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ABSTRACT 

Induction Machine Emulation for Asymmetrical Conditions 

 Yupeng Liu, Ph.D. 

Concordia University, 2022 

 

The induction machine can be used as generator or motor, to convert mechanical power to 

electrical power or via versa. The induction generator is an essential element of many renewable 

energy systems such as wind power plants, etc. The induction motor is commonly adopted in 

industry. The advantages of induction machines are well-known compared to other types of 

machines. Thus, it is important to investigate induction machines with accurate models and replace 

expensive test benches and equipment by more efficient and economical test procedures.  

To describe induction machines, different mathematical models have been devoted over 

the years to examine different problems. For instance, the abc frame model, dq frame model, 

hybrid model of abc and dq, and multiple coupled circuit (MCC) models. Based on those models, 

the developed model-based induction machine emulator is able to offer a flexible and easy platform 

for testing and analyzing characteristics of the induction machine in the laboratory environment. 

Therefore, accurate mathematical models are essential for further applications of induction 

machines. 

Generally, the induction machine works under balanced conditions, but the unbalanced 

condition is inevitable in practice. Self-excited induction generator (SEIG) is a good option for 

standalone wind energy conversion systems and other renewable energy sources. In such SEIG 

systems, the majority of unbalanced cases occur due to load disconnection. On the other hand, the 

generator will have to supply nonlinear loads in most scenarios. Thus, the SEIG supplying three-

phase unbalanced loads and nonlinear loads is relatively common. 

Inside the induction machine, due to the combination of working environment, installation, 

and manufacturing factors, unbalance caused by internal faults can occur. Stator windings, rotor 

bars, and end rings are the most common internal faults. Such faults not only reduce the machine 
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working efficiency and cause excessive heating but also cause potential hazards for continuous 

work and safety. As a result, it can lead to the failure of the machine.  

Continuing to drive the induction machine with asymmetrical conditions can cause 

consequent failures and even permanent damage to the machine. This thesis proposes a power 

electronic converter-based machine emulator replacing the actual machine to investigate the 

performance of the machine under different kinds of asymmetrical conditions. The machine 

emulator provides a laboratory environment to test and analyze the characteristics of the actual 

machine, especially under critical operating conditions. Therefore, the risk, time and cost 

associated with generating real faults can be reduced, helping to overcome safety issues with actual 

faulted machines. Such techniques can also be applied in fault detection, diagnosis, and fault 

control areas. In this thesis, the emulation of a SEIG supplying unbalanced and nonlinear loads, 

an induction motor with stator winding faults and rotor cage faults conditions are researched.   

The mathematical model of the SEIG system is established and the emulation results of 

balanced loads, unbalanced loads, transients during loading and nonlinear load conditions are 

compared with an actual SEIG system. The mathematical model of an induction machine with 

stator winding faults is also built. The emulator setup for a faulted induction motor is proposed 

and established, the experimental results of an actual machine with 5% and 10% faults have been 

done and then compared with simulation and emulation results. Different loading conditions are 

investigated. For the rotor cage fault induction motor, a novel machine parameter measurement 

method is introduced, which is able to measure the machine parameters without opening the 

machine, making it easier and more convenient to acquire rotor parameters. Usually, the faults 

inside the machine are hard to distinguish. In this thesis, the rotor cage fault is identified by 

analyzing the stator current frequency components, then the emulation setup is established. The 

simulation and emulation are compared with an actual faulted induction motor including loading 

conditions, which demonstrates the validity of the machine emulator. 
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Chapter 1.                                                      

Introduction 

With the development of renewable energy power generation, the three-phase induction 

machine is widely adopted as the energy converter between mechanical power and electric power. 

The advantages of the induction machine over synchronous machine are brushless construction 

with squirrel-cage rotor, smaller size, lower maintenance cost, no DC supply for excitation and 

better transient performance [1]. The squirrel-cage induction machine working as a self-excited 

induction generator (SEIG) is widely employed in standalone systems, especially in hydroelectric, 

tidal, wind power plants and other renewable energy sources, where most of them are located in 

remote areas or developing countries [2]. Research work have been carried out on SEIG systems, 

in terms of the algorithm and control of SEIG system supply unbalanced loads, different kinds of 

induction machine working under asymmetry conditions [3]-[7]. Asymmetry caused by internal 

faults frequently occurs on rotor bars, end rings and windings. The research work carried out 

internal to induction machines includes precisely modeling the asymmetry machine model, steady-

state analysis of performance under asymmetry conditions and research on different kinds of 

asymmetry conditions. 

This Chapter presents a literature review of the induction machine under asymmetrical 

operating conditions, a consequence of which can lead to machine failure, Power hardware-in-the-

loop emulation is proposed to emulate actual machines at full power. This Chapter presents an 

overview of the machine emulation method including the three main parts of machine emulation: 

1) Proper machine model, 2) Power electronic device, and 3) Control strategy.  
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1.1 Induction Machine Under Asymmetrical Conditions 

The balanced and unbalanced conditions of SEIG system have been discussed [8]-[11]. 

Generally, the SEIG system will work at balanced condition, but the unbalanced condition is 

inevitable in practice. In the induction motors, most unbalanced or asymmetrical conditions occur 

with stator windings, rotor bars, and end rings. In induction generators, the majority of unbalanced 

cases occur at load disconnection. Therefore, contributions have been devoted to the induction 

machine performance under unbalanced conditions. A multi-objective genetic algorithm was 

proposed to investigate steady-state performance characteristics of SEIG supplying an unbalanced 

load [8]. A control method for the induction generator under unbalanced loads has been proposed 

and validated by simulation and experiment results in [9]. A winding function method based 

induction machine balanced and unbalanced model has been investigated on balanced and 

unbalanced supply conditions in [10]. The performance of a wind turbine driven SEIG system is 

studied under unbalanced loads in [11]. 

When an internal fault occur, the induction machine can operate under asymmetrical 

conditions, such as: 

1) inner turn fault of stator phase winding, 

2) abnormal connection of the stator winding, 

3) broken rotor bar or end ring. 

The results of asymmetrical operation of induction machines will be  

1) unbalanced air gap voltages,  

2) consequently unbalanced line currents,  

3) increased losses,  

4) increased torque pulsations,  

5) decreased average torque. 

 Such asymmetrical operation of the induction motor will cause poor efficiency and 

excessive heating, and lead to failure of the machine. Therefore, accurate prediction of the 

induction machine under such conditions is important. The internal faults of induction machine 

have been discussed in [12-14]. A multiple coupled circuit model is presented in [12] for 

simulation of induction machines under variety of fault conditions, such as broken rotor bars and 
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end rings. A transient model for an induction machine with stator winding turn faults researched 

in [13] by using reference frame transformation theory, experimental results are provided to 

validate the model. An induction machine model based on the coupled circuit approach is 

presented in [14] to simulate both the rotor and stator faults, the simulation results are presented.  

1.2 Machine Emulation 

An electrical machine emulator is a good option to replace expensive test benches and 

equipment as well as the risks associated with development and testing of new drive systems. With 

the emulator, various types of electric machines with different power ratings or the conventional 

and advanced control strategies can be tested. The implementation of the emulator utilizes the 

concept of power hardware-in-the-loop, wherein power converters are controlled to emulate 

machine characteristics [15]. As shown in Fig. 1-1 (b) a power electronic converter has the same 

three-phase output as an actual induction machine as shown in Fig. 1-2 (a), if the power converter 

controlled output in the same or similar to an induction machine from a power of view of the grid 

the controlled power converter behaves as an induction machine. The emulator is typically a 

bidirectional power electronic interface, which is capable of running either as an energy sink 

drawing electrical power from the grid or as an energy source feeding energy into the grid [16-18]. 

The induction machine emulator offers a flexible and easy platform for testing and analyzing the 

characteristics of the emulated machine at particular operating conditions in the laboratory 

environment. With proper controller design, converters can behave in a similar manner to the 

actual machine. An induction machine emulation test platform was implemented in [11]. A three-

phase induction motor emulator based on a power converter in rectifier mode was introduced in 

[19]. The benefit of a machine emulator system compared to conventional electrical machine 

testing has been investigated in [20-27] and listed below: 

• The machine emulation allows the testing of a drive inverter and novel control 

strategies before the actual machine is prototyped, which can take several months, 

thus significantly reducing the time to market an electrical machine dive. 

• Compare to the FEA simulation (Ansys, JMAG, Motorslove), real-time emulation 

saves a lot of simulation time, also the test is using actual powers and currents, which 

is closer to the actual condition. 
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• With a machine emulator, there is no requirement for a dynamometer test bench to 

load the machine. The loading of the machine can be achieved by using the machine 

emulator system. Thus during loading conditions, the drive inverter will supply 

power to the emulator, which replicates the actual machine coupled for a load on a 

dyno bench. In such conditions, the experiment environmental is safer due to there 

being no rotating parts during testing. 

•  With a machine emulator, the testing of the drive inverter and controller can be done 

for severe operating conditions, such as overloads and faulted machines. If the 

machine is faulted and still driven as usual, the damage to the machine will be a 

consequence which can lead to machine failure and cause safety issues. With the 

machine emulator, the control method for a faulted machine can be tested, to prevent 

damage to the real machine.  

                               

(a)                                                                                                      (b) 

Fig. 1-1 The emualtion concept (a)Actual machine (b) Emulation machine 

There are three major parts in the emulation system, which ensures the emulation has quick 

response and accurate tracking, including: I) a proper machine mathematical machine model, II) a 

power electronic device, III) the control strategy in the emulation system. 

1.2.1 Machine Model in Emulation System 

The emulator is used to emulate an actual machine, such that an accurate mathematical model 

is mandatory, which is able to represent the actual machine. Also, the emulation is working in real-

time, which requires calculating the reference value and controlling the power device output as a 

real machine. Significant computation is required in such conditions, thus the machine model 

needs to be simple enough for speed responses. A lot of work has been done in applying a 
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simplified machine model to achieve real-time and accurate emulation [20-23]. However, such 

simplified machine model are only verified in steady-state emulation, the machine emulation 

performance under various machine transients, such as loading, faults, and saturation conditions 

need to be investigated. The research work in [24][25] used FEM in the machine emulation, the 

FEM model can be more accurate compared to an analytical mathematical model, due to 

consideration of more complex elements in the machine, such as flux path in the machine. 

However, such machine models increase the calculation requirements, especially during fault 

conditions. 

Thus, a proper mathematical machine model is a key component to investigate such 

unbalanced or asymmetrical conditions. A multiple-coupled circuit (MCC) model was first 

proposed in [28], to model stator and rotor faults including; stator open and short circuits, cracks 

in rotor bar and end ring. The topology of the MCC model is shown in Fig.1-1, which illustrates 

each part of the machine. The application of the MCC model in the broken rotor bar is investigated 

in [29-33], and faulted machine in [34-36]. It is shown that the MCC is able to simulate the machine 

with very accurate results. The details of the machine are hard to measure, and the resistance of 

each rotor bar is very small, which can induce large measurement errors. The measurement of 

inductance is done by using the winding function method, which accounts for the space harmonics 

in the machine, neglects saturation effect and eddy currents, and assumes symmetry of the machine. 

The high calculation requirement is also hard to apply in real-time. 

The d-q frame model is one of the most common ways to analyze the induction machine. 

It has been demonstrated in the early research stage [37], [38], where the three-phase system was 

converted to a two-phase system. The rotating speed of d and q axis has three reference frames: 1) 

the stationary reference frame, in which the d and q axis are fixed without rotating; 2) the 

synchronously reference frame, where the d and q axis rotate at synchronous speed; 3) the rotor 

reference frame, where the d and q axis rotate at rotor speed. When an induction machine works 

in the generation mode the stator frequency is unknown, so the rotor reference frame is the only 

option in that case. Further research demonstrated that in a 3-wire system, zero sequence quantities 

are nonexistent in d-q systems even under different types of unbalanced conditions [39]. Therefore, 

the zero sequence quantities are excluded from the induction machine equivalent circuit under 

such conditions. 
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Fig. 1-2 Multiple coupled circuit topology 

1.2.2 Power Electronic Converter for Emulation 

The power electronic converter in the emulation system is able to generate the desired power, 

which is the same as an actual machine. It could be either a power electronic converter or a linear 

amplifier or a combination. Research work has been conducted on emulation by a linear amplifier 

in [38], [39], the linear amplifier is controlled to mimic an actual machine and grid faults conditions 

are studied. The research work in [32-37], [41] uses a power electronic converter to emulate an 

actual machine. The power electronic device in the emulation system is able to generate or draw 

the same power as an actual machine. 

1.2.3 Control Strategy in Emulation System 

The control methodology applied in machine emulation is important, affects the accuracy of 

the emulation and also the transient performance. The most common way is to control the power 

electronic converter in the current control mode to mimic machine currents. However, if the drive 

inverter is also working in the current control mode, it will cause a control conflict [34], [35]. The 

control method in [39] applies a PI controller in the dq reference frame. The results are accurate 
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and fast-tracking, however, the control method may not work under fault conditions due to the 

unbalance. Three-phase PI controllers have been used in [40], which controls the abc three phases 

separately, it will be an advantage while emulating faulty conditions, however, the steady-state 

error due to the PI controller needs to be considered. 

1.3 Motivation 

The motivation of this work is to investigate accurate emulation of electrical machine under 

different asymmetrical conditions. 

In the case of isolated systems, the induction generator, and more precisely the three-phase 

squirrel induction generator is widely adopted, in remote and isolated areas. Due to the reasons of 

the structure has high stability, needs little maintenance, and is cost-efficient. Therefore, the study 

of SEIGs has been the subject of many research works. Generally, the SEIG system will work at 

the balanced condition, but the unbalanced condition is inevitable in practice. Majority of 

unbalanced cases occur at loads disconnection. Therefore, it is important to investigate the SEIG 

under unbalanced condition. 

When looking in inside the induction machines, due to the combined factors of thermal, 

environmental stress, installation, and manufacturing, asymmetry caused by internal faults occur 

frequently. Broken rotor bars and winding faults are the most common asymmetrical conditions. 

These kinds of faults not only reduce the machine working efficiency and cause potential hazards 

for continuous work, but also cause serious secondary effects. The broken part of the bar has high 

chance of hitting stator windings at high velocity. The majority of stator winding faults are caused 

by the short circuit of a few turns of a stator winding and are difficult to locate within the winding. 

Since many of the induction motors are supplied by inverters to achieve adjustable speed 

drives systems, thus continuing to drive faulted machines can lead to machine failure and even the 

damage of entire system. This thesis proposes a power electronic converter-based machine 

emulator replacing the actual machine to investigate the performance of the machine under kinds 

of asymmetrical conditions. The built machine emulator provides a laboratory environment to test 

and analyze the characteristics of the actual machine, especially under critical operating conditions. 

Therefore, the risk, time and cost associated with generating real faults can be reduced, helping to 

overcome safety issues with actual faulted machines. Such techniques could also be applied in 
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fault detection, diagnosis, and fault control areas. Thus, for the drive inverter, it is able to 

accurately predict the transient performance of the machine. It will also be useful for investigating 

the operational characteristics of faulty motors without destructive testing. 

1.4 Objectives 

The main objective of this work is to design and develop a three-phase bidirectional power 

electronic converter emulator to be applied in the emulation of several asymmetrical operating 

conditions of induction machine. The specific objectives of the research include: 

1.  Building the mathematical model of the electrical machine under healthy conditions, 

which will be the foundation of further research on electrical machine emulation and a 

variety of asymmetrical operating conditions. 

2. Building the three-phase bidirectional power electronic converter emulator for electrical 

machines, through which various electric machines with different power ratings or the 

conventional and advanced control strategies can be tested.  

3. Building the mathematical model of an induction machine under certain kinds of internal 

faults.  Asymmetrical operation conditions in induction motors are usually caused by 

internal faults. The internal faults have serious consequences, which may break down the 

machines and even damage the entire system. Therefore, a proper model will help to study 

the machine performance under unbalanced conditions. The machine model is also a key 

component for accurate emulation, due to the fact that emulation is working in real-time, 

which requires calculating the reference value and controlling the power electronic system 

as a real machine. Significant computation is required in such conditions, thus the machine 

model needs to be simple enough to achieve fast responses. 

4. In induction generator systems, nonlinear loads and loads disconnection occur frequently, 

such unbalanced conditions are inevitable in practice. In an induction motor, the extreme 

working environment due to the overload or overheating will cause inner faults such as 

stator winding faults, and broken rotor bars.  

1.5 Contributions 

The contributions of this Ph.D. research work are summarized below. 
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- Development of a power hardware-in-the-loop based machine emulator system. 

- Development of a SEIG emulator with unbalanced operating conditions. 

- Development of emulator of an induction machine with stator winding fault. 

- Development an induction machine emulator with rotor cage fault. 

- Investigation of machine emulator control strategies. 

 

Journal papers: 

- Yupeng Liu, M. A. Masadeh and Pragasen Pillay, "Power Hardware-in-the-Loop Based 

Emulation of a Self-Excited Induction Generator Under Unbalanced Conditions," in IEEE 

Transactions on Industry Applications, doi: 10.1109/TIA.2021.3118985. 

- Yupeng Liu, Lebohang Ralikalakala, Paul Barendse and Pragasen Pillay, “Power Electronic 

Converter-Based Induction Motor Emulator with Stator Winding Faults”, IEEE Transactions on 

Industry Electronics (under review). 

 

 

Conference papers: 

- Yupeng Liu, Chigozie Boniface, Paul Barendse and Pragasen Pillay, “Power Electronic 

Converter-Based Induction Motor Emulator with Rotor Cage Faults”, 2022 IEEE Energy 

Conversion Congress and Exposition (ECCE). 

- Yupeng Liu and Pragasen Pillay, "Emulation of A Self-Excited Induction Generator Feeding 

Nonlinear Loads," IECON 2021 – 47th Annual Conference of the IEEE Industrial Electronics 

Society, Toronto, ON, Canada, 2021, pp. 1-6. 
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- Yupeng Liu, Lebohang Ralikalakala, Paul Barendse and Pragasen Pillay, "Power Hardware-

in-the-Loop based Emulation of An Induction Machine with Stator Winding Faults," IECON 2021 

– 47th Annual Conference of the IEEE Industrial Electronics Society, Toronto, ON, Canada, 2021, 

pp. 1-6. 

- Yupeng Liu, Mohammad Masadeh and Pragasen Pillay, "Emulation of an Isolated Induction 

Generator Under Unbalanced Conditions," 2020 IEEE Energy Conversion Congress and 

Exposition (ECCE), Detroit, MI, USA, 2020, pp. 1794-1799. 

1.6 Organization of This Thesis 

Chapter 2 presents the healthy induction machine mathematical model in both abc and dq 

reference frames, which is fundamental to investigating faulted machine model. The experimental 

tests to measure machine parameters is presented. 

Chapter 3 presents a power electronic converter-based SEIG emulator system. The objective 

is to investigate the performance of the SEIG emulator with different types of loads. The 

unbalanced loads are firstly implemented in this chapter, then the transient performance and 

nonlinear loads are investigated. Experimental results are presented for the emulation of the SEIG 

system. 

Chapter 4 presents the emulation of stator winding faults of induction machines. The 

mathematical model of the stator winding fault is firstly established for the induction machine in 

both abc and dq reference frames. The experimental setup for emulation is established and the 

emulator control structure is introduced and designed.  Experimental results are presented for the 

emulation of stator winding faults and compared with actual faulted induction machine results. 

Chapter 5 presents the emulation of the rotor cage fault induction machine. The rotor cage 

fault condition is firstly identified by FFT analysis. Then the method to measure the faulted 

machine parameters is introduced. Experimental results are presented for the emulation of the rotor 

cage fault induction machine and compared with an actual faulted induction machine results. 

Chapter 6 presents the conclusion of this thesis and possible future work. 
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 Chapter 2.                                                       

Mathematical Models of Induction Machines 

The induction machine is a high-order, nonlinear, strongly coupled multivariable system. 

The stator and rotor system are connected through the flux generated by each system, also known 

as mutual inductance. In order to investigate the performance of the induction machine under 

various conditions, it is important to find a simple and convenient mathematical model, which is 

also accurate enough to account for anomalous conditions. Here, the abc and dq models of a 

healthy induction machine are firstly presented. Then, the parameter measurements method of 

induction machine is introduced to measure the stator resistance, rotor resistance, stator leakage 

reactance and rotor leakage reactance. This Chapter will be the fundamentals for the further 

research of asymmetrical conditions. 

2.1 Induction Machine Model in the abc Reference Frame 

The mathematical model of a healthy IM’s stator voltages in abc reference frame can be 

presented in terms of first-order differential equations as [41] 

𝑣𝑎𝑠 = 𝑅𝑠𝑖𝑎𝑠 + 𝑝λ𝑎𝑠                                                         (2-1) 

𝑣𝑏𝑠 = 𝑅𝑠𝑖𝑏𝑠 + 𝑝λ𝑏𝑠                                                         (2-2) 

𝑣𝑐𝑠 = 𝑅𝑠𝑖𝑐𝑠 + 𝑝λ𝑐𝑠                                                          (2-3) 

And that of the rotor voltages are 

𝑣𝑎𝑟 = 𝑅𝑟𝑖𝑎𝑟 + 𝑝λ𝑎𝑟                                                         (2-4) 

𝑣𝑏𝑟 = 𝑅𝑟𝑖𝑏𝑟 + 𝑝λ𝑏𝑟                                                         (2-5) 

𝑣𝑐𝑟 = 𝑅𝑟𝑖𝑐𝑟 + 𝑝λ𝑐𝑟                                                          (2-6) 
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For 𝜆𝑠
𝑎𝑏𝑐and 𝜆𝑟

𝑎𝑏𝑐there are equations as 

𝜆𝑠
𝑎𝑏𝑐 = 𝑳𝑠𝑠

𝑎𝑏𝑐𝒊𝑠
𝑎𝑏𝑐 + 𝑳𝑠𝑟

𝑎𝑏𝑐𝒊𝑟
𝑎𝑏𝑐                                               (2-7) 

𝜆𝑟
𝑎𝑏𝑐 = 𝑳𝑟𝑟

𝑎𝑏𝑐𝒊𝑟
𝑎𝑏𝑐 + 𝑳𝑟𝑠

𝑎𝑏𝑐𝒊𝑠
𝑎𝑏𝑐                                                (2-8) 

Which are expended as 

[

𝜆𝑎𝑠
𝜆𝑏𝑠
𝜆𝑐𝑠

] =

[
 
 
 
 
 𝐿𝑙𝑠 + 𝐿𝑚𝑠 −

1

2
𝐿𝑚𝑠 −

1

2
𝐿𝑚𝑠

−
1

2
𝐿𝑚𝑠 𝐿𝑙𝑠 + 𝐿𝑚𝑠 −

1

2
𝐿𝑚𝑠

−
1

2
𝐿𝑚𝑠 −

1

2
𝐿𝑚𝑠 𝐿𝑙𝑠 + 𝐿𝑚𝑠]

 
 
 
 
 

[
𝑖𝑎𝑠
𝑖𝑏𝑠
𝑖𝑐𝑠

]  

+ 𝐿𝑠𝑟 [

𝑐𝑜𝑠𝜃𝑟 𝑐𝑜𝑠(𝜃𝑟 + ϒ) 𝑐𝑜𝑠(𝜃𝑟 − ϒ)
𝑐𝑜𝑠(𝜃𝑟 − ϒ) 𝑐𝑜𝑠𝜃𝑟 𝑐𝑜𝑠(𝜃𝑟 + ϒ)
𝑐𝑜𝑠(𝜃𝑟 + ϒ) 𝑐𝑜𝑠(𝜃𝑟 − ϒ) 𝑐𝑜𝑠𝜃𝑟

] [
𝑖𝑎𝑟
𝑖𝑏𝑟
𝑖𝑐𝑟

] 

 (2-9) 

[

𝜆𝑎𝑟
𝜆𝑏𝑟
𝜆𝑐𝑟

] =
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[
𝑖𝑎𝑟
𝑖𝑏𝑟
𝑖𝑐𝑟

]

+ 𝐿𝑟𝑠 [

𝑐𝑜𝑠𝜃𝑟 𝑐𝑜𝑠(𝜃𝑟 − ϒ) 𝑐𝑜𝑠(𝜃𝑟 + ϒ)
𝑐𝑜𝑠(𝜃𝑟 + ϒ) 𝑐𝑜𝑠𝜃𝑟 𝑐𝑜𝑠(𝜃𝑟 − ϒ)
𝑐𝑜𝑠(𝜃𝑟 − ϒ) 𝑐𝑜𝑠(𝜃𝑟 + ϒ) 𝑐𝑜𝑠𝜃𝑟

] [
𝑖𝑎𝑠
𝑖𝑏𝑠
𝑖𝑐𝑠

] 

  (2-10) 

where, 𝑣𝑎𝑠 , 𝑣𝑏𝑠, 𝑣𝑐𝑠  are the stator voltage, 𝑖𝑎𝑠, 𝑖𝑏𝑠, 𝑖𝑐𝑠  are the stator current, 𝑅𝑠  and 𝑅𝑟  are the 

stator and rotor resistances, 𝑣𝑎𝑟 , 𝑣𝑏𝑟 , 𝑣𝑐𝑟 and 𝑖𝑎𝑟 , 𝑖𝑏𝑟 , 𝑖𝑐𝑟  are the rotor voltage and current on each 

phase, 𝜆 represent the flux linkage, p is the derivative operator 
𝑑

𝑑𝑡
, 𝑳𝑠𝑠
𝑎𝑏𝑐and 𝑳𝑟𝑟

𝑎𝑏𝑐are symmetrical 

matrices of the self-inductance of the stator and rotor windings, 𝐿𝑠𝑟 and 𝐿𝑟𝑠 are stator to rotor or 

rotor to stator mutual inductances, 𝐿𝑙𝑠 and 𝐿𝑙𝑟 are the leakage inductances of the stator and rotor, 

respectively, and 𝐿𝑚 is the magnetizing inductance. 𝜃𝑟 is the angle between stator phase A and 

rotor phase A, and ϒ=120°. 



13 
 

2.2 Induction Machine Model in dq Reference Frame 

The machine model in abc reference frame can be transferred to the dq frame model, which 

is one of the most common methods to analyze induction machines. By apply the Park’s 

transformation equation on the abc reference frame model, the dq model of an induction machine 

can be derived.  

𝑣𝑑𝑠 = 𝑅𝑠𝑖𝑑𝑠 + 𝑝𝜆𝑑𝑠 + 𝜆𝑞𝑠𝜔                                                 (2-11) 

𝑣𝑞𝑠 = 𝑅𝑠𝑖𝑞𝑠 + 𝑝𝜆𝑞𝑠 − 𝜆𝑑𝑠𝜔                                                 (2-12) 

𝑣𝑑𝑟 = 𝑅𝑟𝑖𝑑𝑟 + 𝑝𝜆𝑑𝑟 + 𝜆𝑞𝑟(𝜔 − 𝜔𝑟)                                    (2-13) 

𝑣𝑞𝑟 = 𝑅𝑟𝑖𝑞𝑟 + 𝑝𝜆𝑞𝑟 − 𝜆𝑑𝑟(𝜔 − 𝜔𝑟)                                    (2-14) 

where 𝑣𝑑𝑠 and 𝑣𝑞𝑠 are the stator voltages in dq reference frame, 𝑣𝑑𝑟 and 𝑣𝑞𝑟 are the rotor voltages 

in dq frame, 𝑖𝑑𝑠 and 𝑖𝑞𝑠 are the stator currents in dq frame, 𝑖𝑑𝑟 and 𝑖𝑞𝑟 are the rotor currents in dq 

frame, 𝜆𝑑𝑠 and 𝜆𝑞𝑠 are the stator flux linkages in dq frame, 𝜆𝑑𝑟 and 𝜆𝑞𝑟 are the rotor flux linkages 

in dq frame.  

Here the 𝜔 is chosen as synchronous reference frame in motor mode, which have 𝜔 = 𝜔𝑠. 

In addition, in the case of generation mode of induction machine, the stator and rotor frequencies 

are unknown, so that the machine model has to be chosen in the rotor reference frame [41], which 

will have 𝜔 = 𝜔𝑟. 

The flux linkage has 

𝜆𝑑𝑠 = 𝐿𝑠𝑖𝑑𝑠 + 𝐿𝑚𝑖𝑑𝑟                                                   (2-15) 

𝜆𝑞𝑠 = 𝐿𝑠𝑖𝑞𝑠 + 𝐿𝑚𝑖𝑞𝑟                                                   (2-16) 

𝜆𝑑𝑟 = 𝐿𝑟𝑖𝑑𝑟 + 𝐿𝑚𝑖𝑑𝑠                                                   (2-17) 

𝜆𝑞𝑟 = 𝐿𝑟𝑖𝑞𝑟 + 𝐿𝑚𝑖𝑞𝑠                                                   (2-18) 

where 

𝐿𝑠 = 𝐿𝑙𝑠 + 𝐿𝑚                                                             (2-19) 



14 
 

𝐿𝑟 = 𝐿𝑙𝑟 + 𝐿𝑚                                                             (2-20) 

The generator torque is related with rotor speed as 

 𝑇𝑒 = J (
2

𝑃
) 𝑝𝜔𝑟 + B𝜔𝑟 + 𝑇𝐿                                                    (2-21) 

where 𝑇𝑒 is electromagnetic torque, J is inertia of motor, P is number of poles in the machine, 𝜔𝑟 

is rotor speed, B is the friction coefficient,  𝑇𝐿 is load torque, p is the differential operator. 

2.3 Machine Parameter Measurements 

For the induction machine emulation system, various parameters of the machine such as rotor 

and stator resistance, rotor, and stator leakage reactance as well as magnetizing reactance has to be 

measured and calculated. To obtain these parameters a DC test, no-load and block-rotor tests are 

performed.  

The magnetic field of the stator is fixed in space by supplying a steady-state direct current to 

the stator windings during DC test. Therefore, no voltage in the rotor is generated. The resistance 

of the stator winding is calculated for a ∆-connected machine as shown below 

𝑅𝑠 =
3

2

𝑉𝑑𝑐

𝐼𝑑𝑐
                                                                (2-22) 

To obtain the rotor resistance, rotor and stator leakage reactance and magnetizing reactance, 

no-load and blocked-rotor tests are performed. Its equivalent circuits are shown in Fig. 2-1 (a) and 

(b), respectively. 

During the no-load test, the rated voltage is applied and the machine is rotating at its base 

speed. Therefore, the slip of the machine is close to 0 and the rotor side is considered as an open 

circuit. The equivalent circuit during no-load test is as shown in Fig. 2-1 (a) where 𝑉𝑛 is the phase 

voltage of the stator, 𝐼𝑛 is the stator phase current, 𝐼𝑚 is the per-phase magnetizing current. The 

equivalent circuit is reactive as the power factor of machine is low. Under this circumstance the 

relationship of stator leakage reactance Xls and magnetizing reactance Xm with phase voltage and 

current can be written as 

𝑋𝑚 + 𝑋𝑙𝑠 =
𝑉𝑛

√3∗𝐼𝑛
                                                            (2-23) 

where 𝑉𝑛 and 𝐼𝑛 are the phase voltages and currents, respectively. 
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Vn

Rs jXls

jXm

In

Im

VBR

Rs jXlsIBR jXlr

Rr

 

(a)                                                          (b) 

 

(c) 

Fig. 2-1 Equivalent circuit of induction machine: 

(a) No-load test (b) blocked rotor test (c) equivalent circuit. 

The equivalent circuit of the block-rotor test is shown in Fig. 2-1 (b), where the rotor 

resistance 𝑅𝑟 can be obtained by 

𝑅𝑟 =
𝑃𝐵𝑅

3𝐼𝐵𝑅
2 − 𝑅𝑠                                                      (2-24) 

where 𝑃𝐵𝑅is the total power and 𝐼𝐵𝑅 is the rated stator current under blocked-rotor condition. They 

are measured using a YOKOGAWA power meter. 𝑅𝑠 is calculated from (2-22). 

From Fig. 2-1 (b), the equation to calculate the total leakage reactance 𝑋𝑙𝑠 + 𝑋𝑙𝑟 can be 

written as: 

𝑋𝑙𝑠 + 𝑋𝑙𝑟 = √𝑍𝐵𝑅
2 − 𝑅𝐵𝑅

2 = √(
𝑉𝐵𝑅

√3𝐼𝐵𝑅
)2 − (

𝑃𝐵𝑅

3𝐼𝐵𝑅
2 )

2                      (2-25) 

As discussed earlier the total leakage reactance is divided into stator leakage reactance 𝑋𝑙𝑠 

and rotor leakage reactance 𝑋𝑙𝑟, which are utilized to define A, B, C, D four types of machines 

Vph

Rs jXs

+ Is

jX'r

-

jXm
R'r/s

I'r
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according to IEEE Std 112™ [42]. The machine used in this paper is design C type machine, so it 

has the constant split ratio according to [42] as follows: 

𝑋𝑙𝑠 = 0.3(𝑋𝑙𝑠 + 𝑋𝑙𝑟)                                                    (2-26) 

𝑋𝑙𝑟 = 0.7(𝑋𝑙𝑠 + 𝑋𝑙𝑟)                                                   (2-27) 

After 𝑋𝑙𝑠 is calculated, according to equation (2-23), the magnetizing reactance 𝑋𝑚 can be 

calculated. 

Based on the above steps, the induction machine parameters in steady state can be decided, 

which are shown in Fig. 2-1(c) is the per phase equivalent circuit. 

  

2.3 Summary 

This Chapter first established the healthy induction machine mathematical model in the abc 

reference frame and then by applying Park’s transformation, the machine model is transferred to 

the dq reference frame so as to simplify the calculation during simulation. A proper mathematical 

machine model is a key component for further research on asymmetrical conditions so as to 

achieve accurate emulation results. The machine parameter measurement method is also 

introduced in this Chapter. By DC test the stator resistance is measured. From the blocked-rotor 

test and no-load test, the rotor resistance, mutual inductance, stator leakage inductance, and rotor 

leakage inductance are confirmed. The machine parameter measurement method will also be 

fundamental to investigating the parameter measurement of an induction machine with rotor cage 

fault. 

 



17 
 

 

 Chapter 3.                                                                   

SEIG Emulation Under Unbalanced Conditions  

Extensive research work has been carried out on the characteristics and applications of the 

induction generator [2], [44-48].  An induction generator scheme is proposed in [2] to eliminate the 

low-order harmonics from the machine phase voltage throughout the full speed range. The 

application of a SEIG system in a wind farm is established in [44] and the transient behavior is 

examined. The operating principle of the SEIG is summarized as: when the mechanical prime 

mover is connected to a standalone induction machine, an electromotive force (EMF) will be 

induced in the stator windings as a result of the residual flux present in the rotor. The frequency of 

generated EMF is in proportion to the rotor speed. Then the capacitors, which are parallel to the 

stator terminals, produce a flow of reactive current in the stator windings. Hence magnetizing flux 

is established in the machine. The induced voltage at the stator winding terminals continue rising 

until reaching the point that the reactive power demanded by the SEIG is balanced with reactive 

power supplied by the terminal capacitors. In this way, the SEIG is capable of establishing the 

magnetizing flux and stator voltage, thus operating independently as a generator without a grid 

power supply in remote areas. Moreover, there are different types of generators that have been 

discussed in the literature. The research on modeling and application of self-excited reluctance 

generators in wind generation is carried out in [45]-[47], however, the research focuses only on the 

mathematical modeling of reluctance machine. The doubly fed induction generator is studied in [48] 

to improve the dynamic performance during voltage dips. 

Contributions have been made to the balanced and unbalanced conditions of the induction 

generator system in [49]-[55]. A simplified induction generator model is proposed to study the 

effect on the subsynchronous resonance phenomenon and transient stability [49], [50]. Generally, 

the generator system is designed for balanced conditions, but unbalanced conditions are inevitable 
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in practice. The control strategy of induction wind generators under unbalanced grid voltages is 

presented to eliminate the current distortion and power ripple [51]. The resonant-based back 

stepping direct power control of an induction generator under both balanced and unbalanced grid 

conditions is researched for wind power generation, to handle unbalanced grid conditions [52]. 

Many contributions have been made on unbalance occurring with load disconnection. The 

unbalanced load conditions in SEIG systems can cause vibration of the machine due to unbalanced 

magnetic fields. Induction generators running under unbalanced conditions can reduce the machine 

life cycle significantly. Some severe unbalanced cases may even damage the machine. Unbalanced 

loads can also increase the power losses in the system. A multi-objective genetic algorithm is 

proposed in [53] to investigate the steady-state performance characteristics of the SEIG supplying 

an unbalanced load. The reactive power requirement of SEIG systems under different loading 

conditions is researched in [54]. A control method for the induction generator under unbalanced 

loads has been proposed and validated by simulation and experimental results in [21]. An induction 

machine using winding functions has been investigated on balanced and unbalanced supply 

conditions in [22]. The performance of a SEIG system driven by a wind turbine is investigated 

under unbalanced loads in [42]. It is difficult to test unbalanced conditions in the laboratory 

environment due to the bulky machines required in SEIG systems. 

Generally, the SEIG system supplies linear loads. However, nonlinear loads, mainly power 

electronic devices, are increasingly common, due to the ever-increasing penetration of distributed 

generation, such as Electric Vehicles (EVs) and energy storage batteries [55]. Therefore, it is 

important to investigate the characteristics of SEIGs feeding nonlinear loads [56]-[64]. A 

STATCOM-based SEIG feeding nonlinear loads was studied in [63]. 

This Chapter proposes a PHIL emulation for flexible testing of SEIG systems including 

unbalanced load conditions and nonlinear load conditions. The SEIG model is established for the 

use of emulation, which considers the magnetic saturation effects, variable stator/rotor leakage split 

ratio and unbalanced conditions. Experiments are carried out on a real SEIG to verify the 

effectiveness of proposed emulation system. 

Fig. 3-1 indicates the actual SEIG system diagram. The wind turbine represents the 

renewable energy source as a prime-mover, which provides the input power to the induction 

generator. The induction generator and excitation capacitors are connected in parallel with the 
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loads. The excitation capacitors are used to build up the voltage of the machine. 

 

Fig.3-1 Discussed SEIG system. 

 

3.1 Modeling of the SEIG System 

3.1.1 Variable Stator/Rotor Leakage Split Ratio Calculation 

According to IEEE Std 112™, the split ratio of stator/rotor leakage reactance is constant value 

based on different types of machines as follows [29]: 
𝑋ls

𝑋lr
= 1.0 for Design A, Design D and wound 

rotor machines, 
𝑋ls

𝑋lr
= 0.67 for Design B machines, 

𝑋ls

𝑋lr
= 0.43 for Design C machines. However, 

for severe transient conditions like heavy loading conditions and direct online start-up, such an 

assumption will not be correct. 

For a close prediction of machine’s dynamic performance, the leakage reactance calculation, 

which is current dependent is considered in [65].  Also, the effect of saturation of the machine model 

is included in the calculation. The high accuracy of machine model is achieved during transients by 

considering a current dependent variable split ratio. 

In the finite element model (FEM), the rotor space of the induction machine is considered as 

a non-magnetic material to acquire the accurate stator leakage reactance [65]. In this way the 

magnetic field of the rotor space is eliminated. Then the stator leakage reactance 𝑋𝑙𝑠 dependent on 

current is as given in the equation below 

𝑋𝑙𝑠 = 𝑘3𝑒
−𝑐3𝐼𝑠 − 𝑘4𝑒

−𝑐4𝐼𝑠                                             (3-1) 

excitation capacitor 

Load

IG
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In the next step, the original material of the rotor is used, and the machine is working in 

blocked rotor conditions. The rotor leakage reactance  𝑋𝑙𝑟 and magnetizing reactance 𝑋𝑚 according 

to their respective current are calculated and expressed by      

𝑋𝑙𝑟 = 𝑘5𝑒
−𝑐3𝐼𝑟 − 𝑘6𝑒

−𝑐4𝐼𝑟                                            (3-2) 

𝑋𝑚 = 𝑘1𝑒
−𝑐1𝐼𝑚 − 𝑘2𝑒

−𝑐2𝐼𝑚                                         (3-3) 

where 𝑘1, 𝑘2, 𝑐1, 𝑐2 are the coefficients of magnetizing reactance saturation, 𝑘3 to 𝑘6, 𝑐3, 𝑐4 are the 

coefficients of initial leakage reactance saturation. The coefficients values of k&c are curve fitting 

parameters, which are acquired through FEM results as discussed in [65]. These values are unique 

and different from one machine to another. 

𝐼𝑚 is magnetizing current, obtained in the d-q frame by 

𝐼𝑚 = √(𝑖𝑞𝑠 + 𝑖𝑞𝑟)2 + (𝑖𝑑𝑠 + 𝑖𝑑𝑟)2                                     (3-4) 

In equations (22) and (23), 𝐼𝑠and 𝐼𝑟 are obtained respectively from the d-q frame components as 

𝐼𝑠 = √(𝑖𝑞𝑠2 + 𝑖𝑑𝑠
2 )                                                   (3-5) 

𝐼𝑟 = √(𝑖𝑞𝑟2 + 𝑖𝑑𝑟
2 )                                                   (3-6) 

3.1.2 Inverter Mathematical Model 

To control the inverter to behave as a SEIG, the mathematical model of the inverter is also 

established. The three-phase inverter output voltage is represented as 𝑣𝑎𝑏𝑐, three-phase voltage on 

capacitors is represented as 𝑣𝑜𝑎𝑏𝑐, the three-phase current on the inductors is represented as 𝑖𝑎𝑏𝑐_𝐿 

and the three-phase current on the load side is represented as 𝑖𝑎𝑏𝑐. 

The inverter mathematical model in abc reference frame can be written as: 

𝐿𝑓

[
 
 
 
 
𝑑𝑖𝑎_𝐿

𝑑𝑡
𝑑𝑖𝑏_𝐿

𝑑𝑡
𝑑𝑖𝑐_𝐿

𝑑𝑡 ]
 
 
 
 

= [

𝑣𝑎
𝑣𝑏
𝑣𝑐
] − [

𝑣𝑜𝑎
𝑣𝑜𝑏
𝑣𝑜𝑐
]                                              (3-7)                                 
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𝐶𝑓

[
 
 
 
 
𝑑𝑣𝑜𝑎

𝑑𝑡
𝑑𝑣𝑜𝑏

𝑑𝑡
𝑑𝑣𝑜𝑐

𝑑𝑡 ]
 
 
 
 

= [

𝑖𝑎_𝐿
𝑖𝑏_𝐿
𝑖𝑐_𝐿

] − [
𝑖𝑎
𝑖𝑏
𝑖𝑐

]                                               (3-8) 

By applying Park’s transformation, the inverter mathematical model in dq reference frame 

can be written as: 

𝐿𝑓
𝑑𝑖𝑑𝐿

𝑑𝑡
− 𝜔𝐿𝑓𝑖𝑞𝐿 = 𝑣𝑑 − 𝑣𝑜𝑑                                            (3-9) 

𝐿𝑓
𝑑𝑖𝑞𝐿

𝑑𝑡
+ 𝜔𝐿𝑓𝑖𝑑𝐿 = 𝑣𝑞 − 𝑣𝑜𝑞                                            (3-10) 

𝐶𝑓
𝑑𝑣𝑜𝑑

𝑑𝑡
− 𝜔𝐶𝑓𝑣𝑞 = 𝑖𝑑𝐿 − 𝑖𝑑                                              (3-11) 

𝐶𝑓
𝑑𝑣𝑜𝑞

𝑑𝑡
+ 𝜔𝐶𝑓𝑣𝑑 = 𝑖𝑞𝐿 − 𝑖𝑞                                            (3-12) 

where ω is the angular speed of dq axis, 𝑣𝑑 , 𝑣𝑞 are the inverter output voltage in dq frame, 𝑣𝑜𝑑 , 𝑣𝑜𝑞 

are the capacitor voltage in dq frame, 𝑖𝑑𝐿 , 𝑖𝑞𝐿 are the inductor current in dq axis, 𝑖𝑑, 𝑖𝑞 are the load 

side current in dq axis. The mathematical model can be plotted in block diagram shown in Fig. 3-

2. 

Σ
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+
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Σ
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Fig.3-2 Mathematical model of inverter. 

3.1.3 Capacitor Bank and Load Model 

The mathematical model of excitation capacitor is written in the d-q frame as [8] 

𝑝𝑣𝑑𝑐 =
(𝑖𝑑𝑙−𝑖𝑑𝑠)

𝐶
− 𝑣𝑞𝑠𝜔𝑟                                             (3-13) 
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𝑝𝑣𝑞𝑐 =
(𝑖𝑞𝑙−𝑖𝑞𝑠)

𝐶
+ 𝑣𝑑𝑠𝜔𝑟                                            (3-14) 

where 𝑖𝑑𝑙 and 𝑖𝑞𝑙 are load currents in d-q frame, 𝑣𝑑𝑐 and 𝑣𝑞𝑐 are the excitation capacitor voltages 

in the d-q frame. Due to parallel connection of excitation capacitors with the induction generator, 

there are 𝑣𝑑𝑐=𝑣𝑑𝑠 and 𝑣𝑞𝑐=𝑣𝑞𝑠. 

In this paper the induction machine is delta connected, the loads are star connected. The 

mathematical model for the resistive load under this conditions can be written in the abc frame as 

𝑅𝑙𝑎 =
𝑉𝑠𝑎

3𝑖𝑙𝑎
,  𝑅𝑙𝑏 =

𝑉𝑠𝑏

3𝑖𝑙𝑏
 ,  𝑅𝑙𝑐 =

𝑉𝑠𝑐

3𝑖𝑙𝑐
,  where 𝑉𝑠𝑎 , 𝑉𝑠𝑏 , 𝑉𝑠𝑐  is the generated three phase line to line 

voltage and 𝑖𝑙𝑎, 𝑖𝑙𝑏, 𝑖𝑙𝑐 is the load current. 

3.2 Emulation of the SEIG System with Unbalanced Loads 

3.2.1 Emulation System 

Fig. 3-3 shows the flow chart of the power electronic converter-based SEIG emulation system 

based on dSPACE 1103. Firstly, the power electronic converter output currents and voltages are 

detected and sent to the dSPACE analog to digital interface. Then those values are converted into 

the d-q rotating frame. The measured output current of the power electronic converter functions as 

the induction generator stator current. Then the reference stator voltages are used to obtain the d-q 

frame based on the built SEIG model. By comparing the actual voltage and current in the converter 

with the reference voltage and current signals, the outer voltage loop and inner current loop control 

and the PWM control signals are generated. Then, the digital output interface of dSPACE is used 

to deliver the PWM signals to control the power electronic converter. Therefore, the power as an 

actual generator flows through the power electronic converter, while no physical induction machine 

is needed in the test. 

The established SEIG system model is investigated on the developed emulation setup. A 

schematic diagram of the SEIG machine emulator is shown in Fig. 3-4, including the power level 

and the control level. The inverter shown in Fig. 3-4 is a standard two-level converter. By 

controlling the inverter in the proposed manner to mimic the machine behavior, the performance of 

the electric machine can be obtained prior to the physical prototype. 



23 
 

 

Fig.3-3 Implementation of proposed SEIG emulation system. 

 

Fig.3-4 Proposed SEIG emulation system. 
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3.2.2 Control Strategy 

To control the SEIG emulation system shown in Fig. 3-4, the induction generator model and 

control system are run in the d-q frame. The reference frame of control system is fixed in the rotor. 

Thus the abc to dq frame and dq to abc frame are performed with transformation angle 𝜃 = 𝜃𝑟.  

This angle is obtained from rotor speed as follows: 

𝜃 = 𝜃𝑟 = ∫𝜔𝑟 (𝑡)𝑑𝑡 + 𝜃𝑟(0) , 𝜔𝑟 =
𝑃

2
𝜔𝑚                                (3-15) 

where 𝜔𝑚 is the mechanical angular speed of the generator. 

Fig. 3-5 shows the block diagram of voltage controller. Firstly, three sets of variables are 

measured and sent to dSPACE from the hardware. They are the inverter output current ii_abc, the 

voltage vo_abc of the load, and the current io_abc of the load. Then, the measured voltages and currents 

are converted in the dq frame by the Park transform, to perform the control in the two-phase rotating 

frame. 

The three-phase load of the emulator and the induction generator model in the dSPACE 

platform are connected by load currents io_abc. The measured load currents together with excitation 

capacitor current in the SEIG model are used to calculate the stator voltages and currents. Therefore, 

the command load voltages vod
* and voq

* in the dq frame and the rotor speed ωr can be obtained from 

the SEIG model. Then, by comparing vod
* and voq

* with vod and voq, the voltage controller gives the 

command load currents i*
id and i*iq for the inner-loop current controller. The current controller 

shown in Fig. 3-6 then obtains the command inverter output voltages v*
id and v*

iq, used as the 

modulating waveforms of the PWM in the form of m*
d and m*

q in Fig. 3-4. In the last step of the 

control method, m*
d and m*

q are reverse transformed to the three-phase stationary frame to obtain 

the three-phase sinusoidal waveforms for the PWM generator. 

The inductor 𝐿𝑓 and shunt capacitance 𝐶𝑓 filter provide a low impedance path for switching 

current harmonics resulted from the pulse-width modulated output voltage originated by the 

converter. The proportional-integral (PI) compensator Gi(s) is given as 

𝐺𝑖(s) = 𝐾𝑝𝑖 +
𝐾𝐼𝑖

𝑠
                                                    (3-16) 

The output voltage control is given as 
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𝐺𝑣(s) = 𝐾𝑝𝑣 +
𝐾𝐼𝑣

𝑠
                                                  (3-17) 

where 𝐾𝑝𝑖 and 𝐾𝐼𝑖 are the PI-controller gains for the current control scheme. 𝐾𝑝𝑣 and 𝐾𝐼𝑣 are the 

PI-controller gains for the voltage control scheme. 

 

Fig.3-5 Block diagram of voltage controller.        

 

Fig.3-6 Block diagram of current controller. 
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3.3 Simulation and Experimental Results 

First, the parameters of the machine are measured by using the no-load test, direct-current test 

and blocked-rotor test, to obtain the machine impedances of a 5-hp induction machine. Then the 

obtained machine parameters are used in the developed SEIG model of the emulator for testing 

balanced and unbalanced load conditions. To obtain system performances, the developed SEIG 

system model is simulated in Matlab/Simulink to verify the developed emulation results.  

 

Fig.3-7 Experimental setup for the induction machine parameters measurement. 

Fig. 3-7 shows the experimental setup, which is used to obtain the parameters of the machine. 

During this test, the speed of the induction machine is adjusted from zero to rated speed without 

load by changing the autotransformer. A YOKOGAWA digital power meter is cascaded with the 

autotransformer and induction machine for measuring current, voltage and power factor. Table I 

lists the measured and computed parameters of the machine.  

By decreasing the voltage of autotransformer from the maximum voltage to the point that 

current starts to increase [65], the saturation characteristics are obtained, as shown in Fig. 3-8. It 

can be seen that when the voltage goes below 40V, there is a significant increase in the drawn 

current from 0.5 to 1.5 A, which is due to the reduction in the supply voltage leading to an increase 

in the slip and the current increases accordingly.  

5hp Induction Machine

Auto Transformer

YOKOGAWA Digital 

Power Meter
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TABLE 3-1 Measured Steady State 5-hp Induction Machine Parameters 

I. Parameter Value 

Stator resistance Rs 1.01 Ω 

Rotor resistance Rr 1.04 Ω 

Magnetizing reactance Xm 55.96 Ω 

Stator leakage reactance Xls 1.46 Ω 

Rotor leakage reactance Xlr 3.41 Ω 

 

Fig.3-8 Saturation characteristics. 

 

Fig.3-9 Magnetization curve. 



28 
 

Fig. 3-9 shows the magnetizing curve and its saturation characteristics. The relationship 

between the computation and experiment shows the validity of the parameters extracted from the 

actual machine for the SEIG model. 

 

 Fig.3-10 Experimental setup for the SEIG system. 

                                                    

       (b) 

Fig.3-11 Experimental setup for the SEIG emulator.  
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Fig. 3-10 indicates the experimental setup for the actual SEIG system. A YOKOGAWA 

SL1000 PC-based data acquisition unit is used to measure load voltage, stator voltage, load current 

and excitation capacitor current. The DC machine is coupled to the induction generator as a prime 

mover, which is controlled to maintain a constant output speed for the induction machine. 

The experimental setup of the proposed SEIG emulator system is shown in Fig. 3-11, based 

on the proposed system schematic diagram shown in Fig. 3-4. It consists of an autotransformer that 

connects the power electronic converter to the grid. The converter includes a cascaded AC-DC 

rectifier and two-level voltage source inverter, working as the emulating converter. The real-time 

controller, dSPACE 1103, receives the current and voltage signals from the loads, runs the SEIG 

system model, and controls the inverter in real time. The induction-capacitive (LC) coupling filter 

and resistive load bank are also shown in Fig. 3-11. 

3.3.1 Voltage Buildup at No-Load 

Fig. 3-12 shows the voltage build up results of the stator voltage occurring within 1 sec. 

Comparing the results of the actual system, model-based simulation, and emulation, the stator line-

to-line voltage 𝑉𝐿𝐿 reaches around 220 V, verifying the machine model and emulation setup at start 

up. 

 

(a) 

 

(b) 
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(c) 

Fig.3-12 Stator voltage build up under balanced condition: (a) Actual SEIG results, (b) model-

based simulation results, (c) emulation results. 

3.3.2 Balanced Condition 

To verify the accuracy of the built model, the balanced condition is firstly performed, and 

results from simulation, emulation setup, and the experiment are compared . Figs. 3-13 and 3-14 

show the experimental results and simulation results from the developed system model. In this 

condition loads are chosen as 𝑅𝑙𝑎 = 𝑅𝑙𝑏 = 𝑅𝑙𝑐 = 20 Ω. 

Fig. 3-13 has the results of a balanced load stator voltage. Fig. 3-14 shows the corresponding 

results of load currents. Comparing Figs. 3-13 (a) with (b), 3-14 (a) with (b), from the simulation 

results of the built system model and the measured results of the actual SEIG it is clear that they 

match well. This demonstrates that the developed SEIG model is accurate and can be utilized to 

investigate the SEIG performance in the emulator. Comparing Fig. 3-13 (a) with (c), Fig. 3-14 (a) 

with (c), the emulation results from the experimental setup and measured actual SEIG results, it can 

be seen that they match well. This validates the emulation setup and its ability to investigate the 

SEIG performance under unbalanced conditions. The overlap waveform of each condition is also 

shown in Fig. (d) for comparison. 

 

(a) 
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(b) 

 

(c) 

 

(d) 

Fig.3-13 Stator voltages under balanced condition: (a) Actual SEIG results, (b) model-based simulation 

results, (c) emulation results, (d)overlap results. 

 

 

(a) 
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(b) 

 

 

(c) 

 

(d) 

Fig.3-14 Load currents under balanced condition: (a) Actual SEIG results, (b) model-based simulation 

results, (c) emulation results, (d) overlap results. 

3.3.3 Unbalanced Condition 

In order to investigate the unbalanced condition, three sets of unbalanced loads are considered: 

(I) Rla = 13.44 Ω, Rlb = 20 Ω, Rlc = 40 Ω, (II) Rla = Rlb = 20 Ω, Rlc = 40 Ω, (III) Rla = Rlb = 20 Ω, Rlc 
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= 13.44 Ω, according to available values of the load bank in the lab and the rated machine’s stator 

current. They are applied to the actual SEIG system, simulation and emulation experiment.  

Case I : 

Experimental and simulation results of the stator voltages and load currents are shown in Figs. 

3-15 and 3-16.   

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Fig.3-15 Stator voltages under unbalanced condition I: (a) experimental results, (b) model-based 

simulation results, (c) emulation results, (d)overlap results. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

Fig.3-16 Load currents under unbalanced condition I: (a) experimental results, (b) simulation results, (c) 

emulation results, (d)overlap results. 

By comparison of Figs. 3-15 (a) with (b), 3-16 (a) with (b), it can be seen that the magnitude, 

phase, and frequency from actual SEIG results match well with the simulation results based on the 

developed model. Furthermore, by comparing the results shown in Fig. 3-15 (a) with (c), Fig. 3-16 

(a) with (c), it can be seen that the magnitude, phase, and frequency from the actual SEIG results 

matches well with the emulation results based on established emulator system. This validates the 

developed emulation setup and it can be used to accurately perform the SEIG system running under 



35 
 

unbalanced conditions. The overlap waveform of each condition also shown in Fig. (d) for 

comparison. 

Furthermore, from Figs. 3-13 and 3-15, it can be seen that the magnitude and frequency of 

stator voltages do not vary, even under unbalanced conditions. Comparing Figs. 3-14 with 3-16 it 

can be seen that the load currents have different magnitudes due to the unbalanced condition. 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Fig.3-17 Stator voltages under unbalanced condition II: (a) experimental results, (b) simulation results, (c) 

emulation results, (d)overlap results. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

Fig.3-18 Load currents under unbalanced condition II: (a) experimental results, (b) simulation results, (c) 

emulation results, (d)overlap results. 

Case II: 

In this case, unbalanced resistive loads with Rla = 20 Ω, Rlb = 20 Ω, Rlc = 40 Ω are applied to the 

SEIG system, and the results are shown in Fig. 3-17 and 18. 

Case III: 

In this case, unbalanced resistive loads with Rla = 20 Ω, Rlb = 20 Ω, Rlc = 13.44 Ω are applied 

to the SEIG system, the results are shown in Fig. 3-19 and 20. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

Fig.3-19 Stator voltages under unbalanced condition II: (a) experimental results, (b) simulation results, (c) 

emulation results, (d)overlap results. 

 

(a) 
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(b) 

 

(c) 

 

(d) 

Fig.3-20 Load currents under unbalanced condition III: (a) experimental results, (b) simulation results, (c) 

emulation results, (d)overlap results. 

Comparing these three different unbalanced cases one can observe that the unbalanced load 

mostly affects the current amplitude, the voltage phase and amplitude will remain balanced. 

Moreover the overlap waveform under each figure proved the accuracy of emulation and 

simulation results.  

3.3.4 Transient Performance  

To investigate the dynamic performance for the developed emulator, the transient results 

have been shown below. Fig. 3-21 shows the transient performance of the emulator during 

switching from the no-load operation to balanced load condition: Rla = 20 Ω, Rlb = 20 Ω, Rlc = 20 

Ω. Fig. 3-22 depicts the circumstances of no load to unbalanced loads: Rla = 13.44 Ω, Rlb = 20 Ω, 

Rlc = 40 Ω. Fig. 3-23 shows the transient from balanced loads to the one phase load changes to Rlc 

= 10 Ω. Fig. 3-24 shows the transient from balanced loads to two phases change to 10 Ω. From the 

result of transient performance shown below it can be seen that the emulator can responded well 
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during dynamic scenarios.  

 

(a) 

 

(b) 

Fig.3-21 Transient performance of the emulator under balanced condition: (a) voltage, (b) current 

 

(a) 

 

(b) 

Fig.3-22 Transient performance of the emulator under unbalanced condition: (a) voltage, (b) current 
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(a) 

 

(b) 

Fig.3-23 Transient performance with one phase load change: (a) voltage, (b) current. 

 

(a) 

 

(b) 

Fig.3-24 Transient performance with two phase load change: (a) voltage, (b) current. 

The THD analysis results are shown in Table II above, it can be observed that for the actual 

machine and simulation results, there is an acceptable agreement between the results. In general, 

the THD values are relatively low. However, for the emulation results the THD values show there 

are some distortions, this is mainly due to the switching frequency of the PWM technique that is 

used to switch the six power electronic devices, a higher bandwidth converter would produce lower 

ripples. 
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TABLE 3-2 THD Analysis 

THD Balanced conditions Unbalanced conditions 

Actual machine voltage 1.70% 2.34% 

Actual machine current 1.87% 1.77% 

simulation voltage 2.25% 2.27% 

simulation current 2.25% 2.27% 

Emulation voltage 4.49% 5.6% 

Emulation current 6.18% 6.09% 

 

3.3.5 Nonlinear Loads Condition 

Fig. 3-25 shows a schematic diagram of the SEIG system suppling a nonlinear loads. Fig. 3-

26 (a) shows the experimental setup for the actual SEIG system. A DC machine is coupled with 

induction machine and working as a mechanical power input, supplying power to the induction 

machine. The induction machine used in the SEIG system is a 5-hp 4 poles machine. The machine 

parameters obtained from no-load test, direct-current test, and blocked-rotor test are shown in Table 

I [66]. The induction machine is then connected with excitation capacitors and the nonlinear load, 

which is a diode AC-DC converter with resistive R load. 

LoadIG

 

Fig.3-25 Schematic diagram of the SEIG system suppling nonlinear load. 
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 (b) 

Fig.3-26 Experiment setup: (a) actual SEIG system, (b) emulation system. 
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Fig. 3-26 (b) shows the experimental setup for the built SEIG emulator system. As the 

schematic diagram shown in Fig. 3-4, the system consists of an autotransformer connected to the 

grid and supplying power to a cascaded AC-DC rectifier and two-level voltage source inverter. 

dSPACE 1103 is used to receive the measured voltages and currents to generate PWM signals to 

control inverter switches. The LC filter and nonlinear load are also shown in Fig. 3-26 (b). 

The simulation has been done for the nonlinear loading condition, a three-phase diode 

converter serving a DC load is considered as nonlinear loads. The DC load is a resistance R load. 

Simulation results of stator voltages and load currents are shown in Fig. 3-27.  

 

Fig.3-27 Simulation results of SEIG system voltage and current. 

Fig. 3-28 shows the experimental results comparison of actual SEIG and emulation stator 

voltages and currents. The comparison of simulation results in Fig.3-27 with actual results in Fig. 

3-28 demonstrate validity of the established mathematical model. By comparing actual results and 

emulation results in Fig.3-28, it can be see that the voltage and current of emulation results are 

tracking with actual SEIG results in amplitude and phase. The comparison of emulation results with 

actual results proved validity of proposed SEIG emulation system. 

 

(a) 
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(b) 

Fig.3-28 Experiment results comparison (a) voltages (b) currents. 

 

3.4 Summary 

This Chapter proposed an SEIG emulation system for unbalanced load conditions. The 

parameters of a three-phase, 5-hp, squirrel cage induction machine were estimated accurately via 

experimental procedures. The machine model was run in a real-time simulator and interfaced with 

a power electronic converter to emulate the performance of the generator. The unbalanced load is 

connected to the emulator. The emulation results, simulation results, and actual SEIG system results 

were performed and compared.  The results showed that the machine emulator performed well and 

could be used to study the characteristics of a SEIG system, instead of the real SEIG setup, verifying 

the validity of proposed PHIL based SEIG emulator. Besides, the results of magnitudes and 

frequencies of voltages in SEIG system did not vary significantly under unbalanced conditions. 

Therefore, the SEIG can be an efficient and economical system to supply isolated areas, even when 

the loads are unbalanced.  
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 Chapter 4.                                                                   

Induction Machine Emulation with Stator Winding 

Faults 

4.1 Introduction 

Similar to Chapter 4, this Chapter is devoted to the development of the mathematical model 

of an induction machine operating under a condition of winding faults. Stator windings faults may 

cause the machine shut down, operate at reduced capacity, damage the connected loads, etc. In the 

most cases, stator inter-turn faults in induction machines are related to the short circuit of a few 

turns of a stator phase winding. According to [68-69], around 36% induction machine faults are 

related to the inter-turn short circuits. Moreover, generally induction machine coils are insulated 

with others in slots, and the end windings region is also insulated. Hence, the highest probability 

for inter turn faults is between the inter turns in the same coil [70], as shown in Fig. 4-1. Therefore, 

this chapter will focus on the inter turn short circuit of windings in the same phase group. 

The diagram of inter turn short circuit in the same phase group is shown in Fig. 4-2 [71]. In 

the figure, the inter turn short circuit happened between points a and b. 

It can be seen from the Fig. 4-2, that after short circuit occurs, the turns of phase winding 

decreases. After short circuit occur, high current will flow in the shorted winding, which will 

produce excessive heat. Then the temperature in the shorted area will rise. With the temperature 

growing over the limiting value, complete damage on the winding insulation will occur. Besides, 

the high circulating current in the shorted turn will cause the coil to oscillate at twice the line 
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frequency under both radial and tangential directions. The oscillation will make the rotor rub the 

stator, which will cause further issues. 

 

Fig. 4-1 Inter turn short circuit.[69] 

 

Fig. 4-2 Diagram of inter turn short circuit.[71] 

Furthermore, the research regarding the machine fault conditions is widely investigated. [72] 

and [73] mention that around 40% of faults are caused by inter-turn short circuits and another 40% 

of faults are caused by bearing failures in IMs.  Stator current envelopes are used to identify the 

a

b

I

I

Inter turn 

short circuits 
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broken rotor bars and stator windings inter-turn short circuits in [72]. Periodograms have applied 

to diagnose IM stator winding fault in [73]. The Fourier transform is also carried out on the stator 

current to identify the stator winding faults by current spectra [74-77]. However, even though the 

stator winding fault is detected, an accurate mathematical model of the corresponding fault 

condition is still required. The modelling of the IM inter-turn short circuit is investigated in [26] 

and [16]. Only the mathematical model in the three-phase abc reference frame is discussed and 

details of the model were not provided. The research in [78] proposed the stator winding fault IM 

model in the dq frame, whereas, the effect of faults on the machine torque is not considered, which 

makes it unable to investigate loading conditions. The mathematical model in [79] discussed IM 

transient performance with stator winding turn faults, with a maximum of 2% shorted turns applied 

and no experimental current waveforms provided. That model is also used in [80] to establish a 

mathematical model suitable for computer simulation, where the transformation is referred to a 

frame rotating at an arbitrary angular velocity. Even though there is extensive research on 

modelling of IM fault conditions, they still lack implementation verifications.  

4.2 Establishment of IM Mathematical Model with Winding Fault 

ias

ibs

ics

S

as1

Rs

if

as2

 

Fig. 4-3 Layout of IM stator winding fault. 

An inter-turn short circuit in one phase of the stator winding is shown in Fig. 4-3 [16]. It can 

be seen that the number of turns in the winding decreases when a short circuit occurs. High currents 

will then flow in the shorted winding, which will produce excessive heat. The temperature rise in 

the shorted area can increase over its rated value, causing permanent damage to the winding and 
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surrounding area. Also, the high circulating current in the shorted turn will cause the coil to vibrate 

at twice the line frequency in both radial and tangential directions. The vibration might cause the 

rotor to rub up against the stator, which will cause further damage.  

The conventional induction machine model given in the three-phase abc reference frame 

only considers three turns of stator windings in abc phases.  

4.2.1 Machine Model with Winding Fault in the abc Reference Frame. 

Stator Phase A axis

vas1

Rotor Phase A axis

θ r

ias

iar
var

ibs

vbs

Stator Phase B axis

Rotor Phase B axis

vbr

vcs

ics

Stator Phase C axis

icr

vcr

Rotor Phase C axis

vas2

 

Fig. 4-4  Schematic diagram of three phase induction machine with winding fault 

Fig. 4-4 shows the schematic diagram of the induction machine with the winding fault. From 

Figs. 4-3 and 4-4, the winding of phase A is separated into 𝑎𝑠1 and 𝑎𝑠2, where 𝑎𝑠2 represents the 

shorted turns and 𝑖𝑓 is the short circuit current, thus the current flowing through the un-shorted 

turns will be (𝑖𝑎𝑠 − 𝑖𝑓). Using β to denote the fraction of shorted turns, then (1− β) will denote 

the fraction of remaining turns on the faulted phase. The stator voltage of phase A is also split into 

𝑣𝑎𝑠1 and  𝑣𝑎𝑠2. 

Then the stator and rotor voltages for an induction motor with an inter-turn short circuit fault 

can be expressed as [79] 
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𝑣𝑠 = 𝑅𝑠𝑖𝑠 +
𝑑λ𝑠

𝑑𝑡
                                                               (4-1) 

0 = 𝑅𝑟𝑖𝑟 +
𝑑λ𝑟

𝑑𝑡
                                                               (4-2) 

where  

𝑣𝑠 = [𝑣𝑎𝑠1 𝑣𝑎𝑠2 𝑣𝑏𝑠 𝑣𝑐𝑠]
𝑇 , 𝑖𝑠 = [𝑖𝑎𝑠 (𝑖𝑎𝑠 − 𝑖𝑓) 𝑖𝑏𝑠 𝑖𝑐𝑠]

𝑇
, 𝑖𝑟 = [𝑖𝑎𝑟 𝑖𝑏𝑟 𝑖𝑐𝑟]

𝑇 

  𝜆𝑠 = [𝜆𝑎𝑠1 𝜆𝑎𝑠2 𝜆𝑏𝑠 𝜆𝑐𝑠]
𝑇 = L𝑠𝑠𝑖𝑠 + L𝑠𝑟𝑖𝑟 , 𝜆𝑟 = [𝜆𝑎𝑟 𝜆𝑏𝑟 𝜆𝑐𝑟]

𝑇 = L𝑟𝑠𝑖𝑠 + L𝑟𝑟𝑖𝑟 

The resistance matrices in (4-1) and (4-2) are given by 

𝐑𝑠 = 𝑟𝑠 ∙ 𝑑𝑖𝑎𝑔[(1 − β) β 1 1]                                        (4-3) 

𝐑𝑟 = 𝑟𝑟 ∙ 𝐼3∗3                                                                  (4-4) 

The stator leakage inductance of the shorted turns is βL𝑙𝑠 , where βL𝑙𝑠  is the per-phase 

leakage inductance. Similarly, the stator leakage inductance of the remaining un-shorted turns is 

(1-β)L𝑙𝑠. 

The calculation of inductance between faulted phase A and phase B, C has to be expanded 

to calculate the mutual inductance in between. 

The equation for the magnetizing inductance is 

 L𝑚𝑠 =
𝑁1𝑁2

Ɍ𝑚
                                                                      (4-5) 

where 𝑁1 and 𝑁2 are the number of turns in each part of the coil, respectively. Ɍm is the reluctance 

of the mutual path and can be calculated by Ɍ𝑚 =
𝑙

µ𝑖𝐴
, where 𝑙 is the magnetic path length, A is 

the cross mutual area of the flux path, µ𝑖 is the permeability of the iron. 

For the two different turns  𝑎𝑠1 and 𝑎𝑠2 on shorted phase, the number of turns will be 𝑁1= 

(1- β) N and 𝑁2 = β N, where N is the number of turns in each phase stator winding. Thus 

according to (5), the magnetizing inductance for 𝑎𝑠1 will be (1 − β)2L𝑚𝑠 and β2L𝑚𝑠 for 𝑎𝑠2. The 

magnetizing inductance between 𝑎𝑠1 and 𝑎𝑠2 will be β(1 − β)L𝑚𝑠. 

For 𝑎𝑠1 and phase B, 𝑁1= (1- β) N and 𝑁2 = N, according to (5), the magnetizing inductance 
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is (1- β) L𝑚𝑠 𝑐𝑜𝑠ϒ, which can be written as −
1−β

2
L𝑚𝑠. Similarly, for 𝑎𝑠2 and phase B, 𝑁1= β N 

and 𝑁2 = N, the magnetizing inductance can be directly written as −
β

2
L𝑚𝑠 . The magnetizing 

inductance between 𝑎𝑠1 and 𝑎𝑠2 in phase C can be calculated in the same way.  

The stator inductance matrices can be written as follows: 

L𝑠𝑠 = L𝑙𝑠. 𝑑𝑖𝑎𝑔 [(1 − β) β 1 1] + L𝑚𝑠

[
 
 
 
 
 
 
 (1 − β)2 β(1 − β)

β(1 − β) β2

−
1 − β

2
−
1 − β

2

−
β

2
−
β

2

−
1 − β

2
−
β

2

−
1 − β

2
−
β

2

1 −
1

2

−
1

2
1 ]

 
 
 
 
 
 
 

 

                                                                                          (4-6) 

L𝑠𝑟 = L𝑚𝑠 ∗

[
 
 
 
(1 − β) cos(𝜃𝑟)

β cos(𝜃𝑟)

(1 − β) cos(𝜃𝑟 + 𝛾) (1 − β) cos(𝜃𝑟 − 𝛾)

β cos(𝜃𝑟 + 𝛾) β cos(𝜃𝑟 − 𝛾)

cos(𝜃𝑟 − 𝛾)

cos(𝜃𝑟 + 𝛾)
cos(𝜃𝑟) cos(𝜃𝑟 + 𝛾)

cos(𝜃𝑟 − 𝛾) cos(𝜃𝑟) ]
 
 
 

                                                                                                    

(4-7) 

L𝑟𝑠 = L𝑠𝑟
𝑇                                                                        (4-8) 

𝜃𝑟  is the angle between stator phase A and rotor phase A, and ϒ=120°. The rotor leakage 

reactance L𝑟𝑟 is similar to the healthy machine. 

For the shorted turns, the voltage and flux linkage equations are written as follows: 

𝑣𝑎𝑠2 = 𝑟𝑠β (𝑖𝑎𝑠 − 𝑖𝑓) +
𝑑λ𝑎𝑠2

𝑑𝑡
                                               (4-9) 

λ𝑎𝑠2 = β

[
 
 
 
 
L𝑙𝑠 + L𝑚𝑠

−
1

2
L𝑚𝑠

−
1

2
L𝑚𝑠 ]

 
 
 
 
𝑇

𝑖𝑠 + [

cos(𝜃𝑟)

cos(𝜃𝑟 + 𝛾)

cos(𝜃𝑟 − 𝛾)
]

𝑇

𝑖𝑟 − β(L𝑙𝑠 + 𝜇L𝑚𝑠)𝑖𝑓 

(4-10) 

Comparing with the conventional induction machine model, it can be seen that in the derived 
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faulted machine equations, the current 𝑖𝑓 of the shorted turn is included and the voltage of phase 

A is separated into 𝑣𝑎𝑠1 and  𝑣𝑎𝑠2, where  𝑣𝑎𝑠2 is the voltage of the shorted turn. 

4.2.3 Machine Model in dq Reference Frame 

Applying the dq transformation of the above-derived machine model, the stator voltages 

become  

𝑣𝑞𝑠 = 𝑟𝑠𝑖𝑞𝑠 + 𝑝λ𝑞𝑠 + λ𝑑𝑠𝜔𝑠 −
2

3
β𝑟𝑠𝑖𝑓𝑐𝑜𝑠𝜃                                (4-11) 

𝑣𝑑𝑠 = 𝑟𝑠𝑖𝑑𝑠 + 𝑝λ𝑑𝑠 − λ𝑞𝑠𝜔𝑠 −
2

3
β𝑟𝑠𝑖𝑓𝑠𝑖𝑛𝜃                                (4-12) 

For the shorted turns, the voltage equation is  

0 = 𝑟𝑓𝑖𝑓 − 𝑝λ𝑎𝑠2 − β𝑟𝑠(𝑖𝑑𝑠𝑐𝑜𝑠𝜃 + 𝑖𝑞𝑠𝑠𝑖𝑛𝜃 − 𝑖𝑓)                    (4-13) 

The stator and rotor currents in the dq reference frame can be obtained as: 

𝑖𝑞𝑠 = λ𝑞𝑠a2 − λ𝑞𝑟a3 + (L𝑟a5 − L𝑚a6)𝑖𝑓𝑐𝑜𝑠𝜃                          (4-14) 

𝑖𝑑𝑠 = λ𝑑𝑠a2 − λ𝑑𝑟a3 + (L𝑟a5 − L𝑚a6)𝑖𝑓𝑠𝑖𝑛𝜃                           (4-15) 

𝑖𝑞𝑟 = λ𝑞𝑟a4 − λ𝑞𝑠a3 + (L𝑠a6 − L𝑚a5)𝑖𝑓𝑐𝑜𝑠𝜃                           (4-16) 

𝑖𝑑𝑟 = λ𝑑𝑟a4 − λ𝑑𝑠a3 + (L𝑠a6 − L𝑚a5)𝑖𝑓𝑠𝑖𝑛𝜃                           (4-17) 

𝑖𝑓 =
−λ𝑎𝑠2+(a7𝑖𝑞𝑠+a8𝑖𝑞𝑟)𝑐𝑜𝑠𝜃+(a7𝑖𝑑𝑠+a8𝑖𝑑𝑟)𝑠𝑖𝑛𝜃

a6
                                (4-18) 

where 

a0 = L𝑠L𝑟 − 𝐿𝑚
2 ;  a1 = 1 −

𝐿𝑚
2

L𝑠L𝑟
; a2 =

1

a1L𝑠
; a3 =

L𝑚a7

L𝑟
; a4 =

1

a1L𝑟
; a5 =

2

3

βL𝑠

a0
; a6 =

2

3

βL𝑚

a0
; a7 =

βL𝑠; a8 = βL𝑚. 

The electromagnetic torque expressed in the dq reference frame is obtained as 

𝑇 =
3

2

𝑃

2
L𝑚(𝑖𝑞𝑠𝑖𝑑𝑟 − 𝑖𝑑𝑠𝑖𝑞𝑟) +

𝑃

2
βL𝑚𝑖𝑓(𝑖𝑞𝑟𝑠𝑖𝑛𝜃 − 𝑖𝑑𝑟𝑐𝑜𝑠𝜃) 

                                                                            (4-19) 
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4.3 IM Emulation System 

Fig. 4-5 shows the schematic diagram of the established IM emulator, two power electronic 

converters are connected back to back, where one runs as an active front-end converter (AFEC) 

and another one working as an emulator converter.  
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Fig. 4-5  Schematic diagram of faulted IM emulator . 

The objective of the AFEC is to maintain a constant DC link voltage and provide a 

bidirectional power flow of the emulation converter, thus to allow the system to emulate a machine 

in both generating and motoring modes. The control diagram of the AFEC is included in Fig. 3. 

The reference signal 𝑉𝑑𝑐
∗  is compared with the measured DC link voltage  𝑣𝑑𝑐, which obtains the 

d-axis reference current 𝑖𝑑
∗  through a proportional-integral (PI) regulator. The ac side currents are 

transformed into dq reference frame components as 𝑖𝑑  and 𝑖𝑞 . The references 𝑖𝑑
∗  and 𝑖𝑞

∗  are 

compared with the measured actual currents 𝑖𝑑  and 𝑖𝑞 , respectively. Then the PI regulator 

generates the voltage references, which are transferred from dq to the abc reference frame, and 

then sent to the modulator to produce gate signals. The AFEC control has been well established in 

[81]. 

The control objective of the emulator converter is to draw currents from the grid, according 

to the stator current from the faulted machine model. To achieve that, the measured emulator side 

voltages 𝑣𝑜 𝑎𝑏𝑐 are transformed to the dq frame as 𝑣 𝑜𝑑
∗  and 𝑣 𝑜𝑞

∗ , then the voltage is input to the 

fault model to generate reference stator currents  𝑖 𝑎𝑏𝑐
∗ . The output currents 𝑖𝑜 𝑎𝑏𝑐 of the emulation 
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converter are measured and compared with reference values generated by the established IM model, 

which includes stator winding faults. The error between 𝑖 𝑎𝑏𝑐
∗  and𝑖𝑜 𝑎𝑏𝑐  going through the PR 

regulator-based controller produces modulating waves for generating the pulsed gate signals, 

which are sent to the emulation converter to ensure the converter currents track the stator currents 

of the faulted IM. In this way, the emulation converter mimics machine behaviour, and the fault 

condition of the electric machine can be tested without a physical machine.  

From Fig. 4-5, the dynamic relationship of the emulator converter can be written as  

𝑣𝑜 = 𝐿𝑓
𝑑𝑖(𝑡)

𝑑𝑡
+ 𝑅𝑓𝑖(𝑡) + 𝑣𝑔(𝑡)                                            (4-20) 

where 𝑣𝑜 is the emulator converter output voltage, 𝑣𝑔(𝑡) is the grid voltage, 𝐿𝑓 is the grid-side 

inductor and 𝑅𝑓 is the inner resistance of the inductor. Then, from (4-20), the transfer function of 

the emulator converter can be written as: 

𝐺𝑐𝑜𝑛(𝑠) = 𝑉𝑑𝑐
𝐼(𝑠)

𝑉𝑜(𝑠)
= 

𝑉𝑑𝑐

𝐿𝑓𝑠+𝑅𝑓
                                                 (4-21)                         

The transfer function of the PR controller can be written as: 

𝐺𝑃𝑅
𝑎𝑏𝑐(𝑠) = 𝐾𝑝 +

𝐾𝑟𝑠

𝑠2+𝜔0
2                                                            (4-22) 

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

resonant angular frequency, which is set as the supply voltage angular frequency. The PR 

controller is having a very high gain in a narrow band around the resonance frequency, which 

makes it able to eliminate the steady-state error [82]. The frequency bandwidth of the PR controller 

is dependent on the resonant controller time constant 𝐾𝑟. The lower time constant will lead to a 

narrower bandwidth, correspondingly, a larger time constant will lead to a wider bandwidth.  

Through the compensation of the PR regulator, the open-loop transfer function of the current 

controller becomes  

𝐺𝑖𝑐𝑜𝑚(𝑠) = 𝐺𝑐𝑜𝑛(𝑠)𝐺𝑃𝑅
𝑎𝑏𝑐(𝑠) =  

𝑉𝑑𝑐(𝐾𝑝𝑠
2+𝐾𝑟𝑠+𝐾𝑝𝜔0

2)

𝐿𝑓𝑠
3+𝑅𝑓𝑠

2+𝐿𝑓𝜔0
2𝑠+𝑅𝑓𝜔0

2                          (4-23)                         

And the closed-loop transfer function is obtained as 
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𝐻(𝑠) =
𝑖(𝑠)

𝑖∗(𝑠)
=

𝐺𝑐𝑜𝑛(𝑠)𝐺𝑃𝑅
𝑎𝑏𝑐(𝑠)

1+𝐺𝑐𝑜𝑛(𝑠)𝐺𝑃𝑅
𝑎𝑏𝑐(𝑠)

                                                  (4-24) 

The PR controller is designed to have a high gain in a narrow band around the resonance 

frequency, which is 50 Hz in this paper. The controller gains can be obtained as 

𝐾𝑝 =
𝜔𝑏𝑤𝐿𝑓

𝑉𝑑𝑐
, 𝐾𝑟 =

𝜔𝑏𝑤𝑅𝑓

𝑉𝑑𝑐
                                                          (4-25) 

where 𝜔𝑏𝑤 is the desired bandwidth, the value of 𝜔𝑏𝑤 should be chosen higher than the ten times 

grid frequency and lower than one-fifth of the switching frequency. To eliminate high-order 

harmonics and achieve fast tracking dynamics, the bandwidth in this paper is set to one-tenth 

switching frequency, which is 1 kHz. As a result, the PR controller gains are 𝐾𝑝 = 0.0539 and 

𝐾𝑟 = 0.5386, respectively.  

The Bode plot of the PR controller 𝐺𝑃𝑅
𝑎𝑏𝑐(𝑠) is shown in Fig. 4-6 (a). It can be observed that 

a high gain appears at the 50Hz resonant frequency, which reduces steady-state error. Fig. 4-6 (b) 

shows the Bode plot of 𝐺𝑐𝑜𝑛(𝑠) before compensation and the open-loop system after the PR 

controller compensation. It can be seen that after compensation, besides a high gain at the resonant 

frequency, the system cross-over frequency is improved from 1.17×105 rad/s to 6.28×103 rad/s, 

demonstrating the enhanced stability and fast response. Correspondingly, the closed-loop system 

shows stable magnitude and phase characteristics, as shown in Fig. 4-6 (c). 

 

(a) 
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(b) 

 

(c) 

Fig. 4-6 Bode plot (a) PR controller, (b) open-loop after compensation, (c) closed-loop. 
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4.4 Simulation and Experimental Results 

The experimental setup of the PHIL emulator system is shown in Fig. 4-7 (a).  OP4510 HIL 

real-time simulator from OPAL-RT is used as an emulator controller. The AFEC connects to the 

grid through a three-phase autotransformer and a 1 mH coupling inductor per phase. The AFEC is 

controlled to maintain the DC link voltage at 350V. The inverter switching frequency is 10 kHz 

and the sampling time of the emulator controller is 20μs, to achieve an accurate real-time emulation. 

The zoomed view of the AFEC and emulator converter is shown in Fig. 4-7 (b). The AC side 

of the emulator converter shown is connected to an isolation transformer through a coupling 

inductor in each phase, with the inductance chosen as 3 mH. The value of the inductor is chosen 

as the actual machine mean inductance, thus ensuring that the ripple current in the emulation results 

are close to the physical machine. An isolation transformer is used to prevent common-mode 

voltage and circulating currents in the circuit. 

Two protection circuits are used in Fig. 4-7 for each converter. The zoomed view of 

protection circuits is shown in Fig. 4-7 (c). Once the over-current or over-voltage fault occurs in 

the emulation system, the hardware circuit will block gating pulses from the controller to the 

converters. 
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(b)                                                     (c) 

Fig. 4-7 (a) Experimental setup of the emulator system (1) Auto transformer at the AFEC side (2) Active 

front-end converter (3) Emulator converter (4) Voltage and current sensors (5) Protection circuit (6) 

controller for the machine emulator (7) DC power supply for sensors and protection circuitry (8) Coupling 

inductors at the AFEC side (9) Coupling inductors at emulator converter side (10) Isolation transformer (11) 

Auto transformer on emulator side (12) PC for control (13) Data acquisition unit. (b) Zoom view of (2), (3). 

(c) Zoom view of (4), (5). 

To investigate the proposed emulator and mathematical machine model, experimental tests 

are conducted on a three-phase, 250 W, 2-pole induction machine. As shown in Fig. 4-8, the 

machine has three extra terminals on the stator, which provides access to tapping within the 

winding. This allows for various portions of the phase winding to be short-circuited, behave as a 

stator inter-turn short circuit fault. Connecting top and bottom terminals will enable 5% of the 

turns to be shorted. Connecting the top terminal and middle terminal allows 10% of the turns to be 

shorted. The winding fault machine specifications are listed in Table 4-1. To measure the machine 

parameters, different experiments such as a DC test, no-load test, blocked-rotor test and run-down 

test have been conducted on this machine [83], the machine parameters calculated from those tests 

are shown in Table 4-2.  

Middle 

terminal

Bottom 

terminal

Top 

terminal

 

Fig. 4-8  Stator winding fault induction machine. 
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TABLE 4-1 Researched Induction Machine Specifications 

Parameter Value 

Rated voltage 190V 

Rated current 1.85A 

Connection Wye 

Frequency 50Hz 

Speed at rated power 2850rpm 

Rated power 248.57W 

Number of phases 3 

VA Ratings 608.82VA 

Slip at the rated power 5% 

Rated torque 0.8329Nm 

 

 

 

TABLE 4-2 Measured Machine Parameters under Healthy Conditions 

Parameter Value 

Stator resistance Rs 4.24 Ω 

Rotor resistance Rr 2.12 Ω 

Magnetizing reactance Xm 76.27 Ω 

Stator leakage reactance Xls 3.95 Ω 

Rotor leakage reactance Xlr 3.95 Ω 

Moment of inertia J 0.0016797 kg.m2 

Friction coefficient B 0.0010356 N.m.sec 
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4.4.1 Simulation Results 

The mathematical model established in Chapter 4.2 is used to create a Matlab/Simulink 

model with the machine parameters shown above.  

The transient and steady-state performance of the healthy machine and faulted machine with 

5% and 10% shorted-turns, are investigated. The simulation results of the 5% short-turns fault are 

shown in Fig. 4-9. Fig. 4-9 (a) is the response of stator current from direct online start-up to steady-

state. Fig. 4-9 (b) is the steady-state current, it can be observed that the stator current amplitude of 

one phase is much lower than the other two phases, when there is an inter-turn fault. This is because 

the shorted turns in the winding will draw a large circulating current and generate excessive heat.  

 

(a) 

 

(b) 

 

(c) 

Fig. 4-9  Simulation results of 5% shorted turns: (a) stator current direct online startup, (b) zoomed view, 

(c) speed. 
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Fig. 4-10 shows the simulation results of 10% shorted turns. Fig. 4-10 (a) is the stator current 

response of direct online start-up to steady-state. Fig. 4-10 (b) zooms into the steady-state current 

and in comparison with Fig.4-9 (b), it can be seen that the stator current amplitude increases 

significantly than 5% shorted-turns.   

 

(a) 

 

(b) 

 

(c) 

Fig. 4-10  Simulation results of 10% shorted turns: (a) stator current direct online startup, (b) zoomed 

view, (c) speed. 

4.4.2 Experimental Results 

Fig. 4-11 shows the experimental setup for testing the machine. The induction machine under 

test is coupled to an ECMA-C11010ES 1kW AC servo motor, which loads the induction machine. 

The rated torque of the servo motor is 3.18 N.m, thus, the setup is able to test load conditions.  
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Machine 

Under Test

Load 

Machine

 

Fig. 4-11  Experimental set up for the actual machine. 

Fig. 4-12 (a) shows experimental results of stator current when the actual machine operates 

from direct online startup to the steady-state with 5% shorted turns. Comparing with Fig. 4-12 (b), 

the emulation results of the transient direct online startup have a similar response and same time 

constant in reaching steady-state. Fig. 4-12 (c) shows the waveform of actual results and emulation 

results at steady-state. It can be seen that the emulation results match well with the actual machine 

under steady-state conditions. The speed of direct online startup with the 5% shorted turns is shown 

in Fig. 4-12 (d), where the speed from emulation is compared with the actual motor. 

The full load torque of the faulted machine is 1.03 N.m. As shown in Fig. 4-11 the induction 

machine is coupled with a servo motor for mechanical input. Fig. 4-13 is the comparison of 5% 

shorted turns with loading condition, which is approximately 5% of servo motor rated torque. By 

comparison of the actual machine results with the emulation results, it can be observed that the 

built emulator works well with the loading condition. Fig. 4-14 shows the results with another load 

torque condition, which is 10% of servo motor rated torque. The emulation results of Fig. 4-14 (b) 

match with the actual machine results shown in Fig. 4-14 (a). Also, from the 5% loading, as shown 

in Fig. 4-13 and 10% loading in Fig. 4-14, it can be seen that the stator current with 10% load 

torque has a significant increase compared to 5% load torque. 
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(a) 

            

(b) 

 

(c) 

 

(d) 

Fig. 4-12  Direct online startup with 5% shorted turns: (a) actual machine, (b) emulation, (c) overlap 

waveform at steady state, (d) speed during direct online start-up.   
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5% load

 

(a) 

5% load

 

(b) 

Fig. 4-13  Experiment results with 5% shorted turn and 5% loading: (a) actual machine, (b) emulation. 

Fig. 4-15 shows the results with 10% shorted turns. Fig. 4-15 (a) shows the results of the 

actual machine with direct online startup to steady-state and Fig. 4-15 (b) is the corresponding 

emulation results. It can be seen that the emulation results track the actual results. They take similar 

times to reach steady state. Fig. 4-15 (c) shows the waveforms from the actual machine and 

emulator at steady state, which demonstrates a good agreement between them. Comparing the 

actual machine experimental results Fig. 4-15 (a) with Fig. 4-12 (a) 5% shorted turns, it can be 

concluded that 10% shorted turns lead to more severe conditions, the magnitude of stator current 
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increased significantly. The speed of direct online startup with the 10% shorted turns is shown in 

Fig. 4-15 (d), where the results of emulation are compared with the actual motor. 

10% load

 

(a) 

10% load

 

(b) 

Fig. 4-14  Experiment results with 5% shorted turn and 10% loading: (a) actual machine, (b) emulation.  
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(a) 

 

(b) 

 

(c) 

 

(d) 

Fig. 4-15  Direct online startup with 10% shorted turns: (a) actual machine results, (b) emulation results, 

(c) overlap waveform at steady state, (d) speed during direct online start-up. 

From the current waveforms in Figs. 4-12 and 4-15, it can be observed that during 5% and 

10% short-turn faults, the current amplitudes of two phases are higher than the other phase, and the 

amplitude increase in two phases are higher at 10% than at 5% shorted turn. This is due to the line 

voltages remaining the same with 𝑉𝑎𝑏 = 𝑉𝑏𝑐 = 𝑉𝑐𝑎. When the fault happens in phase a, the total 
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impedance 𝑍𝑠will reduce, which will cause the line currents 𝑖𝑎𝑠 and 𝑖𝑐𝑠 to increase in terms of 𝑖𝑎𝑠 =

𝑉𝑎𝑏

𝑍𝑠+(1−𝛽)𝑍𝑠
, and 𝑖𝑐𝑠 =

𝑉𝑐𝑎

𝑍𝑠+(1−𝛽)𝑍𝑠
, whereas the current 𝑖𝑏𝑠 remains unchanged at 𝑖𝑏𝑠 =

𝑉𝑏𝑐

2𝑍𝑠
. 

Fig. 4-16 compares the loading condition at 10% shorted turns with 5% load torque. The 

emulation results respond well compared with actual machine results.  The results of 10% shorted 

turns with 10% load torque is not acquired due to the actual machine is not able to work normally 

in such condition, the machine starts to vibrate, the stator current start to surge.  

5% load

 

(a) 

5% load

 

(b) 

Fig. 4-16  Experiment results with 10% shorted turn and 5% loading: (a) actual machine, (b) emulation. 
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4.5 Summary 

This Chapter proposed an IM emulator, which is able to emulate an IM with stator winding 

faults. The machine model of a healthy machine is introduced first. Then the machine model with 

stator winding faults was derived. The experiment to test the actual machine was introduced. The 

simulation results are shown to validate the ability of the built mathematical model. The 

experimental setup of the built emulator was also shown and the control methods were explained. 

The experiments were conducted on the actual machine with 5% and 10% shorted turns with two 

different load torques in each case. The emulation is also carried out for the same cases to validate 

the built IM emulator. The comparison of emulation machine results with actual machine results 

shows a good agreement, which proved the ability of the built emulator to be used to investigate 

faulted machines in the laboratory. 
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 Chapter 5.                                                                   

Induction Machine Emulation with Rotor Cage Faults 

5.1 Introduction 

The rotor of induction machine can have internal faults in motoring and generating modes. 

Some of the rotor faults include, broken rotor bars, end ring connectors, eccentricities, and are often 

a result of a poor working environment and installation. Since the induction machine is a high-order, 

nonlinear, and strongly coupled multivariable system, once a fault happens, the mathematical 

machine model will be significantly different from that under symmetrical normal operating 

conditions. Furthermore, the machine model during faults is significantly more complicated due to 

its asymmetrical nature. This chapter focuses on the investigation of mathematical models of 

induction machines with cage faults, specifically broken rotor bar fault. 

The squirrel cage of an induction machine is shown in Figure 5-1. This squirrel cage rotor 

structure consists of rotor bars short circuited by end rings on both sides of the bars. Therefore, each 

squirrel cage rotor of each machine, consists of 𝑁𝑟 bars and two end rings connecting the bars on 

either ends.   

For such a structure, the most causes of fault conditions are: 

i) Shrink holes and voids in the aluminum of the rotor bars or end rings, 

ii) Unstable junctions between the bars and end rings, 

iii) Heavy duty start-ups that are over the machine rated operating conditions, 

iv) Thermal overloading, 

v) Mechanical stresses, 
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The consequences of rotor faults due to the above reason, will lead to machine speed 

fluctuation, torque pulsation, multiple frequency components of the stator current, temperature 

increase, arcing in the rotor, and machine oscillations. 

Many methods have focused on modeling squirrel cage induction machines with rotor 

asymmetries [84]-[86]. To build the mathematical model of induction machine, multiple coupled 

circuit models [87], [88] and dq frame models are commonly applied. There are also research on 

parameters estimation under faulty conditions through healthy machine model [89], [90] .  

 

Fig. 5-1   Rotor cage of an induction machine.[25] 

For a rotor cage fault modification can be made to the model of a healthy squirrel cage rotor 

as shown in Fig. 5-2. The rotor cage is described as n rotor circuit loops that are identical and equally 

spaced. The first loop include the 1st and (k+l)th rotor bars and a part of the end ring connecting 

them, where k∈{1,2,…, n}. Similarly, the second loop consists of the 2nd and (k+2)th rotor bars and 

a part of the end ring connecting them, and so on. 

If the cage has n bars, then there are 2n nodes and 3n branches. Therefore, the total current in 

the cage circuit can be expressed as n+l independent rotor currents. Among those n+l rotor currents, 

there are n rotor loop currents 𝑖𝑛
𝑟 , and one circulating current ie, in one of the end rings. It is obvious 
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that ie would be zero in a healthy machine. The remaining n rotor loop currents are coupled with 

each other and stator windings, through the mutual inductances. For the end ring loop current, it 

only couples with the rotor loop currents through the end ring leakage inductance and the end ring 

resistance. 

 

Fig. 5-2  Equivalent circuit of squirrel cage rotor.[31] 

In Fig. 5-2, 𝐿𝑏 is the rotor bar leakage inductance, 𝑅𝑏is the rotor bar resistance, 𝐿𝑒 is the rotor 

end ring leakage inductance,  𝑅𝑒 is the end ring segment resistance.  

To analyze fault conditions, the rotor equivalent circuit can be opened and shown as in Fig. 

5-3, where three different conditions of rotor cage are shown. When the cage is at a normal condition 

as shown in (a), the rotor resistance and the mutual inductance equations can be obtained from the 

equivalent circuit. Fig. 5-3 (b) and (c) is the circuit when the rotor bar broken and the end ring 

segment broken. It can be seen that if the rotor bar n or end ring segment n is broken, all parameters 

related to the loop n must change. Thus, the mathematical model under cage fault can be obtained 

accurately. 
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(a) 

 

(b) 

 

(c) 

Fig. 5-3 Fault conditions of rotor. (a) Normal condition, (b) last bar broken, (c) last end ring 

segment broken. [30] 

5.2 Cage Fault Machine Parameters Measurement 

For a machine with broken rotor bars, some of the motor parameters are no longer constant. 

The broken rotor bars will cause an asymmetrical magnetic field, which will also cause parameters 

such as rotor resistance, rotor leakage inductance and the mutual inductance to change in a result 
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of asymmetry. Conventional measurement techniques are no longer usable in such conditions, 

since it only gives parameters for symmetrical conditions. 

In this Chapter, a parameter extraction method for a machine with rotor cage fault is applied. 

Firstly, the terminals of the stator are connected as shown in Fig. 5-4. In such conditions, the stator 

is supplied with only a single-phase voltage, then the parameters related to the rotor can be 

measured at different rotor angles [91]. 

The no-load and blocked-rotor tests are distinguished by the different voltage frequencies. 

The no-load test is to achieve the zero slip between the rotor rotating speed and the synchronous 

speed of the magnetic field. In such cases, the slip s will be close to zero. Here, for faulted machine 

as connected in Fig. 5-4, if the supply voltage is a very low frequency with a standstill rotor, the 

rotor slip will approach zero. Thus, the no-load test is applied. 

 

Fig. 5-4 Parameters measurement for cage fault machine 

 

Fig. 5-5 Induction machine equivalent circuit. 

The induction machine equivalent circuit is shown in Fig. 5-5. For the blocked-rotor test, 

since the rotor is already at standstill, then supplying the stator with a much higher voltage 

frequency, most of the current flows through the rotor circuit, due to the relative huge value of 
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mutual reactance Xm. Thus, the locked-rotor measurement is achieved. The no-load and blocked-

rotor tests are taken with one-phase voltage at different supply frequencies.  

 

(a) 

 

(b) 

Fig. 5-6 Results of SCIM with broken rotor bars at different rotor angles: (a) Resistance response, (b) 

inductance response. 

The measurement results of the squirrel cage induction machine (SCIM) with broken rotor 

bars are shown in Fig. 5-6, the measurement results are listed in Appendix - A. Fig. 5-6 (a) is 

the resistance response of the SCIM under different rotor angles. It can be seen that the  

resistance under low frequency is almost a straight line, which means the resistance is not 

affected by the broken rotor bars (R=Rs). Comparing the resistance at high frequencies, the 

value increases significantly and also starts to vibrate with different  rotor angles, showing the 

effect from the broken rotor bars (R=Rs+Rr). 

 Similarly, it can be observed from Fig. 5-6 (b), the inductance magnitudes are 

significantly larger at low frequency, this is due to the mutual inductance (L=Lls+Lm). The 

inductance at 125Hz and 150Hz are highlighted, it can be observed that the sinusoidal 

fluctuation reduces as frequency increases, but the sinusoidal variation can still be observed due 

to the rotor leakage inductance (L=Lls+Llr). From Figs. 5-6 (a) and (b), it can be concluded that 
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by using the method in Fig. 5-4, the low frequency measurement can be used to represent the 

no-load test and the high frequency measurement can be used to represent the blocked-rotor 

test. 

5.3 Control of Emulation System 

5.3.1 AFEC Converter 

The control diagram for AFEC is shown as Fig. 5-7. The reference signal 𝑣𝑑𝑐
∗  is compared 

with the measured DC link voltage  𝑣𝑑𝑐, which obtains the d-axis reference current 𝑖𝑑
∗  through 

a proportional-integral (PI) regulator. The ac side currents are transformed into dq reference 

frame components as 𝑖𝑑 and 𝑖𝑞. The references 𝑖𝑑
∗  and 𝑖𝑞

∗  are compared with the measured actual 

currents 𝑖𝑑 and 𝑖𝑞, respectively. Then the PI regulator generates the voltage references, which 

are transferred from dq to abc reference frame, and then sent to the modulator to produce gate 

signals. 
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Fig. 5-7  Control diagram for AFEC 

5.3.2 Emulator Converter 

The control diagram for the emulator converter is shown in Fig. 5-8. A proportional-

resonant (PR) current controller is used to control the emulator converter, the output of the 

controller is used by the modulator to generate gate signals. The PR controller is able to 

eliminate the steady-state error and its frequency is maintained constant, which is suitable for a 

high power rectifier. 
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Fig. 5-8  Control diagram for emulator converter 
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5.4 Simulation and Experimental Results 

The stator current spectral components can be used to detect and identify the rotor cage 

fault condition [92]. The cage fault will increase the frequency components in the stator current 

at 𝑓𝑠(1 ± 2𝑠), where 𝑓𝑠 is the stator current fundamental frequency and s is the slip between 

rotor and synchronous magnetic fields. The FFT analysis of a healthy machine stator current is 

shown in Fig. 5-9 (a) and cage fault machine in Fig. 5-9 (b). It can be observed that the 

amplitude of frequency components increases at around 48Hz and 52 Hz in Fig. 5-9 (b) 

comparing with Fig. 5-9 (a). Thus, the cage fault condition is identified.  

 

(a)      

 

(b)                                                                                                  

Fig. 5-9  Stator current FFT analysis of: (a) healthy machine, (b) cage fault machine. 
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Fig. 5-10  Experimental setup for machine parameters measurement. 

 

Fig. 5-11  1-D lookup table-based machine model. 

The experimental setup for machine parameters measurement is shown in Fig. 5-10. The 

rotor cage fault machine is supplied with a single-phase voltage at different frequencies. The 
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single-phase voltage, current and actual power are measured at different rotor angles, such that 

the machine parameters can be separated by the different frequencies. Furthermore, the 

measured parameters vary with the rotor angle. Thus, to build the mathematical model of 

machine, three 1-D lookup tables have been used as shown in Fig. 5-11. From Fig. 5-11 it can 

be observed that the parameters, which are affected by broken rotor bar, such as rotor resistance, 

rotor leakage inductance, and mutual inductance are varied based on the different rotor angles. 

Fig. 5-12 (a) is the actual machine stator current at steady-state with rotor cage fault, it 

can be observed that the stator current is asymmetrical due to the faulted condition. Fig. 5 -12 

(b) is the model based simulation results, where the machine parameters are extracted from 

same machine. Fig. 5-12(c) is the overlap waveform of actual results and emulation results. The 

comparison of loading condition is shown in Fig. 5-13, which 10% of rated load is applied. 

Fig.5-13 (a) is the results of actual machine and Fig. 5-13 (b) is the emulation results. The 

results show a good agreement between simulation, emulation with actual machine. 

  

(a)                                                                                                              

 

 (b) 
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(c) 

Fig. 5-12  Stator current at steady state: (a) actual rotor cage fault machine, (b) simulation result, (c) 

overlap waveform. 

10% load

 

(a)                                                                                                              

10% load

 

 (b) 

Fig. 5-13  Loading condition: (a) actual machine, (b) emulation result. 
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Fig. 5-14  FFT analysis of model-based phase A stator current. 

Fig. 5-14 shows the FFT analysis of model-based phase A stator current. It can be 

observed that the two side-band harmonics of the fundamental component increase significantly, 

which is similar to the actual rotor cage fault machine as shown in Fig. 5-9. 

5.4 Summary 

This chapter has proposed an IM emulator, which is able to emulate an IM with rotor cage 

faults. The experimental methods to extract machine parameters was introduced. The simulation 

results are shown to validate the ability of the built mathematical model. A comparison of the 

experimental results with model-based simulation results and emulation results demonstrate the 

validity of the developed mathematical machine model for the IM emulator, providing an 

accurate solution for investigating IM fault conditions in the laboratory environment.  
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 Chapter 6.                                                          

Conclusions and Future Work 

This Ph.D. work is devoted to 

• Investigating the asymmetrical conditions in the induction machine, developing the 

corresponding mathematical machine model and the applications of the faulted machine 

model for emulation. Due to the characteristics of high-order, nonlinear, asymmetrical 

conditions, and strongly coupled multivariable systems of induction machines, once the 

fault happens, the mathematical model of machine will be significantly different and 

become more complicated. The faulted condition is an abnormal operating condition. 

Continuing to drive the machine can damage it, with safety issues at high speed.  In this 

Ph.D. research work, the induction generator with unbalanced loads, nonlinear loads and 

induction motor with stator winding faults, rotor cage faults were emulated. 

• Secondly, developing a power electronic converter-based machine emulation setup. The 

built testbed is able to replace an actual faulted induction machine that works either with 

a stator winding fault or rotor cage fault conditions. Thus, it can be used to develop and 

test the corresponding machine drive technique without actual damage to the machine. 

Therefore the risk and cost associated with testing, and analysis of faulted machines are 

reduced. 

6.1 Conclusion 

 Chapter 1 reviewed induction machines under asymmetrical conditions and machine 

emulation.  
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• According to research, the most common asymmetrical operation occurs due to the 

unbalanced loads for induction generators and failures in stator windings, and the 

rotor cage of induction motors. The asymmetrical operation of the induction machine 

can cause low efficiency and excessive heating, and lead to failure of the machine.  

• The electrical machine emulator is proposed to replace expensive test benches and 

equipment as well as the risks associated with the development and testing of new 

drive systems. With the emulator, various types of electric machines with different 

power ratings or conventional and advanced control strategies can be tested. 

Especially for the research of asymmetrical conditions, the application of an emulator 

can prevent the consequence of failure due to the fault inside the machine and can be 

used to develop the corresponding control method. 

Chapter 2 introduced the induction machine mathematical model in healthy conditions, which 

is the foundation to research the asymmetrical operating conditions. 

• The mathematical model is first introduced in the abc reference frame, and then by 

applying Park’s transformation, the machine model is transferred to dq reference 

frame so as to simplify the calculation during simulation.  

• The machine parameter measurement method is also introduced, by DC test, the stator 

resistance is measured; from the blocked-rotor test and no-load test, the rotor 

resistance, mutual inductance, stator leakage inductance, rotor leakage inductance are 

verified. 

In Chapter 3, the emulation of unbalanced and nonlinear loads in the induction generator 

was investigated. 

• The mathematical model of an actual 5 hp induction machine was firstly established, 

then the mathematical model of excitation capacitor bank, loads as well as the inverter 

were established.  

• The machine emulation testbed for the induction generator was built. 

• The SEIG supplying balanced loads were firstly investigated, and the emulation 

results track the actual machine results, which verifies the accuracy of the built 

emulator. Then the unbalanced conditions were compared with the actual machine 
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and the performance of the emulator during transients was also shown. In the end, the 

emulated SEIG supplying nonlinear load conditions were presented. 

Chapter 4 presented the emulation of an induction motor with stator winding fault 

conditions. 

• The mathematical model of induction machine stator winding faults was firstly 

established in the abc reference frame, then the dq reference frame model was derived 

by applying Park’s transformation. 

• The induction motor emulation system was introduced, including hardware setup and 

controller design. 

• The experimental results with an actual induction machine with two different levels 

of stator winding faults were shown and compared with simulation results first.  

• The emulation results were compared with the actual machine in two different stator 

winding faults. 

• The loading conditions were also considered. The emulation and actual machine with 

loading conditions were compared. 

Chapter 5 presented the emulation of induction motor with rotor cage fault conditions. 

• After the rotor cage fault occurred, the machine parameters related to the rotor cage 

will change according to the angle with three-phase stator windings. The cage fault 

machine parameters measurement method was introduced. 

• The rotor cage fault condition was firstly identified by FFT analysis. 

• The machine parameters of an actual induction motor with rotor cage faults were 

measured at different rotor angles. 

• The simulation and emulation results were compared with the actual rotor cage fault 

induction motor. 

• The loading conditions were also considered and emulation results were compared 

with the actual machine results. 
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6.2 Future Work 

This thesis has shown the accuracy of emulation compared to the actual machines. The 

improvement and prospective research works are addressed as follows: 

• For emulation of induction generator, the SEIG with nonlinear loads has only 

investigated the diode converter with DC loads. More research could be done with 

complicated loads to expand the application of the SEIG emulator, such as to research 

the power flow between the SEIG emulator with an actual battery, which will be useful 

to investigate the microgrid with generator, loads, and batteries. 

• The emulation of induction motor with faults conditions, was only done with a grid 

supply. More research work could be done by applying drives to the emulation machine, 

which can be used to develop novel drive techniques for faulted machines. 

• The development of an induction motor emulator can be tested with a machine with 

integrated faults, for example during the emulation, the emulated machine can switch 

between healthy, stator winding faults or rotor cage fault conditions, thus to test the 

performance of the drive inverter under severe conditions. 
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Appendix - A  

Measurement Results of Induction Machine with Broken Rotor Bars 

1. Data acquired at 16.01Hz 

Rotor angle (°) Line current (𝑨𝐫𝐦𝐬) Line voltage (𝑽𝐫𝐦𝐬) Real Power (W) 

0 1.79 17.86 27.84 

10 1.79 18.03 28.27 

20 1.79 18.46 28.46 

30 1.79 18.7 29.07 

40 1.79 18.81 29.31 

50 1.79 18.82 29.3 

60 1.79 18.85 29.27 

70 1.8 18.9 29.54 

80 1.804 18.77 29.38 

90 1.805 18.52 29.22 

100 1.803 17.68 27.55 

110 1.79 17.59 27.35 

120 1.79 17.59 27.34 

130 1.802 17.64 27.61 

140 1.8 17.55 27.43 

150 1.801 17.54 27.47 

160 1.801 17.63 27.67 

170 1.8 17.65 27.61 

180 1.79 18 28.08 

190 1.799 18.06 28.27 

200 1.796 18.17 28.45 

210 1.799 18.39 28.75 

220 1.796 18.63 28.98 

230 1.8 18.72 29.18 

240 1.802 18.82 29.34 

250 1.801 18.81 29.36 

260 1.802 18.81 29.38 

270 1.798 18.72 29.23 

280 1.798 18.36 28.86 

290 1.8 18.24 28.71 

300 1.798 18.14 28.5 

310 1.8 18.14 28.56 

320 1.798 18.03 28.41 

330 1.8 18.01 28.41 

340 1.798 18.03 28.37 

350 1.798 18.13 28.57 

360 1.799 18.24 28.68 
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2. Data acquired at 50Hz 

Rotor angle (°) Line current (𝑨𝐫𝐦𝐬) Line voltage (𝑽𝐫𝐦𝐬) Real Power (W) 

0 1.78 29.79 29.65 

10 1.8 30.13 30.46 

20 1.79 30.22 30.67 

30 1.8 30.84 31.35 

40 1.801 31.49 32.04 

50 1.79 31.78 32.56 

60 1.79 31.99 32.82 

70 1.8 31.95 32.9 

80 1.803 31.7 32.9 

90 1.801 31.07 32.23 

100 1.803 30.63 31.77 

110 1.801 30.24 31.31 

120 1.79 30.16 31 

130 1.802 30.03 30.93 

140 1.79 29.69 30.22 

150 1.79 29.56 30.1 

160 1.801 29.66 30.29 

170 1.799 29.89 30.43 

180 1.8 30.3 30.9 

190 1.799 30.41 31.11 

200 1.803 30.58 31.58 

210 1.799 31.14 32.18 

220 1.802 31.52 32.66 

230 1.799 32.03 33.32 

240 1.799 32.26 33.44 

250 1.801 32.23 33.57 

260 1.799 31.91 33.28 

270 1.801 31.49 32.93 

280 1.798 30.87 32.18 

290 1.803 30.42 31.78 

300 1.798 30.28 31.4 

310 1.8 30.15 31.3 

320 1.796 29.85 30.89 

330 1.801 29.83 30.87 

340 1.802 29.83 30.81 

350 1.797 29.98 30.83 

360 1.803 30.38 31.35 
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3. Data acquired at 75Hz 

Rotor angle (°) Line current (𝑨𝐫𝐦𝐬) Line voltage (𝑽𝐫𝐦𝐬) Real Power (W) 

0 1.797 40.29 31.14 

10 1.802 40.67 31.89 

20 1.801 40.83 32.46 

30 1.801 41.48 33.27 

40 1.798 42.4 34.45 

50 1.798 42.79 35.2 

60 1.804 43.35 36.07 

70 1.799 43.14 35.97 

80 1.802 42.59 35.64 

90 1.8 41.89 34.85 

100 1.799 41.17 33.96 

110 1.803 40.75 33.47 

120 1.801 40.69 33.16 

130 1.8 40.59 33.13 

140 1.804 40.28 32.69 

150 1.799 40.09 32.26 

160 1.803 40.2 32.31 

170 1.799 40.53 32.52 

180 1.802 41.03 33.15 

190 1.798 40.98 32.79 

200 1.8 41.25 33.39 

210 1.8 41.94 34.29 

220 1.799 42.55 35.11 

230 1.802 43.08 36.27 

240 1.803 43.51 36.71 

250 1.801 43.49 36.87 

260 1.801 42.88 36.21 

270 1.802 42.25 35.5 

280 1.798 41.44 34.54 

290 1.8 40.84 33.74 

300 1.802 40.84 33.68 

310 1.8 40.55 33.24 

320 1.8 40.28 32.83 

330 1.799 40.19 32.67 

340 1.802 40.28 32.71 

350 1.8 40.5 32.82 

360 1.799 40.92 33.23 
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4. Data acquired at 85Hz 

Rotor angle (°) Line current (𝑨𝐫𝐦𝐬) Line voltage (𝑽𝐫𝐦𝐬) Real Power (W) 

0 1.8 44.92 32.5 

10 1.803 45.19 33.13 

20 1.801 45.26 33.6 

30 1.802 46.25 34.94 

40 1.8 46.91 35.6 

50 1.803 47.48 36.76 

60 1.802 47.97 37.54 

70 1.803 47.64 37.46 

80 1.803 47.22 37.13 

90 1.801 46.32 36.01 

100 1.803 45.52 34.89 

110 1.801 45.04 34.17 

120 1.801 45.04 34.12 

130 1.803 44.83 33.81 

140 1.802 45.54 33.33 

150 1.8 44.37 32.98 

160 1.802 44.48 33.05 

170 1.8 44.9 33.35 

180 1.799 45.4 33.98 

190 1.8 45.59 34.32 

200 1.799 45.99 35.05 

210 1.799 46.66 36.07 

220 1.799 47.26 36.86 

230 1.8 47.74 37.82 

240 1.802 48.25 38.45 

250 1.798 48.13 38.48 

260 1.799 47.52 37.79 

270 1.803 47 36.22 

280 1.801 45.9 35.86 

290 1.8 45.3 35.05 

300 1.8 45.22 34.79 

310 1.798 44.93 34.34 

320 1.8 44.63 33.84 

330 1.8 44.55 33.65 

340 1.801 44.57 33.42 

350 1.799 44.89 33.65 

360 1.802 45.39 34.28 
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5. Data acquired at 100Hz 

Rotor angle (°) Line current (𝑨𝐫𝐦𝐬) Line voltage (𝑽𝐫𝐦𝐬) Real Power (W) 

0 1.803 52.03 35.55 

10 1.801 52.22 35.85 

20 1.802 52.31 36.4 

30 1.8 53.14 37.31 

40 1.803 54.11 38.82 

50 1.803 54.77 40.07 

60 1.799 54.94 39.87 

70 1.798 54.72 40.12 

80 1.802 54.08 39.55 

90 1.804 53.22 38.64 

100 1.801 52.57 37.82 

110 1.801 51.89 36.71 

120 1.801 51.87 36.61 

130 1.799 51.7 36.23 

140 1.802 51.41 35.73 

150 1.799 51.14 35.22 

160 1.798 51.25 35.11 

170 1.803 51.74 35.63 

180 1.8 52.35 36.36 

190 1.8 52.54 36.79 

200 1.802 52.73 37.34 

210 1.802 53.7 38.71 

220 1.8 54.4 39.64 

230 1.8 54.86 40.63 

240 1.803 55.47 41.55 

250 1.799 55.24 41.42 

260 1.802 54.65 40.63 

270 1.803 53.92 39.82 

280 1.803 52.91 38.55 

290 1.803 52.14 37.46 

300 1.8 52.08 37.19 

310 1.799 51.68 36.51 

320 1.803 51.49 36.26 

330 1.802 51.39 36.06 

340 1.803 51.52 36.04 

350 1.803 51.83 36.27 

360 1.804 52.44 36.94 
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6. Data acquired at 125Hz 

Rotor angle (°) Line current (𝑨𝐫𝐦𝐬) Line voltage (𝑽𝐫𝐦𝐬) Real Power (W) 

0 1.8 64.4 37.3 

10 1.801 64.2 37.1 

20 1.8 63.9 36.8 

30 1.798 63.8 36.6 

40 1.803 64.3 36.5 

50 1.803 64.7 36.6 

60 1.8 65.3 37.8 

70 1.801 65.4 38.4 

80 1.802 65.6 39.2 

90 1.8 66.4 40.1 

100 1.8 67.3 41.5 

110 1.801 68 43.7 

120 1.802 68.7 44.5 

130 1.8 68.5 44.7 

140 1.802 68.3 44.5 

150 1.801 67.5 43.4 

160 1.799 65.8 41.2 

170 1.801 64.8 39.1 

180 1.8 64.9 39 

190 1.802 64.5 37.9 

200 1.802 64.2 37.4 

210 1.802 64.2 37.2 

220 1.8 64.4 37.1 

230 1.801 64.9 37.8 

240 1.803 65.4 38.5 

250 1.802 65.7 39.2 

260 1.804 65.7 39.3 

270 1.802 66.4 40.2 

280 1.8 67.5 42 

290 1.802 68.1 43.7 

300 1.8 68.5 44.3 

310 1.802 68.3 44.4 

320 1.803 67.5 43.4 

330 1.8 66.7 42.3 

340 1.799 65.7 40.9 

350 1.801 64.9 39.5 

360 1.802 64.9 39.3 
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7. Data acquired at 150Hz 

Rotor angle (°) Line current (𝑨𝐫𝐦𝐬) Line voltage (𝑽𝐫𝐦𝐬) Real Power (W) 

0 1.799 76.3 41.9 

10 1.798 76.1 41.5 

20 1.802 75.8 41 

30 1.801 75.8 40.6 

40 1.801 76.1 40.5 

50 1.804 77 41.5 

60 1.804 77.4 42.2 

70 1.8 77.5 42.7 

80 1.8 77.4 42.8 

90 1.801 78.5 44.4 

100 1.801 79.6 46.5 

110 1.802 80.4 48.5 

120 1.803 80.7 49.9 

130 1.802 80.7 50 

140 1.801 80.4 49.3 

150 1.803 79.2 47.7 

160 1.801 77.5 45.1 

170 1.802 76.7 43.3 

180 1.803 76.7 43 

190 1.801 76.1 41.8 

200 1.8 76 41.2 

210 1.801 76 41 

220 1.8 76.2 40.9 

230 1.802 76.7 41.4 

240 1.801 77.4 42.4 

250 1.801 77.7 43 

260 1.802 77.6 43.3 

270 1.799 78.7 44.9 

280 1.802 79.6 46.5 

290 1.803 80.3 48.1 

300 1.8 80.6 49.3 

310 1.801 80.4 49.3 

320 1.802 79.6 48.1 

330 1.801 78.6 46.5 

340 1.801 77.5 44.9 

350 1.801 76.7 43.4 

360 1.803 76.8 43.2 

 


