measures are added to the reference currents 𝑖𝑖𝑑
∗  and 𝑖𝑖𝑞

∗  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]. 

 

𝐼𝑖𝑑
∗ (𝑠) = 𝑈𝑖𝑑(𝑠) − 𝐶𝑓ℒ{𝜔𝑣𝑜𝑞} + 𝐼𝑜𝑑(𝑠) , (5-35) 

𝐼𝑖𝑞
∗ (𝑠) = 𝑈𝑖𝑞(𝑠) + 𝐶𝑓ℒ{𝜔𝑣𝑜𝑑} + 𝐼𝑜𝑞(𝑠) , (5-36) 

 

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

𝜔𝑟, and 𝑈𝑖𝑑 and 𝑈𝑖𝑞 are current control inputs which are defined as follows: 

 

𝑈𝑖𝑑(𝑠) = 𝐺𝑣 ∗ ( 𝑉𝑜𝑑
∗ (𝑠) − 𝑉𝑜𝑑(𝑠)) , (5-37) 

𝑈𝑖𝑞(𝑠) = 𝐺𝑣 ∗ (𝑉𝑜𝑞
∗ (𝑠) − 𝑉𝑜𝑞(𝑠) ) . (5-38) 

 

By substituting for  𝐼𝑖𝑑
∗ (𝑠) and 𝐼𝑖𝑞

∗ (𝑠) of (5-35) and (5-36) in (5-27) and (5-28), respectively, 

one can result in the currents 𝐼𝑖𝑑(𝑠) and 𝐼𝑖𝑞(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: 

 

𝑉𝑜𝑑(𝑠) = 𝐴𝑣(𝑠) 𝑉𝑜𝑑
∗ (𝑠) + 𝐶𝑓 𝐵𝑡(𝑠) ℒ(𝜔𝑣𝑜𝑞) − 𝐵𝑡(𝑠) 𝐼𝑜𝑑(𝑠) , (5-39) 

𝑉𝑜𝑞(𝑠) = 𝐴𝑣(𝑠) 𝑉𝑜𝑞
∗ (𝑠) − 𝐶𝑓 𝐵𝑡(𝑠) ℒ(𝜔𝑣𝑜𝑑) − 𝐵𝑡(𝑠) 𝐼𝑜𝑞(𝑠) , (5-40) 

 

where 
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𝐴𝑣(𝑠) =
𝐻𝑖(𝑠)𝐺𝑣(𝑠)

 𝐶𝑓𝑠+𝐻𝑖(𝑠)𝐺𝑣(𝑠) 
 ,  

𝐵𝑡(𝑠) =
[1−𝐻𝑖(𝑠)]

𝐶𝑓𝑠+𝐻𝑖(𝑠)𝐺𝑣(𝑠)
 ,  and  [1 − 𝐻𝑖(𝑠)] =  

𝜏𝑖𝑠

 𝜏𝑖𝑠+1 
 .  

 

It is worth to mention that 𝐴𝑣(𝑠) is equivalent to the transfer function of the closed-loop 

voltage control scheme while, the transfer function 𝐵𝑡(𝑠) is available in the last two terms of 

(5-39) and (5-40). 𝐻𝑖(𝑠) has a unity DC gain while [1 − 𝐻𝑖(𝑠)] has a zero DC gain. Since the 

current control time constant 𝜏𝑖 is very small hence, 𝐵𝑡(𝑠) can be ignored over a wide frequency 

range which simplifies the controller design. 

The voltage controller 𝐺𝑣(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 dq-

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). 

 

ℓ(𝑠) = 𝐻𝑖(𝑠)𝐺𝑣(𝑠) (
1

𝐶𝑓𝑠
) =

𝐾𝑝𝑣

 𝐶𝑓 𝜏𝑖 
(
 𝑠 + 𝑧 

𝑠 + 𝑝
)
1

 𝑠2 
 , (5-41) 

 

where 𝑧 =
 𝐾𝐼𝑣 

𝐾𝑃𝑣
 and 𝑝 =

 1 

𝜏𝑖
 are system design parameters and always 𝑧 ≪ 𝑝. 

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 𝜔𝑐 and the desired side frequencies 𝜔𝑙 and 𝜔ℎ. 

The unity-gain crossover frequency or system bandwidth occurs at 𝜔𝑐 rad/s. At frequencies 

lower than 𝜔𝑐, the gain is maintained high while at frequencies higher than 𝜔𝑐, the gain is kept 

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

 

𝛾 =
 𝜔ℎ 

𝜔𝑙
=

 𝑝 

𝑧
> 1 . (5-42) 
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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: 

 

log𝜔𝑐 =
 log𝑧 + log𝑝 

2
 →  𝜔𝑐 = √𝑧 ∗ 𝑝  . (5-43) 

 

 

Fig. 5-9 Open-loop system Bode plot. 

 

The expression for the phase margin is found from (5-41) to be: 

 

𝜑 = tan−1𝜔𝑧 − 𝑡𝑎𝑛−1𝜔𝑝 . (5-44) 

 

The maximum phase margin is found at the frequency at which 𝑑𝜑/𝑑𝜔 = 0 as follows: 

 

𝜑𝑚𝑎𝑥 = sin
−1 (

 𝜔ℎ−𝜔𝑙 

𝜔ℎ+𝜔𝑙
) = sin−1 (

 𝑝−𝑧 

𝑝+𝑧
) = sin−1 (

 𝛾−1 

𝛾+1
) . (5-45) 

 

Hence, the controller gain 𝐾𝑃𝑣 is obtained from the solution of  |ℓ( 𝑗𝜔𝑐)| = 1 as follows: 
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|ℓ( 𝑗𝜔𝑐)| =
𝐾𝑃𝑣

 𝐶𝑓𝜏𝑖𝜔𝑐
2 

√𝜔𝑐
2+𝑧2 

√𝜔𝑐
2+𝑝2  

= 1 , (5-46) 

 

since ≪ 𝜔𝑐 ≪ 𝑝 , one can obtain the gain as follows:  

 

𝐾𝑃𝑣 = 𝐶𝑓𝜔𝑐 . (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 𝜔𝑐. 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 𝜇𝑠. 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. 

 

 

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 μF 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 μF 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 μF is connected to the generator’s terminals. 

 

 
(a) 

 

 
(b) 

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 

30

35

40

45

50

55

60

0

50

100

150

200

250

300

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

Fr
e

q
u

e
n

cy
 (

 H
z 

)

Te
rm

in
al

 V
o

lt
ag

e
 (

 V
 )

Load Current ( A )

Experimental 40 μF

Prediction 40 μF

Experimental 36 μF

Prediction 36 μF

Frequency 40 μF

Frequency 36 μF

0

100

200

300

400

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

P
o

w
e

r 
p

e
r 

p
h

as
e

 (
 W

 )

Load Current ( A )

Experimental 40 μF

Prediction 40 μF

Experimental 36 μF

Prediction 36 μF



 

85 

 

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 μF. 

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.  

 

 
         (a) 

 

 
         (b) 

 

 
        (c) 

Fig. 5-12 Predicted response of the 5-hp SEIG during buildup with C = 36 μF. (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.  

 

 

        (a) 

 

 

        (b) 

 

 

        (c) 

Fig. 5-13 Measured responses of real 5-hp SEIG during buildup with C = 36 μF. (a) Frequency. (b) Generator 

terminal voltage. (c) 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 μF 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. 

 

 

        (a) 
 

 
         (b) 
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         (c) 

 

 

         (d) 

 

 

         (e) 

Fig. 5-14 Experimental results of the SEIG emulator buildup process at no-load with C = 40 μF; (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 𝑋𝑚 is 

varied from the unsaturated value about 79 Ω to the saturated one about 64.5 Ω 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, 𝑋𝑙𝑟 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 -0.3042×10-3. Since the 

stationary circuit variables are referred to a reference frame fixed in the rotor (𝜃 = 𝜃𝑟) hence, 

the d- and q-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
𝑣𝑞𝑠
] = [

𝑉𝑚 sin(𝜃 − 𝜔𝑠𝑡)

 𝑉𝑚 cos(𝜃 − 𝜔𝑠𝑡) 
] = [

𝑉𝑚 sin(𝜔𝑟𝑡 − 𝜔𝑠𝑡)

 𝑉𝑚 cos(𝜔𝑟𝑡 − 𝜔𝑠𝑡) 
] 

 

 = [
−𝑉𝑚 sin(𝜔𝑠 − 𝜔𝑟)𝑡

    𝑉𝑚𝑐𝑜𝑠(𝜔𝑠 − 𝜔𝑟)𝑡
] . 

(5-48) 

 

Furthermore, the dq-voltages measured across the terminals of the SEIG emulator are 

compared with the dq-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. 

 

 
        (a) 
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         (b) 

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 Ω 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 μF. 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 

is 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. 

 

 
        (a) 

 

 
         (b) 

 

 

         (c) 
 

 

         (d) 
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         (e) 

Fig. 5-17 Experimental results of the SEIG emulator during loading condition with RL = 25 Ω; (a) generator 

terminal voltage in RTS, (b) emulator terminal voltage, (c) 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. 

 

 

Fig. 5-18 Measured leakage and magnetizing reactance parameters variation in RT during SEIG emulator 

loading condition with RL = 25 Ω. 

 

As discussed earlier, the slip at no-load condition is insignificant, s = -0.3042×10-3 as shown 

in Fig. 5-19(b). Hence, the dq-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 dq-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 dq-voltages are again represented by (5-48). 

 

 
        (a) 
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         (b) 

Fig. 5-19 Experimental results of the SEIG emulator during loading condition with RL = 25 Ω; (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 dq-coordination is quite enough to track accurately the desired voltages. 

To ensure the effectiveness of the control scheme used in this work, the dq-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.  

 

 
        (a) 

 

 
         (b) 

Fig. 5-20 Measured output voltage of the SEIG emulator during loading condition with RL = 25 Ω 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 dq-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-I, f-I, 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  

 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.  

 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 
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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 dq-

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 𝑋𝑙𝑠/𝑋𝑙𝑟 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 dq-frame voltages of the SEIG calculated in real-time vary at a very low slip 

frequency s ≈ -0.3×10-3. After loading, the slip increased to around s = -0.033. Therefore, the 

dq-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 dq-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: 

 It 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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 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. 

 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]:  

𝑓𝑑𝑞0 = 𝑇 𝑓𝑎𝑏𝑐 (A-1) 

where 

𝑓𝑑𝑞0 = [

 𝑓𝑑  
𝑓𝑞
𝑓0

]  and   𝑓𝑎𝑏𝑐 = [

 𝑓𝑎 
𝑓𝑏
𝑓𝑐

] (A-2) 

 

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

is given as follows: 

𝑇 =
2

 3 

[
 
 
 
 𝑠𝑖𝑛 𝜔𝑡 sin (𝜔𝑡 −

2𝜋

3
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3
)

𝑐𝑜𝑠 𝜔𝑡 cos (𝜔𝑡 −
2𝜋

3
) cos (𝜔𝑡 +
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3
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2
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1

2 ]
 
 
 
 

  (A-3) 

 

The inverse transformation is given as follows: 

 𝑓𝑎𝑏𝑐 = 𝑇
−1𝑓𝑑𝑞0 (A-4) 

where 

𝑇−1 = [

𝑠𝑖𝑛 𝜔𝑡 𝑐𝑜𝑠 𝜔𝑡 1

sin (𝜔𝑡 −
2𝜋

3
) cos (𝜔𝑡 −

2𝜋

3
) 1

sin (𝜔𝑡 +
2𝜋

3
) cos (𝜔𝑡 +

2𝜋

3
) 1

]  (A-5) 
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Appendix - B 

LCL Transfer Function 

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

𝐼𝑖(𝑠) = 𝐼𝐶(𝑠) + 𝐼𝑓(𝑠) , (B-1) 

𝑉𝑖(𝑠) = 𝑉𝑃𝐶𝐶(𝑠) + (𝐿𝑖𝑠 + 𝑅𝑖)𝐼𝑖(𝑠) , (B-2) 

𝑉𝑃𝐶𝐶(𝑠) − 𝑉𝑜(𝑠) = (𝐿𝑓𝑠 + 𝑅𝑓)𝐼𝑓(𝑠) , (B-3) 

𝑉𝑃𝐶𝐶(𝑠) =
𝑅𝑑𝐶𝑓𝑠+1

𝐶𝑓𝑠
𝐼𝐶(𝑠) . (B-4) 

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

𝑉𝑃𝐶𝐶(𝑠) = −(𝐿𝑖𝑠 + 𝑅𝑖)𝐼𝑖(𝑠) . (B-5) 

By equating (B-4) and (B-5): 

𝑉𝑃𝐶𝐶(𝑠) =
𝑅𝑑𝐶𝑓𝑠+1

𝐶𝑓𝑠
𝐼𝐶(𝑠)  = −(𝐿𝑖𝑠 + 𝑅𝑖)𝐼𝑖(𝑠) , (B-6) 

𝐼𝐶 can be calculated as follows: 

𝐼𝐶(𝑠) = −
𝐿𝑖𝐶𝑓𝑠

2+𝑅𝑖𝐶𝑓𝑠

𝑅𝑑𝐶𝑓𝑠+1
𝐼𝑖(𝑠) . (B-7) 

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

𝐼𝑖(𝑠) =
𝑅𝑑𝐶𝑓𝑠+1

𝐿𝑖𝐶𝑓𝑠
2+(𝑅𝑖+𝑅𝑑)𝐶𝑓𝑠+1

𝐼𝑓(𝑠) . (B-8) 

If (B-5) is substituted in (B-3), one can get: 

𝑉𝑜(𝑠) = −(𝐿𝑖𝑠 + 𝑅𝑖)𝐼𝑖(𝑠) − (𝐿𝑓𝑠 + 𝑅𝑓)𝐼𝑓(𝑠) , (B-9) 

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

𝑉𝑜(𝑠) = [
−𝑅𝑑𝐿𝑖𝐶𝑓𝑠

2−(𝐿𝑖+𝑅𝑖𝑅𝑑𝐶𝑓)𝑠−𝑅𝑖

𝐿𝑖𝐶𝑓𝑠
2+(𝑅𝑖+𝑅𝑑)𝐶𝑓𝑠+1

− (𝐿𝑓𝑠 + 𝑅𝑓)] 𝐼𝑓(𝑠)   

          =
−𝐿𝑖𝐿𝑓𝐶𝑓𝑠

3−(𝑅𝑑𝐿𝑖+𝑅𝑓𝐿𝑖+𝑅𝑖𝐿𝑓+𝑅𝑑𝐿𝑓)𝐶𝑓𝑠
2−(𝐿𝑖+𝐿𝑓+𝑅𝑖𝑅𝑑𝐶𝑓+𝑅𝑖𝑅𝑓𝐶𝑓+𝑅𝑑𝑅𝑓𝐶𝑓)𝑠−(𝑅𝑖+𝑅𝑓)

𝐿𝑖𝐶𝑓𝑠
2+(𝑅𝑖+𝑅𝑑)𝐶𝑓𝑠+1

 𝐼𝑓(𝑠)  

Hence, the transfer function of the whole coupling filter can be described as follows: 

𝐻𝑓(𝑠) =
𝐼𝑓(𝑠)

𝑉𝑜(𝑠)
   

           =
𝐿𝑖𝐶𝑓𝑠

2+(𝑅𝑖+𝑅𝑑)𝐶𝑓𝑠+1

−𝐿𝑖𝐿𝑓𝐶𝑓𝑠
3−(𝑅𝑑𝐿𝑖+𝑅𝑓𝐿𝑖+𝑅𝑖𝐿𝑓+𝑅𝑑𝐿𝑓)𝐶𝑓𝑠

2−(𝐿𝑖+𝐿𝑓+𝑅𝑖𝑅𝑑𝐶𝑓+𝑅𝑖𝑅𝑓𝐶𝑓+𝑅𝑑𝑅𝑓𝐶𝑓)𝑠−(𝑅𝑖+𝑅𝑓)
 (B-10) 
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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, Δ-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 0.12 Ω No. of parallel branches 2 

End-winding resistance 0.45 Ω Steel type M-45 29 GA 

End-ring reactance 18.76×10-6 Ω Wire 21 SWG area 0.5189 mm2 

End-ring resistance 4.21×10-6 Ω 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, Δ-connected 

Squirrel-cage induction machine 

Parameter Value 

Stator resistance 𝑅𝑠  0.9649 Ω  

Rotor resistance 𝑅𝑟 1.3046 Ω 

Moment of inertia 𝐽𝑚  0.0138 Kg.m2 

Friction coefficient 𝐵𝑚  0.0021 

Excitation capacitance 𝐶 36 µF 

 

Table C-3 Magnetizing and leakage reactance saturation parameters 

Parameter Value Parameter Value Parameter Value 

𝑘1  111.7 𝑘4  3.807 𝑐2  3.45 

𝑘2  97 𝑘5o  2.003 𝑐3o  0.1347 

𝑘3o  1.342 𝑘5  2.885 𝑐3  0.1182 

𝑘3  1.9194 𝑘6o  3.512 𝑐4o  0.0105 

𝑘4o  2.353 𝑐1  0.1502 𝑐4  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 𝑉𝑠  220 VLL 𝐿𝑓  1 mH 

Supply frequency 𝑓𝑠 60 Hz 𝑅𝑓  0.12 Ω 

Sampling time 𝑇𝑠 110 𝜇s  𝐶𝑓  6.67 𝜇F 

Delay time 𝑇𝑑 15 𝜇s  𝑉𝑑𝑐  300 V 

Switching frequency 𝑓𝑠𝑤 9 kHz 𝐾𝑃𝑖  1.43 

Crossover frequency 𝜔𝑐 450 rad/s 𝐾𝐼𝑖  171.43 

𝜏𝑖  0.7 ms 𝐾𝑃𝑣  0.003 

𝑅𝐿  17-50 Ω 𝐾𝐼𝑣  0.4265 

 

 

 

 

 

 

 

 


