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Abstract 

Condition monitoring enables diagnosis of the inception of fault mechanisms in electrical 

machines, thus averting failure and the need of expensive repairs. Therefore, it is valuable 

to develop efficient methods of condition monitoring. The idea would be relatively low 

cost and/or non-invasive system, which is still sufficiently powerful in terms of 

monitoring by online detection of developing faults. In this research, an overview of 

existing condition monitoring techniques is given, and issues related to induction machine 

faults are discussed. Therefore, this research develops a relatively simple yet powerful 

model for studying the behaviour of a wound rotor induction machine (WRIM) or doubly 

fed induction generator (DFIG) in healthy and faulty conditions based on the impedance 

matrix. 

The first part of the work presented in this dissertation builds the fundamental impedance 

matrix that can predict the behaviour of the WRIM or DFIG in a healthy condition. A 

theoretical model is necessary so that any stator or rotor winding configuration in the 

machine can be incorporated. The effect of rotor skew is considered in this model. Then, 

the Motor-CAD package is employed to predict the electromagnetic behaviour of the 

induction machine during steady-state and transient-state operation. Motor-CAD has been 

used for examining the induction machine parameters. 

The second part of the work develops the impedance matrix to detect unbalanced rotor-

phase impedances. This can simulate rotor faults in the machine. The method leads to the 

calculation of stator current components when there are unbalanced rotor-phase 

impedances and it is verified experimentally using a four-pole wound rotor. The method 

is verified by inversion of the voltage matrix equation and solving for the currents in the 
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wound motor. Experimental results (torque and current characteristic) are compared with 

computer predictions for the test machine. 

The third part of this thesis develops the fundamental impedance matrices for both rotor 

eccentricity detection and unbalanced magnetic pull (UMP) calculation. It puts forward a 

concept for detecting and measuring eccentricity faults in the WRIM. A simple and new 

approach using pole-specific search coils is introduced, and a theory is developed to 

illustrate that rotor eccentricity leads to the generation of air-gap flux waves with pole-

pairs of pm ± 1, where pm is the number of pole-pairs of the machine. Once again, this 

technique is used here to detect rotor eccentricity in a four-pole wound rotor machine and 

is verified experimentally using a rig for measuring UMP. The investigation uncovers 

several aspects of the damping effects of pole-specific search windings which can also be 

used to suppress UMP. 

Keywords— Condition monitoring; doubly fed induction generator; DFIG; eccentric 

rotors; impedance matrix; induction motor; rotor eccentricity; squirrel cage induction 

machine; SCIM; unbalanced magnetic pull; UMP; wound rotor induction machine; 

WRIM. 
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DV   
Induced voltage 

stL   
Length of the stator 

n   
Maxwell stress (radially) 

t  
Maxwell stress (tangentially) 

r   
Mechanical angular frequency 

Pmech Mechanical power 

rn   
Mechanical speed of rotor 

mechT
 

Mechanical torque 
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 ,nb y t
  

Normal radial flux density of air gap  

n

sk
  

nth harmonic stator slot opening factor 

c   
Number of conductors in the ωth slot 

mp
 

Number of pole-pairs 

P   Number of poles 

NR Number of slot at which winding is located in rotor 

NS  Number of slot at which winding is located in stator 

   Permeance 

   
Permeance of free space 

 ,sb y t
  

Radial flux density of air-gap  

 ,rb y t
  

Rotor air-gap flux wave components 

Ir Rotor current 

n

rJ
 

Rotor current density coefficient of the nth current 

harmonic 

rf   
Rotor frequency 

Ψr   
Rotor magnetic field 

Rr Rotor resistance  

rb   
Rotor slot opening 

n

rk
  

Rotor slot opening factor 

Vr Rotor voltage 

Zr,r Rotor-rotor coupling impedance 

Zs,r  Rotor-stator coupling impedance 

ksk Skew factor 

s   Slip of the motor 

sK   
Slot opening factor 

αs Slot-angle of the stator in mechanical radians 

n

sJ
  

Stator current density coefficient of the nth current 

harmonic 

Ψs   
Stator magnetic field 
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tsb   
Stator slot opening 

Vs Stator voltage 

Rs Stator winding resistance 

Zr,s Stator-rotor coupling impedance 

tratio Stator-rotor turns ratio 

Zs,s Stator-stator coupling impedance 

f   Supply frequency 

s  
Synchronous angular frequency 

sn   
Synchronous speed 

 ,tb y t
  

Tangential flux density of air gap 

y   Variation in axial direction 

n   Harmonic number 

 

Abbreviations Used in Thesis 

 

BCW Bridge configured winding 

DE Drive end  

DFIG Doubly fed induction generator 

FEA Finite element analysis 

FFT Fast Fourier transform 

IM Induction machine 

MCSA Motor current signature analysis 

NDE Non drive end 

SCIM Squirrel cage induction machine 

UMP Unbalanced magnetic pull 

WRIM Wound rotor induction machine 

 

Superscripts  

 

av Average  

x Axial distance along machine 

b Backward component 

1, 2, 3 Corresponding to stator and/or rotor phase windings 
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f Forwards component 

y′ linear distance around air-gap in rotor reference frame 

y linear distance around air-gap in stator reference frame 

r Rotor 

s Stator  

n Stator harmonic 
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Chapter 1:  Introduction 

he wound rotor induction machine has enjoyed a renaissance as the generator 

in many commercial wind turbines. It is used in a slip energy recovery manner 

so that it can generate at both below and above the synchronous speed. 

Calculation of the machine performance has improved continuously for many decades. It 

is usually based on the equivalent circuits as well as modern electromagnetic finite 

element analysis. This has led to machine design becoming more systematic and 

operation more predictable. 

There are still some challenges in detecting and calculating machine faults that cannot 

easily be predicted with reasonable accuracy. These often rely on techniques that are not 

adaptable to the wound rotor induction machine (WRIM) as described in Chapter 2. For 

instance, techniques need to be developed that can accurately predict rotor faults in the 

WRIM in the early stages of fault development. These rotor faults include air-gap 

eccentricity and external-connected rotor resistances. 

This thesis contributes significant knowledge to the engineering community through the 

investigation of induction machine behaviour in healthy and faulty conditions, and the 

study of air-gap eccentricity and unbalanced rotor resistances in the WRIM and doubly 

fed induction generator (DFIG). The most significant and novel aspect of this research is 

to build an impedance matrix for both condition monitoring use and to calculate the 

unbalanced magnetic pull (UMP). Many other findings and original research 

contributions are detailed in the chapter summaries and in the conclusion of this thesis. 

T 
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1.1 Project Statement 

This work contributes to the development and verification of computationally efficient 

mathematical and experimental models that could be used for condition monitoring 

systems for the prediction of WRIM and DFIG behaviour under healthy and faulty 

operating conditions. The three most significant and novel aspects of this research are: 

[1] Development of a theoretical model to analyse WRIM behaviour. 

[2] Employment of Motor-CAD and MATLAB packages to predict the 

electromagnetic behaviour of an induction machine during steady-state and 

transient-state under various operational conditions. 

[3] Development of a new technique using special auxiliary windings to detect and 

damp the unbalanced magnetic pull in WRIM. 

These are validated by experimental work. 

1.2 Project Objectives 

The main objectives of this project are: 

[1] Discussion of the main induction machine faults, and the techniques used to detect 

and diagnose these faults. This is followed by observations on the existing 

condition monitoring techniques. 

[2] Development of an impedance matrix that includes all the coupling and mutual 

impedances. This matrix represents an analytical approach to the three-phase 

wound-rotor motor. The analysis is based on rotating field theory and the coupling 

impedance concept. The impedance matrix is used to analyse the wound rotor 

induction machine behaviour in a healthy operating condition and then extended 
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to cover the faulty operating conditions such as unbalanced rotor-phase 

impedances. 

[3] Use of Motor-CAD and MATLAB packages to predict the electromagnetic 

behaviour of an induction machine during the steady-state and transient-state. 

Finite element analysis of an induction machine is carried out by using Motor-

CAD in order to complete the comparison. The graphical interfaces of the Motor-

CAD environment will be utilised to describe the machine geometry, winding 

harmonics, material properties, and air-gap flux.  

[4] A method is proposed for detecting and measuring rotor eccentricity in the WRIM. 

The analysis is fully developed in order to calculate the UMP, and then an 

experimental rig is described and measurements are taken. These are compared 

with the calculated values. 

[5] Introduction of a simple method using pole-specific search coils to detect and damp 

UMP. The impedance matrix is developed to predict the winding voltages as a 

function of eccentricity. The search coils can also be used to suppress UMP. 

[6] The experimental identification and study of the performance of the 3-phase 4-pole 

wound rotor induction machine in a variety of conditions. 

1.3 Structure of the Thesis 

In this thesis, detailed modelling and analysis methods are put forward that improve 

condition monitoring of the wound rotor induction machine. These help to aid readers in 

their understanding of the procedures applied, and to provide clarity and continuity of 

research. This thesis is divided into seven chapters. The chapters are subdivided into 

sections to maintain the flow of the chapters as shown in Figure 1.1. The rest of this thesis 

is organized as follows: 
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Figure 1.1. Thesis structure. 

 

Chapter 2 provides a brief introduction to induction machines and condition monitoring 

techniques. The main induction machine faults are studied, followed by observations 

about the condition monitoring of induction machines. This represents the main literature 

review for the work. However, a brief exploration of the literature is performed in each 

chapter to address the important aspects of relevant previous research to the work in that 

chapter. 

Chapter 3 addresses the theory related to harmonic field analysis of the wound rotor 

induction machine. The analysis develops expressions which can take into account any 
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stator or rotor winding. For completeness, a comparative study of the current distribution 

in the rotor of a squirrel cage induction machine (SCIM) and the WRIM is made. The 

developed electromagnetic torque can be determined from the stator and rotor current 

density distributions. The analysis outlined in the chapter leads to construction of the 

impedance matrix including all coupling and mutual impedances. An equivalent circuit 

for a wound rotor induction machine, which includes external rotor resistances, is derived 

in this chapter. 

Chapter 4 provides a brief introduction to Motor-CAD software. Motor-CAD package is 

employed to predict the electromagnetic behaviour of the induction machine during 

steady-state and transient-state operation. In addition, it is used for examining the 

induction machine parameters. In this chapter, the implementation of an induction 

machine model in MATLAB is described in order to make some comparisons. These 

provide useful information and lead to a framework for understanding some results in the 

context of others. 

Chapter 5 develops a relatively simple yet powerful model that can accurately analyse the 

behaviour of a WRIM or a DFIG with wound rotor faults. The model is based upon the 

calculation of the stator current components, which are obtained from an impedance 

matrix analysis that includes coupling impedances. This method is used here to detect 

unbalanced rotor-phase impedances for a four-pole wound rotor. 

Chapter 6 puts forward a method for measuring rotor eccentricity in a WRIM. The 

investigated UMP sources are restricted to additional magnetic field components with one 

pole-pair below and above the main pole-pair number. A simple method using pole-

specific search coils is introduced, and a theory is developed to illustrate rotor 

eccentricity. The radial forces in an induction machine are calculated, and the 
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characteristics of UMP are described. Then an experimental rig for measuring UMP is 

described and measurements are taken. The reader is assumed to be familiar with the 

fundamental air-gap magnetic flux density produced in the induction machines. However, 

background and basic characteristics are provided. 

Chapter 7 reviews and summarises this thesis with a general summary of the contributions 

in the previous chapters, and discussing significant and novel results as well as identifying 

the important areas for further research. 

1.4 Publications from this Thesis Work 

A full list of papers are given below. It consists of two journal papers and seven 

conference papers and digests. 

I. Journal papers 

[1] D. G. Dorrell, A. Salah, and Y. Guo, “The detection and suppression of unbalanced 

magnetic pull in wound rotor induction motors using pole-specific search coils and 

auxiliary windings,” IEEE Transactions on Industry Applications, vol. 53, no. 3, 

pp. 2066-2076, 2017. 

[2] D. G. Dorrell and A. Salah, “Detection of rotor eccentricity in wound rotor 

induction machines using pole-specific search coils,” IEEE Transactions on 

Magnetics, vol. 51, no. 11, pp. 1-4, 2015. 

II. Conference papers 

[1] A. Salah, Y. Guo, and D. G. Dorrell, “Analysis of DFIG machine with rotor-

wound faults”, IEEE AFRICON, 2017, South Africa, pp. 1301-1306, 2017. 

[2] A. Salah, Y. Guo, and D. G. Dorrell, “Monitoring and damping unbalanced 

magnetic pull due to eccentricity fault in induction machines: A review” 
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International Conference on Electrical Machines and Systems, ICEMS, Sydney, 

Australia, pp. 1-6, 2017. 

[3] A. Salah, Y. Guo, and D. G. Dorrell, “Impedance matrix analysis technique in 

wound rotor induction machines including general rotor asymmetry,” IEEE 

International Conference on Industrial Electronics, IECON, Florence, Italy, pp. 

1821-1826, 2016. 

[4] D. G. Dorrell, A. Salah, and O. Kayani, “The detection and suppression of 

Unbalanced Magnetic Pull in Wound Rotor Induction Motors Using Pole-Specific 

Search Coils and Auxiliary Windings,” IEEE Energy Conversion Congress and 

Exposition, ECCE, 2015, pp. 277–284. doi: 10.1109/ECCE.2015.7309699. 

[5] D. G. Dorrell and A. Salah, “Detection of rotor eccentricity in wound rotor 

induction machines using pole-specific search coils,” IEEE International 

Magnetics Conference (INTERMAG), 2015, pp. 1-1, 2015. 

[6] A. Salah, Y. Guo, and D.G. Dorrell, “Rotor fault analysis in a doubly-fed 

induction generator using impedance matrix technique,” IEEE International 

Magnetics Conference (INTERMAG), 2017, pp. 1-2, 2017. 

[7] A. Salah, Y. Guo, and D. G. Dorrell, “Predicting the behavior of induction 

machine using Motor-CAD and MATLAB packages,” IEEE CPE-POWERENG, 

Doha, April 2018. 

1.5 Novelties of the Project 

This research is focused on developing a technique for detecting faults in the wound rotor 

machine at an early stage, in order to protect the machine or plant from catastrophic 

failure and reducing the cost of maintenance. In summary, the novelties of this project 

include the following: 
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[1] Development a theoretical model for detecting wound-rotor faults using an 

impedance matrix. Considering the most of the existing theoretical models are 

couched in terms of cage induction machines which may not be applicable to 

wound rotor machines. In [1, 2], Williamson et al. utilised impedance matrices to 

detect the faults in cage rotor machines; however, the wound rotor machine runs 

at a higher slip than the cage rotor machine; and in the DFIG slip energy recovery, 

as described in Chapter 2, is used to get generation when sub synchronous and over 

a wide speed range. Faults in wound rotor machines can vary greatly from the cage-

rotor equivalent. 

[2] Introduction of a new approach to evaluate the air-gap eccentricity using special 

search coils. Auxiliary windings are designed for this specific purpose, which 

enables measurement of the degree of air-gap eccentricity. The use of additional 

damper windings has been investigated in [3-6] and a similar theme is investigated 

here. However, this is combined with using pole-specific search coils to assess the 

degree of eccentricity. 

[3] Many researchers have addressed UMP; however, the challenge is how UMP can 

be accurately measured [7, 8]. Construction of a new experimental test rig that can 

be used to study the effect of air-gap eccentricity in the machines and calculate the 

UMP. Finally, to validate the mathematical models several experimental tests are 

conducted to evaluate the rotor faults. This enables verification of the work in this 

project. 

[4] Experimentally representation of different types of air-gap eccentricity including 

non-uniform eccentricity. A unique rig, which allows the study of non-uniform 

axial eccentricity, will be constructed. 
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[5] Behavioural investigation of the wound rotor induction machine using specialist 

(Motor-CAD) and general purpose (MATLAB) software. 

 

  



Chapter 2: Background and Literature Review 

 

 

CONDITION MONITORING OF WOUND-ROTOR INDUCTION MACHINES 10 

 

Chapter 2:  Background and Literature Review 

his chapter provides a brief introduction on the induction machine and condition 

monitoring techniques. The main induction machine faults are studied, followed 

by observations on the condition monitoring of induction machine. 

2.1 Introduction 

The induction machine is the established form of AC motor. It is used in 85 % of all 

industrial applications requiring an electric drive [9]. This high demand, which is 

increasing, appears to be improving the efficiency and availability of the induction 

machine. Recently, the wound rotor induction machine has enjoyed a renaissance as the 

generator in many commercial wind turbines and it is known as the doubly-fed induction 

generator (DFIG). It is used in a slip energy recovery manner so that it can generate at 

both below and above the synchronous speed. Therefore, it is important to devote more 

research to the study of induction machine behaviour during abnormal conditions due to 

various faults. The main goal here is to improve machine condition monitoring and fault 

diagnosis techniques. 

There are many problems that can reduce the efficiency or cause a malfunction of an 

induction machine, such as load conditions, manufacture imperfections and installation 

issues. Industrial stress can lead to repair costs and losses because of increased 

unexpected downtime. The key is the ability to detect faults while they are still 

developing, which is called incipient failure detection [10]. By implementing efficient 

condition monitoring, it is possible to provide adequate warning of imminent failure. 

Thus, it is possible to schedule future preventive maintenance and repair work [11-13]. 

T 
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Different methods for fault identification have been developed and used effectively to 

detect machine faults at different stages using machine variables, such as current, voltage, 

speed, torque, noise and vibrations [13-17]. In most cases, faults produce one or more 

indicative signs, such as increased losses, excessive heating, torque pulsation, and 

unbalanced voltages and line currents. Rapid developments in signal processing and 

power electronic devices have made variable-speed induction generator applications 

more common. However, this brings with it significant challenges for building more 

sophisticated techniques, which are required for sensitive and reliable fault detection in 

the future. The shortcomings of existing condition monitoring methods are highlighted. 

The objective is to overcome the shortcomings related to these methods, so they can be 

improved and developed. 

2.2 Basic Principles of the Induction Machines 

The induction machine consists of a stationary part (the stator) and a rotating part (the 

rotor), which is supported by bearings concentric with the stator. The stator of the 

induction motor is wound with a balanced three-phase winding. When this winding is 

supplied from a balanced three-phase A.C voltage source, balanced three-phase currents 

flow. This produces a rotating magnetic field in the air-gap of the machine. The speed of 

rotation of this field is synchronous, determined by the number of pole pairs (pm) of the 

winding, and the supply frequency [18]. 

There are two basic types of induction machines: squirrel cage induction machines 

(SCIM), and wound rotor induction machines (WRIM). The main difference between 

SCIM and WRIM is the design of the rotational part. The rotor of a SCIM is formed from 

copper or aluminium conducting bars short-circuited by rings at both ends. This “squirrel 
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cage” is in slots in the rotor that can be open or closed. The rotor of a WRIM has a three-

phase winding that is like the stator winding. However, the slot number will be different 

to prevent alignment torque. The winding will be star connected and the winding exit the 

rotor via three slip rings. The star point is hard-wired, and no access is given to it [19]. 

In the WRIM, the slip-ring brushes can be connected to variable resistors and the 

resistance of the rotor winding can be externally controlled, so it is possible to manipulate 

the torque/speed characteristic of the machine and control the output power. If the rotor 

circuit resistance is increased, then the pull-out speed of the wound induction machine 

decreases but the maximum torque remains constant. During run up, the torque can be 

increased, and the starting current decreased with additional external rotor resistances. 

Therefore, the rotor circuit resistance can be adjusted to produce the maximum torque at 

starting condition and it can then be decreased as the motor speeds up, making the 

maximum torque available over the whole accelerating range. As already mentioned, 

these external resistances decrease the stator starting current which is desirable in most 

applications. Figure 2.1 shows that by increasing the rotor resistance from R0 to R1 to 

R2, the starting torque is improved. 

 

Figure 2.1. Torque characteristics for three values of external resistance (R1, R2, and R0). 
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The WRIM is a good choice of generator for a wind turbine because by changing the rotor 

resistor it is possible to change the operating point of the induction machine in order to 

get a better load match in start-up, weak wind conditions, and strong wind conditions. 

There are many useful discussions which compare the WRIM and SCIM [20, 21].  

In terms of the control, the DFIG is more sophisticated than the WRIM because rather 

than dissipate energy in external resistors, the rotor is connected to the grid via back-to-

back inverters. Below synchronous speed, if the machine is motoring, the energy exiting 

the rotor through the slip rings is regenerated back into the grid, or, in the case of a wind 

turbine, if energy is injected into rotor slip rings, the machine can generate more power 

at the terminals of the stator if mechanical power is turning the machine. Hence it can 

work as a generator across a wide speed range including sub synchronous speeds [22]. 

The transfer of energy from the stator to the rotor, either in the SCIM or WRIM, is by 

means of electromagnetic induction. Energy is transferred electromagnetically across the 

air-gap between the stator and the rotor windings. A very small air-gap can help to reduce 

reluctance. However, the length of the air-gap is constrained by allowable core losses as 

well as manufacturing tolerance and cost. It can be noted that air-gap eccentricity exists 

even in a healthy machine, but the permissible limit depends on the motor construction, 

e.g., 10 % for a healthy motor [23, 24]. The air-gap is typically between 0.35 and 0.50 

mm for motors up to 10 kW, and between 0.5 and 0.8 mm for motor in the range of 10 to 

100 kW [25]. One drawback of the wound rotor is that it needs a higher level of 

maintenance because of the brushes and slip rings compared with the squirrel cage motor. 

Induction machines operate at speeds away from the synchronous speed (ns), therefore 

they are known as asynchronous machines. The difference between the synchronous 

speed and the rotor speed is commonly referred to the slip of the rotor; in this case, the 
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rotor slip is ns - nr when measured in r/min. The per-unit slip of an induction motor is 

therefore defined as 

 s r

s

n n
s

n


   (2.1) 

where nr is the mechanical speed of the rotor. The synchronous speed ns is calculated 

from:  

 
60

s

m

f
n

p
   (2.2) 

where f is the supply frequency, and pm is the fundamental pole-pair number of the 

machine. The relative motion of the stator flux and the rotor conductors induces voltages 

at the slip frequency fr . This is defined by  

 rf sf   (2.3) 

Hence, the rotor frequency is dependent on the slip of the motor, assuming the supply 

frequency remains constant. In inverter-fed SCIMs, the frequency fs does vary to change 

the operating speed. This varies the synchronous speed and the machine will operate a 

few percent under this (or above it if it is generating). 

The electrical behaviour of this machine is similar to that of a transformer but with an 

extra feature, frequency transformation produced by the relative motion of the stator and 

rotor windings. In fact, a wound-rotor induction machine can be used as a frequency 

changer. 

When the stator winding is supplied by a three-phase voltage set, currents flow in the 

coils producing a magnetic field Ψs that rotates in one direction (the direction depends on 

the phase sequence). The rotating air-gap flux induces slip-frequency voltages in the rotor 
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windings. The rotor currents can be determined by the magnitudes of the induced voltages 

in the rotor and the rotor impedance at fr. At the starting condition, the shaft is not moving 

(ns = 0), the slip is unity (s = 1), and the rotor and stator frequencies are equal. The rotor 

field Ψr produced by the rotor currents, rotates at the stator field speed, resulting in a 

starting torque if there is a phase angle between the two field components. This torque 

turns the rotor in the direction of rotation of the stator field. If the torque is large enough 

to overcome the opposition to rotation created by the load, the motor will start rotating. 

The rotor speed can never equal the synchronous speed, since the rotor would then be 

steady with respect to the stator field. There would be no voltage induced in rotor 

windings so no current would flow, and hence, no torque would result. When open circuit, 

there is no rotor current and rotor field [26]. The electromagnetic torque is produced by 

an interaction of two fields, which can be expressed as  

 coss r s r tT          (2.4) 

Both fields, the rotor magnetic field and stator magnetic field, rotate at the same 

synchronous speed. Torque is the vector product and results in a magnetic pole-pair due 

to the attraction of opposite polarity magnetic poles. When both vectors are normal to 

each other as shown in Figure 2.2, the maximum allowable torque is produced. It should 

be noted that the rotor (shaft) speed is asynchronous, whereas the rotational speed of rotor 

field is synchronous. 
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Figure 2.2. Magnetic pole system generated by currents in the stator and rotor windings. 

 

The peak-torque slip is proportional to the rotor circuit resistance. For a squirrel-cage, the 

maximum steady-state slip is relatively small and much lower that the peak-torque slip -

probably in the region of 1 to 4 % depending on the size of the machine. For this reason, 

the squirrel-cage machine is almost a constant-speed motor, experiencing only a few 

percentage points decrease in speed from no load to full load. The speed is varied by 

changing the synchronous speed via the supply frequency. However, in the wound-rotor 

machine, the rotor resistance is increased by inserting external resistance or an effective 

resistance; hence the slip at peak-torque increases, and thus the machine speed for a 

specified value of torque will decrease. Figure 2.3 shows an example of the torque-speed 

curve of a three-phase, four-pole induction machine, supplied at 50 Hz. The torque 

increases with increasing slip up to the breakdown torque, which is the pull-out point on 

the curve. The rated torque is less than the maximum torque, usually 30 to 50 % of the 

peak torque. 
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Figure 2.3. Three-phase, 4-pole induction motor toque-speed curve for constant-voltage,  

and frequency operation. 

 

The mechanical torque rotates the shaft. The torque developed by the machine at any 

speed is given by  

 mech
mech

r

P
T


   (2.5) 

where, Pmech is the mechanical power that drives the load, and ωr is the rotor speed and 

equal to 2πnr  60. The referred rotor resistance Rr in Figure 2.4 can be split into Rr which 

is the actual resistance, and ((1 - s)/s)Rr, which is the component where electro-

mechanical energy conversion takes place. Therefore, the output power can be calculated 

from 

 2 1
3 | |  mech r r

s
P I R

s

 
  

 
  (2.6) 

Therefore the mechanical torque is dependent on the absorbed power in the rotor 

resistance component ((1 - s)/s)Rr . 
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It was stated earlier that induction machine acts in a similar manner to a transformer. The 

stator part is equivalent to the primary coil of the transformer and has two components, 

Rs and Xs, which represent the resistance of the stator phase winding and the leakage 

inductance of the phase winding respectively. The leakage inductance represents the flux 

produced by the current in the stator windings that does not cross the air-gap of the 

machine and link the rotor windings, therefore it is not useful for the generation of torque. 

The magnetising reactance Xm represents the production of useful flux in the machine and 

this flux crosses the air-gap either from stator to rotor or vice-versa. The rotor is 

equivalent to the secondary part and has rotor leakage reactance, and rotor resistance. 

Therefore, the equivalent circuit for the induction machine is similar to that of the 

transformer. However, the secondary part in the induction machine is short-circuited in 

cage-rotor types and connected to a resistance circuit or inverter in wound-rotor types. 

The per-phase induction machine equivalent circuit can be simplified by eliminating the 

ideal transformer and referring the rotor resistance and reactance to the primary side as 

shown in Figure 2.4. The rotor circuit is reflected in the stator circuit side in the equivalent 

circuit (as in a transformer) whose turns-ratio depends on the actual turns ratio between 

the stator and rotor. 

  

Figure 2.4. Per-phase induction machine equivalent circuit. 
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In the equivalent circuit Rs and Rr represent the resistances of the stator and referred 

resistances of rotor winding respectively. Xs and Xr represent the stator leakage reactance 

and referred rotor leakage reactance respectively. The magnetising reactance is required 

to cross the air-gap and link the two winding sets, which is represented by Xm. Rc 

represents the core loss (hysteresis and eddy current losses). The mechanical frequency 

can be obtained from 

 
1
 r s

mp

s
 


   (2.7) 

 Using the generated stator flux, where the voltage drop across the stator leakage and rotor 

leakage inductances and stator resistance are neglected: 
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V
 

       (2.8) 

This assumes that s is small. The mechanical torque can be expressed as 

 3 Ψmech m rmT p I   (2.9) 

The torque expression in (2.9) is an approximation but indicates that the rotor current and 

the generated stator flux can control the induced torque, as long as both vectors are 

maintained as shown in Figure 2.5. Obviously, the induced torque in a DFIG can be 

controlled by defining the physical position and magnitude of the stator winding flux. 

This can be done directly by monitoring stator voltage and adjusting the rotor currents 

[27]. 
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Figure 2.5. Simplified equivalent circuit. 

 

2.3 Operating Induction Machine in DFIG Mode 

The doubly fed induction generator (DFIG) is a wound rotor induction motor and 

typically acts as a generator when driven above the synchronous speed, however, sub-

synchronous generation is possible as well. It known as doubly fed because there are 

connections to both the stator and rotor. Thus, this research can be applied for both the 

DFIG, and the WRIM. The DFIG is a better choice for a variable speed wind turbine 

application since it has the ability to generate power at constant voltage and frequency 

while the rotor speed varies. This allows more adaptability in terms of the power 

conversion and more stability in frequency. The voltage in the power system that is linked 

to the DFIG can also be stabilized [28]. There is a reduction of the power losses and the 

cost of the converters, and filters [22, 29, 30]. 

The stator winding is connected to the grid or loads, and the rotor winding is connected 

to a back-to-back partially rated (20 %  – 30 % rating) converter. Figure 2.6 shows that 

the converter (which is a back-to-back PWM inverter system as already mentioned) 

recovers energy from a rotor of doubly fed induction generator [28, 31-33]. The converter 

is utilised for exchanging the slip power to and from the grid for variable speed operation. 
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Below the synchronous speed, when s > 0, power flows into the rotor and this is 

effectively amplified by addition of power from the prime mover and flows out of the 

stator. Above the synchronous speed, when s < 0, power flows out of both the stator and 

rotor and at maximum power this is approximately split in the ratio 70 % to 30 %. 

 

Figure 2.6. Simple converter recovering energy from a rotor of doubly fed induction generator. 

 

The equivalent circuit of the doubly fed induction generator is shown in Figure 2.7. This 

is the coupled per-phase circuit with the additional rotor voltage source. These would be 

at slip frequency. As mentioned earlier, the induction motor may be viewed as an ideal 

transformer. Therefore, the electro-mechanical energy conversion will take place across 

the transformer component, including the turns transformation characteristic and 

frequency transformation. The frequency transformation leads to the electromechanical 

energy conversion. Across the transformer, the total air-gap power can be expressed as: 

 3 cos( )airgap r r mech R cuP V I P P        (2.10) 

where the motoring convention is used, and (ø-θ) represents the difference between rotor 

voltage angle and rotor current angle. To make the machine generate then power has to 
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flow from the rotor to the stator so Pairgap has to be negative, even for sub-synchronous 

operation. Remember that 

 
for sub-synchronous mode

for super-synchronous mode

0

0,   

, s

s




  (2.11) 

Assume that the stator and rotor turn ratio is equal to one. For normal induction machine 

operation with a closed or resistor-connected rotor circuit, the mechanical power is 

positive and from the stator to the rotor when sub-synchronous (motoring) and is negative 

and from the rotor to the stator when super-synchronous (generating). This means the 

rotor voltage source has to be used to generate below the synchronous speed. The current 

directions are defined as to the right, from stator to rotor. The referred rotor voltage Vr/s 

can be conveniently divided into an electrical source Vr and a source representing electro-

mechanical energy conversion (1 – s)Vr/s. Vr  is the actual voltage applied to the rotor 

through the slip rings and it is at slip frequency. However, this voltage has to go through 

a frequency conversion since the equivalent circuit is at stator (grid) frequency so that the 

referred voltage applied to the rotor equivalent circuit is Vr/s. Hence 

 
 1 rr

r

s VV
V
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    (2.12) 

The rotor power PR-elec at the rotor terminals (positive means power flowing out of rotor 

due to current convention), the mechanical power Pmech, and the rotor copper loss Pcu are 

given by 
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By inspection, Pcu is always positive, i.e., a loss. The second term of Pmech when sub 

synchronous is always positive; this means power is flowing from electrical to mechanical 

systems. Therefore the first term must be negative and greater than the second term to 

allow for sub synchronous generation since this will mean power flowing from 

mechanical to electrical systems. But s > 0 and Vr must be positive to oppose Vs and 

balance the voltage equation. Hence, Ir must be negative. If this is the case, then PR-elec 

must also be negative so power is flowing into the rotor.  

 

Figure 2.7. Equivalent circuit of doubly fed induction generator (DFIG). 

 

The stator input power Ps (remember we are still using the motoring convention where 

positive power indicates that power flows into the stator and out of the rotor) and overall 

power generation Ptotal can be expressed as 
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In case of the sub-synchronous mode, and the requirement to generate, i.e., negative Ptotal, 

the input rotor power is amplified by the input mechanical power by (1-s)/s. At half 

synchronous speed, the first mechanical power conversion (first term on right hand side 

of Pmech) is equal to the electrical power at the rotor terminals [34]. When generating, then 

this means that the power coming out of the stator will be more than twice the input power 

to the rotor so that there is a lot of circulating energy and associated losses and loss of 

efficiency. This is because as the power flows through the circuit when generating, some 

power that will be returned to the mechanical source in the electro-mechanical resistance 

component (second term on right hand side of Pmech), and some will be dissipated in the 

circuit resistances (third and fourth terms on right hand side of Pmech). Hence, at high slip, 

the system will be inefficient because of the large amount of power cycling into the rotor 

and continuing through the stator and reduced through electro-mechanical energy 

conversion and loss. 

Under super synchronous operation, s < 0 and when generating, the power will flow out 

of both the stator and rotor and operation will be much more efficient. The currents remain 

flowing in the same direction (against the arrows for Is and Ir in the figure), but the rotor 

voltage is reversed. 

The above discussion is in terms of generation. The current flows from right to left for 

generation against the motoring convention directions shown in the figure. For motoring 

operation, the current will now flow with the convention. This means power exits the 

rotor when sub synchronous and flows into the rotor when super synchronous. 

The rotor is connected to back-to-back PWM inverters to the grid. The rotor side 

converter or resistors need a control system, which allows reliable operation of the 

machine under sub- and super-synchronous modes. One option is the rotor side converter 
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(RSC), where the RSC circuit controls the induced voltage and current of the rotor. In 

order to create torque in sub-synchronous mode of operation, it is important to control 

imposed current. When power flows out of the rotor then a line side converter (LSC) is 

needed to allow power to flow onto the grid. This will be for sub synchronous motoring 

and super synchronous generation. The LSC will also allow control of the power factor 

of the power onto the grid. 

2.4 Induction Motor Faults  

Induction machines are extensively used for most industrial applications over a large 

range of sizes because they have a simple construction and are reliable. On the other hand, 

faults may occur by exposure to non-ideal operating conditions in the industrial 

environment including overload, insufficient lubrication, frequent machine starts/stops, 

and cooling problems. The life cycle of an induction motor can be very long, so age will 

also be a factor. A variety of faults can occur within an induction machine within the 

course of normal operation. Sometimes these faults go undetected and can lead to 

catastrophic failure. Hence condition monitoring techniques have been developed for the 

detection and analysis of abnormal conditions [35]. 

In general, the induction machine faults are due to mechanical and electrical stresses [36]. 

Mechanical stresses are incurred by overloads and unforeseen load changes, which may 

cause bearing faults or a broken rotor bar. Electrical stresses are associated with the power 

supply, which may produce stator-winding short circuits. Fault mechanisms for induction 

machines have been extensively studied both by overseas and Australian researchers. 

According to IEEE and EPRI reports [20, 21], the most common faults in induction 

machines are distributed as shown in Table 2.1. These faults are briefly discussed on the 
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basis of their importance. There are some other faults related to the load, such as in large 

applications, because the induction machine is usually coupled with a mechanical load 

and gearbox. These faults often occur in the mechanical arrangement [37].      

 

Table 2.1. Survey of induction machine faults including percentage of failure, causes, and methods used 

for faults detection. 

 

Major Components 

Percentage 

(%) 

IEEE     EPRI 

Causes Detections Methods 

Electrical Faults 

Rotor faults 8 9 

Thermal-stresses 

Corrosion 

Poor manufacturing 

 

Stator current 

Axial flux 

Vibration 

Torque, speed 

Stator faults 26 36 

Over heating 

Over voltages 

Mechanical stresses 

 

Axial flux 

Stator current 

Mechanical Faults 

Bearing faults 44 41 

Contamination 

Improper-

installation  

and lubrication 

End of life 

 

Stator current 

Vibration 

Other faults 

(mainly eccentricity) 
22 14 

Bent rotor 

Bearing wear 

Misalignment 

Stator current 

Vibration 

Axial flux 
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Bearings are common elements of an electrical machine and Table 2.1 indicates that they 

are the single largest cause of machine failures. However, eccentricity and rotor faults 

represent a considerable proportion of all three-phase induction machine faults. This 

works addresses and tests these faults in wound-rotor since there has been little work 

focused on these faults in wound rotor machine. There are good examples in [11, 38]. 

2.4.1 Bearing Faults 

Bearings are common elements of rotational machine, and they are the single largest 

cause of machine failures, as shown in Table 2.1. Bearings consists of two rings called 

the inner and the outer rings. A group of small balls or rollers are placed in raceways and 

rotate inside these rings as shown in Figure 2.8. A continuous stress on the bearings leads 

to fatigue failures at the rings, and these failures generate noticeable vibration and 

increased noise levels.  

 

Figure 2.8. Induction machine bearing. 

 

Improper lubrication, improper installation, and corrosion are further external factors that 

may increase the percentage of the failures. In addition,  bearing failures could be 
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introduced by an abnormal change in voltage and current of the rotor, which results from 

asymmetrical flux distribution in the machine such as rotor eccentricity [13]. Bearing 

temperature is also one of the reasons for bearing failures. If the bearing exceeds a certain 

specific temperature level at rated condition, it will increase the percentage of the failures, 

According to [39], temperature measurements can provide helpful information about 

bearing health. 

2.4.2 Stator Faults 

Stator faults are essentially result of a breakdown of the stator winding insulation in 

adjacent turns of  the stator coil [40], causing larger currents to flow in some turns. Figure 

2.9 illustrates the three main types of stator winding faults including turn to turn faults, 

phase to phase faults, and phase to ground faults. A stator turn fault causes a large 

circulating current to flow and therefore produces excessive heat in the shorted turns. The 

heat is proportional to the square of flowing current, which may cause catastrophic failure 

[41]. If the machine is operating above the rated temperature, it will very likely fail even 

it has the good insulation. As a rule of thumb, the life of insulation is reduced by half for 

every 10°C increase above the stator windings temperature limit [42]. Therefore, many 

techniques were described in [43] for monitoring the stator winding temperature so that 

induction machines are prevented from running beyond their thermal capacity. Some 

other problems can accelerate insulation degradation including rotor unbalance, worn 

bearings, air gap eccentricity, and broken rotor bars.  

The argument presented above makes it clear how important it is to detect mechanical 

failures early before they affect or damage the stator windings insulation [44, 45]. 

However, the turn to turn faults are the most difficult to detect at an early stage because 
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the other types of failures are often a consequence of turn faults. Many methods have 

been reported in [45, 46] to solve this problem. 

  

Figure 2.9. Stator winding faults: phase to phase, turn to turn and phase to ground circuit. 

 

2.4.3 Rotor Faults  

The rotor of induction machine is subjected to much lower voltage and much higher 

temperature than the stator. Therefore, the first common failure mode in the rotor is 

broken rotor bars in the SCIM and short-circuited rotor turns in the WRIM. This, in turn, 

can be caused by thermal or fatigue stresses. Such stresses in the rotor are commonly due 

to its design and construction [20, 21] such as poor manufacturing (defective casting or 

poor jointing).  

The second common failure type is when rotor bars/windings are damaged and 

simultaneously the rotor is unbalanced. An asymmetrical distribution of the rotor current 

will result. This type of fault is related to air-gap eccentricity, which is presented in the 
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next section. Rotor current, flowed in the broken bars, will now flow in the two bars 

adjacent to it. Thus, the large thermal stresses may also damage the rotor. The temperature 

distribution across the rotor laminations is also affected by the rotor asymmetry. Rotor 

fault is briefly discussed here, and will be studied in more detail in Chapter 5. 

2.4.4 Rotor Eccentricity Fault 

An unequal distance in the air-gap between the stator and the rotor is known as 

eccentricity of the air-gap [3, 47, 48]. In cases of eccentricity in the air-gap, circuit 

inductances will vary, causing asymmetrical flux distribution in the air-gap. This 

imbalance produces electromagnetic forces between the stator and rotor. This 

electromagnetic force depends on the deviation of the rotor axis away from the stator axis, 

and the motion of the eccentric rotor in terms of its angular velocity. There are also 

considerable effects due to winding arrangement, loading and slotting. Eccentricity fault 

will briefly be discussed here and will be again studied in more detail in Chapter 6. 

This force acts between rotor and stator in an irregular manner and pulls the rotor out of 

alignment. This is known as unbalanced magnetic pull (UMP). A high UMP may cause 

damage to the machine. Other vibrations can also be generated. Eccentricity often arises 

due to manufacturing tolerances. Inaccurate installation is another reason for increasing 

UMP, for example, when the bearings are incorrectly positioned or worn. A bent shaft, 

bearing wear and movement, or mechanical resonances at critical speeds can lead to 

dynamic eccentricity [49]. 

Assuming that the stator and rotor surfaces are perfectly circular, there are two main types 

of rotor eccentricity: static and dynamic [50]. Static eccentricity occurs when the axis of 

the rotor is at a constant distance from the centre of the stator, although the rotor still 
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rotates about its own axis. However dynamic eccentricity occurs when the rotational axis 

of the shaft is not the true axis, while it still rotates on the stator axis. Obviously, these 

conditions can occur simultaneously, and this phenomenon, called mixed eccentricity, is 

not necessarily constant down the bore [51]. The distribution of the magnetic flux density 

between the stator and the rotor will vary due to the eccentricity fault. When an air-gap 

asymmetry appears, a resultant radial force is produced on the rotor and stator, acting at 

the minimum air-gap [52]. Static eccentricity produces a steady pull on the rotor to one 

side while dynamic eccentricity produces a rotating force vector acting on the rotor and 

rotating with the rotor velocity. Figure 2.10 illustrates the different cases of eccentricity. 

The red areas in Figure 2.10 represent the minimum air-gap during the run-time. 

 

               (a) Static Eccentricity               (b) Dynamic Eccentricity 

Figure 2.10. Illustration of the different cases of eccentricity including static eccentricity and dynamic 

eccentricity. 
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The UMP increases with the rotor diameter and the rotor length for a given air-gap 

eccentricity and flux density. For example, if the flux density increases from 1.0 T to 1.2 

T, then the unbalanced pull forces will increase by 40-45% for a given eccentricity [53]. 

However, the power rating of the induction machine is usually improved by increasing 

the rotor length, rotor diameter for a given pole pair number, or by increasing the flux 

density in the air-gap. 

By increasing the degree of air-gap eccentricity for a given machine design, rubbing can 

occur between the stator and rotor. For example, when there is a misalignment or bearing 

failure, the rotor can cause a puncture in the coil insulation of the coil laminations, 

resulting in the coil grounding. The rotor shaft has the smallest diameter in the rotor 

assembly and must be of sufficient diameter and mechanical stiffness to prevent rubbing 

between rotor to stator with a normal air-gap eccentricity level during starting and 

running. It should allow for some margin of error in case of any increase in operating air-

gap eccentricity. It can be noted that air-gap eccentricity exists even in a healthy machine, 

but the permissible limit depends on the motor construction, e.g., 10 % for a healthy 

motor. 

2.5 Condition Monitoring of the Induction Machine 

Condition monitoring may be best defined as the continuous evaluation or periodic 

evaluation of the health of an electrical machine throughout its service life. The key is the 

ability to detect faults while they are still developing, a technique known as incipient 

failure detection [10]. By implementing efficient condition monitoring, it is possible to 

provide adequate warning of imminent failure. Thus, it is also possible to schedule future 

preventive maintenance and repair work [54]. As such, costs may be reduced by investing 
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in developing the condition monitoring of an induction machine. In order to improve 

reliability, productivity and safety, effective condition monitoring is critical. 

Different methods for fault identification have been developed and used effectively to 

detect machine faults at different stages, using machine variables such as current, voltage, 

speed, torque, noise and vibrations [13, 15, 17, 55]. In the interests of safety and cost 

efficiency, it is important to monitor the behaviour of both large and small machines. In 

some applications, different techniques are used simultaneously to diagnose and monitor 

faults. Example of this are thermal measurements and chemical analysis [36]. In most 

cases, faults produce one or more indicative signs, such as: 

 Unbalanced supply voltage and line currents. 

 Changing in the torque pulsation and in the average torque.  

 Increased power losses.  

 Excessive heating.  

Many diagnostic techniques used to analyse fault-related signals have been developed. 

These techniques involve a number of fields within science and technology [10, 54]. 

However, the most distinct condition monitoring methods are current monitoring, 

vibration monitoring, thermal monitoring, flux monitoring, and torque monitoring. In all 

the methods, the obtained signals from the machine are analysed continuously, thus 

identifying any significant change which would indicate a developing fault. 
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2.6 Existing Condition Monitoring Techniques 

This section focuses on online condition monitoring techniques in an induction machine. 

A brief introduction to the different techniques available is first provided in this section. 

When a fault occurs, it will introduce a change in some measured quantities that indicate 

the condition of an induction machine. Using a sensing element, these changes can be 

identified as shown in Figure 2.11. After data collection, a diagnostic process is necessary 

to characterise the fault. Different methods have been used to analyse the data, e.g., the 

fast Fourier transforms, wavelet transforms, fuzzy logic, neural networks, and Hilbert 

transforms [4, 55-59]. Many software tools [60] were developed to satisfy the 

requirements of faults detection and diagnosis. Detectable signs can be analysed in the 

time domain or frequency domain or in a combination of these (time-frequency analysis). 

In all the techniques, the obtained signals from the machine are analysed continuously, 

thus identifying any significant change that indicates a developing fault. 

The scope of this project covers the first three stages in Figure 2.11: Faults, Fault 

Detection, and Signal Processing. However, it does not cover Expert Knowledge, Fault 

Diagnosis and Maintenance as shown in Figure 2.11. 
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Figure 2.11. Condition monitoring process. 

 

2.6.1 Current Monitoring 

Current monitoring methods are the most attractive methods, essentially depending on 

monitoring the stator current in a non-invasive manner. This is also called current 

signature analysis [13, 61]. Current monitoring is widely used to diagnose faults such as 

broken rotor bars, abnormal levels of air-gap eccentricity, shorted turns in stator 

windings, and certain mechanical problems [14]. The stator current of an induction 

machine is available, and it can be analysed easily. In addition, current monitoring is a 

sensor-less detection method that can be implemented without any extra hardware [62]. 

These methods can be divided into three main groups: current spectral analysis, current 

Park’s vector, negative-sequence and zero-sequence current monitoring. 

There are numerous applications of utilised current spectral analysis, or MCSA, and it is 

the most commonly used method in the detection of rotor and stator faults. Essentially 

this method uses line current monitoring where the signature current sidebands are 

monitored. William et al. [63] have presented the fundamentals of using MCSA, and they 
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show that MCSA is a powerful online monitoring method for assessing the operational 

condition of a three-phase induction machine. Many industrial applications were 

addressed in [39, 43, 55, 64] that involved MCSA.  

A clip-on current transformer can be used to measure the signal. Access to the machine 

is not required; the current can be measured in the supply side without disturbing to the 

operation of the motor [55]. Broken bars cause harmonics at the frequency given by 

 (1 2 )barf f s    (2.15) 

in the stator current [55].  

Thomson [55, 64] presented a classical analysis of the rotor slot passing frequency flux 

and current components that are spaced at twice the supply frequency 2f apart. These 

predict the current signature pattern that is a function of air-gap eccentricity. They are 

given by 
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where frs are the frequency components due to rotor slotting, NR is the number of rotor 

slots, nws = 1,3,5,.. corresponds to the fundamental component in the MMF waveform, 

and nd = 1,2,.. is the air-gap eccentricity index. This gives the current components due to 

air-gap eccentricity at ±fr around the rotor slot passing frequencies. Benbouzid [62, 65] 

studied the capability of MCSA analysis in the detection of various cage-rotor induction 

machine faults. Varieties of faults were successfully detected, such as asymmetrical 



Chapter 2: Background and Literature Review 

 

 

CONDITION MONITORING OF WOUND-ROTOR INDUCTION MACHINES 37 

 

machine faults (including air-gap eccentricity and rotor asymmetrical resistances), broken 

bars, shaft speed oscillation, and bearing failure. 

The second group is the Park’s vector approach to the current analysis which is a two-

dimensional representation of the three-phase line currents. Hence, it is essentially a 

description of the motor conditions. The stator current has no zero sequence component 

because the stator windings are usually not connected to a neutral point. In a healthy 

machine, balanced currents show a Park’s vector that is a circular pattern centred at the 

origin of coordinates [66]. An automatic algorithm based on an unsupervised neural 

network for on-line analysis of three-phase induction machine stator faults was reported, 

and the detection of air-gap eccentricity in induction machine fault was studied in [67, 

68]. The authors also reported that a Park’s stator current vector approach can detect the 

air-gap eccentricity which was experimentally validated. According to this, the current 

stator equations of a three-phase induction machine can be converted into a two-phase d-

q current set, which are stationary with respect to the stator and in quadrature. This is 

done through a matrix equation: 
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     (2.18) 

Recently much research has demonstrated how the Park’s vector and the Concordia 

transform approach can enhance the detection of induction machine faults including rotor 

faults and bearing failure [66, 67, 69, 70]. However, with this technique comes a critical 

challenge, which is the ability to identify the types of faults, since they may cause similar 

stator current signatures [15].  
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The third group of analysis techniques consists of zero-sequence and negative-sequence 

current analysis techniques which are used to detect stator winding faults. When a stator 

fault occurs, such as a turn-to-turn short circuit, it creates an asymmetrical flux 

distribution in the air-gap of induction machine. This leads to zero-sequence and negative-

sequence currents being generated, which can be detected by following the same 

procedure as in Park’s vector method [71-73]. The accuracy of this method is 

questionable because such faults sometimes depend on mechanical load and operating 

conditions, causing misleading fault diagnosis. 

Fault diagnosis can be done in real-time by analysing the frequency components of the 

stator current signals as stated earlier. This was discussed in [14, 61] and these systems 

allow precise and low-cost motor fault detection, and they are non-invasive. However, 

the methods developed are couched in terms of cage induction machines which may not 

be applicable to wound rotor machines. Wound rotor induction machine does not produce 

the same sideband currents as shown in [3]. 

Fault diagnosis can be performed using a variety of computer software. Some commonly 

used programs are MATLAB, ANSYS Maxwell, LabVIEW, Solid Works, as well as 

several others such as the Motor monitor program and fault tolerant software. 

2.6.2 Thermal Monitoring 

The thermal monitoring of induction machines can be carried out either by measuring the 

local or bulk temperatures of the motor or by parameter estimation. For example, when 

stator faults occur, they generate heat in the shorted turns. The heat extends until it reaches 

a destructive stage. The stator temperature can also be estimated based on stator resistance 

measurement as illustrated in [43, 74]. The researchers developed a thermal model of a 



Chapter 2: Background and Literature Review 

 

 

CONDITION MONITORING OF WOUND-ROTOR INDUCTION MACHINES 39 

 

synchronous machine, and this thermal model was used to estimate the temperature of the 

motor and identify faults as shown in [75]. This model is based on finite element analysis 

(FEA) which is quite accurate, although it requires highly computational processes. 

Thermal measurements can be applied to detect rotor faults through rotor resistance 

identification [76]. In addition, this method needs comprehensive information about the 

machine including physical dimensions and construction materials, since the various 

materials have different characteristics. 

Thermal measurements are very useful in detecting bearing faults because increased 

bearing wear increases the friction and temperature in the fault region. Thermal methods 

may be classified as indirect methods for evaluating some stator faults, and might be too 

slow to detect incipient faults inside the machine [77-79]. 

2.6.3 Vibration Monitoring  

Noise and vibration are generated by all kinds of electric machines, and the condition of 

the machine during operation can be assessed by analysing the vibration. Vibration arises 

from mechanical forces, magnetic forces, and aerodynamics [80]. Electromagnetic radial 

forces are considered the most significant source of vibration in induction machines 

because the resultant MMF in the air-gap and permanence wave include the effect of any 

asymmetries in the machine. Vibration signals from a machine can be analysed to detect 

faults [81].  

Vibration signal analysis has been widely used in fault detection of induction machines 

[59, 78, 82]. Faults create harmonics with different frequencies and power levels in the 

vibration signal. Consequently, the vibration signal is first sensed via a vibration sensor 

mounted on the stator frame, and then its spectrum is calculated using a Fourier transform 
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or a fast Fourier transform (FFT). The main source of noise production in induction 

machines is the UMP in the air-gap, since the resultant rotor MMF that was produced by 

unbalanced air gap flux waves contains the effect of any rotor and stator asymmetries. 

Cameron, et al [16] verified that air-gap eccentricity results in vibratory harmonics at 

frequencies of fm, fm2, fm3, or fm4. Imbalance in the rotor can also create rotating velocity 

vibration. Thus, it is not easy to detect the dynamic eccentricity individually by 

monitoring rotational velocity vibration. The high cost of vibration sensing is a drawback 

of the vibration monitoring technique. The acquisition of the vibration signals requires a 

significant investment. Vibration measurements are taken at each end of the motor, on 

the bearings, and in the horizontal and vertical axis positions. 

2.6.4 Flux Monitoring 

A flux monitoring method could offer reliable and accurate information on the condition 

of an electrical machine. Some reflected harmonic spectra would appear if any change 

occurs in the air-gap, winding, voltage, or current. 

In [83] the authors studied the air-gap flux as a function of static eccentricity. A change 

in the air-gap flux can indicate a developing fault and can be reflected in the harmonic 

spectrum. Thomson, Rankin, and Dorrell [14, 84] investigated the relationships among 

air-gap flux, stator current, vibration signal, and air-gap eccentricity using complex 

analytical equations. These authors have undertaken many practical and analytical studies 

regarding detection of induction machine faults, especially eccentricity faults over the last 

25 years.  

The authors in [85] presented a technique for condition monitoring of electrical drives 

using special flux sensors. Rotor faults and air-gap eccentricity were detected using the 
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leakage flux in [86], which is obtained by means of a search coil placed at the rear end of 

the machine. In [87] specially designed search coils were placed under the stator winding 

wedges of the motor, and used for measuring the actual magnetic flux. Figure 2.12 shows 

an example of the use of search coils for condition monitoring. This represents the tested 

machine which has been used in this thesis. A search coil around the rotor shaft can also 

be used to evaluate axial flux components due to eccentricity [88, 89]. The resultant 

voltage of an axial search coil is proportional to the rate of change of the flux leakage, 

including some of fault frequencies. The main disadvantage is that it is not easy to install 

the search coil in the correct position to ensure that a reliable signal is obtained. A search-

coil was used as a magnetic field sensor to measure the stray magnetic flux outside the 

motor in [57]. 

 

Figure 2.12. Search coils used in condition monitoring of induction machine. 

 

Such flux measurement techniques are low cost and easy to implement. The main 

challenge for flux monitoring is the small air gap in most induction motors; the 

installation of search coils may require design modifications that may be difficult to 

implement. 
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2.6.5 Air-gap Torque Monitoring 

The flux linkage and currents of an induction machine produce the air-gap torque. Faults 

create an unbalanced state, thereby influencing the air gap torque. Hsu [90] suggested a 

method for detecting defects such as cracked rotor bars and shorted stator coils. Air-gap 

torque can be measured while the motor is running. The zero frequency of the air-gap 

harmonics indicates that the machine is normal. A forward stator rotating field produces 

a steady torque. A backward stator field interacting with the rotor field creates an 

oscillating torque. Its frequency is given by: 

   

Stator field angular speed -
Frequency = 

 (Rotor field angular + Rotor field observed from Rotor)

1 2s s s ss s   

 
 
 

              (2.19) 

A double slip frequency torque indicates an unbalanced rotor. However, once the leakage 

reactances and magnetic paths of the three phases become asymmetrical, errors are 

introduced and the calculation of air gap torque given in (2.19) is no longer accurate [91]. 

2.7 Literature Review of Wound-Rotor Faults 

A understanding of the electric and mechanical behaviour of an induction machine in both 

healthy and faulty case is the key to creating an effective and reliable condition 

monitoring system [92]. The induction machine is a symmetrical machine, meaning that 

any fault can affect its symmetry and result in changes in its electric and/or mechanical 

behaviour [93]. Many authors have successfully introduced techniques for analysing 

asymmetrical wound rotor machines over several decades, including positive and 
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negative sequence equivalent circuits for the induction machine, stator current monitoring 

methods, and vibration signal analysis [55, 84, 94-96].  

Elkasabgy et al. [97], Thomson and Stewart [98], and Filippetti et al. [99] focused on 

using motor current spectrum analysis (MCSA) in the cage-rotor machine to detect 

broken bar faults. In general, they have been developed using a Fourier analysis (FA) of 

the current or voltage at various speeds. Wound rotor machines have rarely been the focus 

of condition monitoring systems but are increasingly being used as wind turbine 

generators meaning there is a need to develop new condition monitoring techniques. 

These techniques must be appropriate to this machine. Smith [100] used a coupling 

impedance approach to evaluate the impact of MMF harmonics on the phase equivalent 

circuit of a slip-rig WRIM. The authors of [101] suggested a model for asymmetrical 

winding fault conditions using d-q equations in a stationary reference frame and then 

compared the transient and steady state performance in healthy and faulty conditions. 

Vibration Monitoring for wound rotor induction machine was again investigated in [102]. 

However, this technique requires expensive monitoring tools. It makes use of load 

dependency of the identified fault components. Inter-turn short circuit faults in small 

WRIMs were studied in [103] through several analysis modes of signals from the 

numerical simulations. 

In Section 2.5 there was a discussion about the symptoms of the rotor faults which can be 

observed using spectrum analysis of the stator current. However, fault frequency 

components can be present even in a healthy machine, making it difficult to detect some 

faults. The main target is to propose a relatively low cost and/or non-invasive system that 

could be used for condition monitoring systems for the prediction of WRIM and DFIG 

behaviour under healthy and faulty operating conditions. In this research, the impedance 
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matrix method will be used to detect rotor asymmetry faults. The impedance matrix for a 

healthy machine is developed in Chapter 3. The impedance technique has been used 

successfully in [3, 47] to investigate cage rotor machines with any number and 

distribution of bar and/or eccentricity faults. In [1, 2], Williamson et al. utilised 

impedance matrices to detect the faults in cage rotor machines; however, the wound rotor 

machine runs at a higher slip than the cage rotor machine; and in the DFIG slip energy 

recovery, as described in Section 2.3, is used to get generation when sub synchronous and 

over a wide speed range. Faults in wound rotor machines can vary greatly from the cage-

rotor equivalent.  

2.8 Literature Review of Air-gap Eccentricity 

This section will be divided into two main parts; Air-gap Eccentricity and UMP 

Calculation, and Reduction of UMP. 

2.8.1 Air-gap Eccentricity and UMP Calculation 

Air-gap eccentricity is one of the more common faults of an induction machine. If the 

rotor is not concentric with the stator, an electromagnetic force is created in the direction 

of the minimum air gap, which could further increase the eccentricity [47]. Much of the 

recent eccentricity fault research is associated with condition monitoring and fault 

diagnostics. This electromagnetic force depends on the movement of the rotor axis away 

from stator axis, and the motion of the eccentric rotor in terms of its angular velocity. 

There are also considerable effects due to the winding arrangement, loading and slotting. 

This electromagnetic force is also called Unbalanced Magnetic Pull (UMP) as described 

earlier in Section 2.4. Studies of UMP first appeared around 1918. These works describe 

the air-gap eccentricity and calculate the generated UMP [104-107]. Rotating field theory 
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in a two-pole machine was used later, between 1955 and 1968, to introduce a method of 

UMP estimation [108-110]. It was concluded that static UMP produces vibrations at twice 

the supply frequency and dynamic UMP produces vibrations at twice the slip-frequency. 

Both Rai [111] and Cameron [112] investigated this experimentally and developed a 

general approach to detecting rotor eccentricity using high frequency noise.  

Williamson and Eastham [113] developed winding analysis theory based on the study of 

machines using generalised harmonic analysis. This method has enabled calculation of 

an impedance matrix illustrating all stator and rotor currents and fields. Williamson and 

Smith [114] employed this method to identify rotor cage end-rings, inter-rings and stator 

windings faults. They linked various winding circuits and current flow to applied 

voltages, and successfully predicted UMP caused by broken rotor bars [100, 112, 115, 

116]. 

Furthermore, Swann in [117] used an interesting conformal transformation technique for 

induction machine analysis. Dorrell and Smith in 1994 applied both methods of the 

generalised harmonic analysis and the conformal transformation to an induction machine 

to calculate the UMP. They used parallel stator windings and measured the resulting UMP 

[118]. Variation in the direction of UMP due to the parallel stator winding paths was 

observed in their studies. Tenhunen et al. in [119] investigated the effect of magnetic 

saturation on UMP using the Finite Element method. The main finding was that the 

magnetic saturation reduced the eccentricity harmonics and the UMP. Dorrell in [120] 

included saturation effects in the UMP calculation and concluded that saturation can 

cause considerable reduction of UMP. 

In 1969, Heller and Jokl studied the magnetic fields in the air-gap using permeance 

harmonic analysis [121], which was then used to identify the integrated effects of rotor 
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saturation, eccentricity and slotting in magnetic field analysis [122, 123]. Berman 1993 

[124] examined the equalisation of connection effects in stator coils of induction 

machines with rotor eccentricities using permeance harmonic analysis.  

The WFA (Winding Function Approach) was used to study the stator and rotor currents 

and inductances in the induction machines [125, 126]. This approach was introduced in 

1987 by Lipo [127], investigating the effect on inductance of a rise in MMF and rotor bar 

skewing. The MWFA (Modified Winding Function Approach) approach was developed 

in [128, 129]. It was then used to study the increase in MMF across the slots and rotor 

skewing in a machine with dynamic eccentricity [130].  

Loading the machine produces an increase in the UMP, as investigated by Dorrell on the 

cage rotor induction machine [47, 131, 132]. He worked on UMP reduction, seeking the 

factors of parallel stator and rotor winding connections under variable frequency 

operation which can influence the UMP in eccentric rotor machines [3, 133].  

Many researchers have addressed UMP; however, the challenge is how UMP can be 

accurately measured [7, 8]. In [134] UMP was measured by load cells, but this had 

drawbacks; for example, the eccentricity degree did not remain constant as force was 

exerted. In contrast, piezoelectric transducers were used to measure UMP in [135], being 

mounted separately for rotor and stator. This method was quite effective in UMP 

measurement since these transducers were mounted on a plate with the stator, and the 

rotor was mounted separately on pedestals. Dorrell also used finite element analysis 

(FEA) to predict the UMP in induction machine [34, 48]. Dorrell in [50] proved that UMP 

can be altered with varying load and voltage in an induction motor.  

Andrej and Antero in [136] numerically investigated the UMP due to an eccentric cage 

rotor. They covered a wide whirling frequency range which becomes particularly 
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important when considering the electromechanical interactions in electrical machines. 

Again, they found the behavior of the UMP is determined mostly by the magnetic field 

harmonics introduced by the rotor eccentricity. 

2.8.2 Reduction of UMP 

 In recent years the reduction of radial electromagnetic forces has been the objective of 

many studies. In order to damp the UMP in the case of an eccentric rotor, the additional 

air-gap flux waves of pm±1 should be eliminated or reduced. Three approaches have been 

previously suggested to achieve this; the use of equalising windings on the stator, the use 

of stator damper windings to reduce the side-band flux waves; and reconnecting the stator 

coils groups to build parallel paths from the winding current [52, 136, 137]. 

The reduction of UMP in induction motors is achieved by using a parallel connection of 

the stator coil groups in order to reduce the additional air-gap flux density due to 

eccentricity [3] as shown in Figure 2.13. The two parallel paths illustrate the equalising 

connections in the induction machine, and Iq1 and Iq2 represent the equalising current. 

Magnetic field harmonics due to rotor eccentricity generate currents circulating in the 

parallel paths of the rotor and stator windings. These currents equalise the magnetic field 

distribution in the air gap, and hence reduce the resultant UMP. [138, 139] studied the 

effect of parallel paths in the stator windings, finding that use of parallel paths can lead 

to a large reduction in UMP. It is worth mentioning that Finite Element Analysis assisted 

in the understanding of parallel paths in the stator windings.  
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Figure 2.13. Phase winding of a four-pole induction machine, with two parallel paths involving three 

series connected coils each. This figure covers the coil numbers 1, 2, 6, 10, 11, and 15. 

 

The results of the experiment in [140] show that parallel stator windings effectively 

attenuate the net eccentricity force by suppressing significantly the eccentricity harmonics 

related to the fundamental magnetic field. However, the stator winding normally contains 

fewer parallel paths. Therefore, the degree of UMP reduction may depend on the position 

of the rotor axis displacement. 

There is a difference between the cage rotor and wound rotor in the generated UMP. The 

cage rotor will have a substantial differential which can add to the produced UMP but 

many parallel paths that can attenuate the UMP; while the wound-rotor machine will not 

have as many parallel paths like the cage that can damp (pm ± 1) flux waves generated by 

the eccentricity. It has been illustrated that the wound rotor machine has much higher 

UMP compared to the cage machine [141]. Berman in [133] reported similar results of 

reducing UMP using parallel connections. The experimental findings have shown that 

using equalising connections in the stator, the UMP of an induction machine can be 

reduced by 25 times. The particular winding scheme has been called the bridge configured 

winding (BCW) scheme [142], where the currents flowing across this bridge are known 
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as equalising currents. This demonstrated the effect of equalising currents (applied to the 

bridge) on the magnetic field coupled with rotor eccentricity. 

A two-pole induction machine was presented in [4], and was built with four-pole damper 

windings in stator. The test has shown that using the extra 4-pole stator winding to damp 

the four pole flux reduced the total vibration significantly and the test machine became 

more stable. The authors measured and predicted the unipolar flux in the machine. These 

techniques are still under investigation, consequently they are developed to include the 

damper windings to reduce the UMP. Other research has been focussed on the design and 

implementation of these coils such as a current sensor that aim to detect and reduce the 

eccentricity faults. [57, 143, 144]. 

2.9 Literature Review Observations  

Building a reliable and accurate monitoring technique requires a deep understanding of 

the mechanical and electric characteristics of the induction machine. A healthy machine 

demonstrates different behaviours from a faulty machine. This literature review pointed 

out that current monitoring techniques are the most commonly used commercial 

techniques, since they are sensorless detection methods that can be implemented without 

any extra hardware. 

The literature review has also shown that mechanical vibration can also appear in the 

stator current harmonic components. Increasing the vibration in the machine naturally 

increases the magnitude of these components. 

The following observations were identified on the basis of information discussed in the 

literature review: 
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a. There has been little research devoted to the detection of various faults in 

induction machine using one technique under varying loading conditions, i.e. the 

combination of eccentricity faults and rotor faults. Also, there has been little work 

focused on wound rotor machine faults. There are good examples in [11, 38]. 

Regarding this, theoretical and experimental works will be presented in Chapters 

5 and 6. 

b. Focusing on eccentricity fault detection, the MCSA methods developed are 

couched in terms of cage induction machines which may not be applicable to 

wound rotor machines [48, 145]. Regarding this, more discussion and clarification 

will be presented in Sections 3.2.3 and 6.1. 

c. Vibration techniques pose challenges related to the cost. The vibration sensor and 

equipment are very expensive. Another drawback of vibration measurement is 

that the sensors need to be mounted on the frame of the machine, meaning that the 

machine needs to be accessible. This may not be possible at all times, especially 

in a complicated industrial application. Regarding this, more discussion and 

clarification will be presented in Section 6.9.11.  

d. There is still a need to investigate the reliability of condition monitoring 

techniques when they are applied to specific applications involving a large 

machine with low critical speeds. An example is the doubly fed induction 

generator (DFIG) when used in a wind turbine. Such these applications are often 

inaccessible and hence require special attention. Regarding this, more discussion 

and clarification will be presented in Sections 2.3 and 5.4. 
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2.10  Chapter Summary 

This chapter briefly explored the basic concept of the induction machine. The literature 

review then discussed the main induction machine faults including bearing faults, rotor 

faults, stator faults and eccentricity faults. The purpose of condition monitoring was 

defined. Many plants are high cost capital investments or are involved in high turn-over 

production, so it is advantageous to invest in a monitoring system. With a condition 

monitoring system, faults can be detected at an early stage. Maintenance can then be 

carried out during planned downtime at an early stage, thereby protecting the machine or 

plant from catastrophic failures. There are many diagnostic methods for detecting faults 

in induction machines, which were outlined in the chapter. 
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Chapter 3:  Machine Modeling by Impedance 

Matrix 

his chapter provides the harmonic field analysis for the wound rotor induction 

machine. The aim of the analysis is to develop expressions which can consider 

any stator or rotor winding in order to predict the behaviour of the machine. The 

current distribution in the rotors of the SCIM and the WRIM is discussed; the calculation 

of these currents is the main aim of using the impedance matrix. The developed 

electromagnetic torque can also be determined from the stator and rotor current density 

distributions. The analysis outlined in this chapter leads to the building of the impedance 

matrix, which includes all coupling and mutual impedances.  An equivalent circuit for a 

wound rotor induction machine, which includes external resistances, is derived. The 

matrix model is based on applying winding, rotating field, and coupling impedance 

theories. 

3.1 Introduction  

A survey of the literature covered several aspects related to detecting faults in these 

machines. Generally, stator winding connections and the influence of the rotor currents 

should be considered when evaluating the machine state in a healthy condition and a 

faulty condition. This involves the calculation of all machine currents from which the 

various field components and hence any asymmetry can be calculated. 

The first stage of the project is directed towards the development of a model of the 

machine with stator and rotor windings. This was done using the permeance harmonic 

method, which was subsequently compared and verified experimentally. The major 

feature of this approach is the ability to produce analytical expressions for the field 

T 
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harmonics in both symmetrical and asymmetrical cases, and to produce analytical 

expressions of UMP. The permeance harmonic method can be further developed to 

include various winding harmonics in the machine. The rotor skew and Carter correction 

factor can be included in these analytical expressions. 

In this chapter, the conductor density method of analysing machine windings [47] is 

implemented to allow the calculation of currents in individual coil groupings. The main 

advantage of this analysis is that it can be used in two ways when dealing with a rotor 

which is concentric or not concentric with the stator. Hence this makes the harmonic 

conductor density method suitable for condition monitoring.  

Determining the currents flowing in the various stator and rotor windings is the first stage 

in evaluating rotor symmetry or asymmetry. This can be done by using the coupling 

impedance method described in [47]. The machine analysis resolves the air-gap flux into 

a harmonic series of travelling waves with different pole numbers rotating in either 

direction. These can be derived using the currents and the spatial positioning of the rotor 

and stator conductors that are represented in the form of a harmonic Fourier series of 

surface current density. Finally, this produces an expression for the conductor density 

distribution in terms of a harmonic series and can be derived using complex Fourier 

analysis to account for the magnitude and positioning of conductors on the stator and 

rotor surfaces. The harmonic conductor density method of analysing machine windings 

has been used successfully in [47, 100] to analyse cage induction machines with any 

number and distribution of bar and/or eccentricity faults. In [1, 2], Williamson et al. used 

impedance matrices to detect the faults in cage rotor machines; however, the wound rotor 

machine works at a much higher slip than cage rotor machine, especially when used in a 

slip energy recovery scheme. The faults in these machines can vary greatly from their 
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cage-rotor equivalent [3] and they are substantially higher. Here, the method is developed 

to include rotor coil groupings for the wound rotor induction machine in the same way. 

3.2 Harmonic Field Analysis 

This analysis produces expressions which can consider any stator winding and is 

developed further to include the rotor winding. A comparison of current distribution in 

the cage rotor and the wound rotor is stated in this section to simplify the expressions that 

include the rotor winding currents. If it is assumed that there is poor coupling between 

the stator and rotor for the winding harmonics (n > 1) then these are ignored. Since the 

rotor is rotating, the relationship between the stator and rotor coordinates must be 

determined; the relationship is described here. 

3.2.1 Harmonic Conductor Density Distribution 

In an induction machine with asymmetrical stator windings, fields will be produced which 

may have sub-fundamental machine pole-numbers. It is easier to start by analysing a 

fundamental number of pole-pair of one (pm = 1). Each group of stator series coils must 

be analysed individually. An expression for the complex conductor density distribution 

of a stator winding is be derived by using a linearised machine. The winding distribution 

of the phase band is established, which is expressed in the form of a harmonic Fourier 

series of surface current density distribution. 

Assume that a coil has Cs turns on a stator surface as shown in Figure 3.1. The conductor 

density over the slot opening bs is the number of coil turns divided by the slot opening. 

Using complex Fourier series, the distribution can be represented as 
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 where the stator slot opening factor is given by 
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where x is the variation in the axial direction, y is the variation in the tangential direction, 

z is the variation in the radial direction, k = 1/r where r is the average of air-gap radius, 

and n is the stator harmonic conductor density distribution. 

 

Figure 3.1. Single-coil located on the surface of the stator. 

 

Using this summation to get expression for a number of series connected windings, the 

winding coefficient is obtained by the spatial distribution of all the coils so that 
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where Cs is the number of conductors of the winding in the sth slot (the sign will indicate 

whether the path is outgoing or returning) and Ns is the total number of slots. The current 

density distribution of the winding can be calculated from  
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and this will be used to derive an expression for the air-gap flux density as in [47]. 

Since the research focuses on the wound rotor machine, the rotor conductor distribution 

is calculated in a similar manner to the stator phase windings. Suppose (+C, -C) is a coil 

in the first phase winding (r1) in the rotor as in Figure 3.2, where x is the variation in the 

axial direction and y′ is the variation in the tangential direction. If this is represented as 

having finite conductor width of br (the rotor slot opening), the conductor density over 

the slot opening is the number of coil turns divided by the slot opening. Its distribution 

can be then represented as a complex Fourier series as 
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The harmonic number  accounts for the fundamental plus winding harmonics. The 

winding coefficient is defined by the spatial distribution of all the coils 
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where NR is the total number of rotor slots and Cr is the effective rotor turns per phase. 

The slot opening factor is defined by the rotor slot opening br so that 
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Rotor skewing can be incorporated into this analysis, as explained in Appendix B. Skew 

can also be applied to the stator. 

 

Figure 3.2. Single-coil located on the surface of the rotor. 

 

3.2.2 Differences in the Rotor Current of SCIM and WRIM 

When the rotor cage is symmetrical, the bar currents are of equal amplitude and the phase 

progression is fixed around the rotor periphery. The whole rotor cage current can then be 

represented by the current flowing in a single bar. It is clear that the rotor loop currents 

share common paths down the bars. Figure 3.3 shows that the number of currents required 

to specify the rotor current distribution fully. If a cage has Nb bars, there will be 2Nb nodes 

and 3Nb branches. The currents [114] flow in loops comprising two adjacent rotor bars 

and the end-ring segments that join them, together with a circulating current Ie in one of 

the end rings if there is an end ring fault. 

However, the wound rotor has a complete set of three-phase windings that are similar to 

the windings on the stator, and the ends of the three rotor wires are connected to slip rings 



Chapter 3: Machine Modeling by Impedance Matrix 

 

 

CONDITION MONITORING OF WOUND-ROTOR INDUCTION MACHINES 58 

 

on the rotor shaft, as mentioned earlier. They are usually permanently star connected on 

the rotor, otherwise six slip rings would be required rather than three. A similar expression 

can be obtained for the 3-phase winding in the rotor. The analysis is more straightforward 

than the cage rotor because the rotor loops currents (I1, I2 and I3) do not share any common 

paths, as shown in Figure 3.3. 

 

Figure 3.3. Current distribution in the cage and wound rotors. In the rotor cage, this shows rotor-loop 

currents and the sharing of common paths. In the wound rotor, this shows the three phase windings. 

 

The literature review indicates that there is another difference between the wound-rotor 

and cage-rotor, which is related to the air-gap MMF. When the rotor is not centred in an 

induction machine, the unbalanced magnetic pull (UMP) can vary substantially with 

voltage and load [50] and this can be difficult to assess. In this research a wound rotor 

machine is investigated; the UMP in this type of machine can vary greatly from its cage-

rotor equivalent [3] and it is substantially higher. Figure 3.4 illustrates this with a 

breakdown of the air-gap MMF and flux waves in terms of a 4-pole squirrel cage machine 

and this figure shows the interaction of these [146]. The main difference is the lack of 2-

pole and 6-pole MMF waves on the rotor that can damp the additional flux waves 

generated by the rotor eccentricity, hence reducing the UMP. This is because the cage 
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structure has many effective parallel paths, which even out the air-gap flux and reduce 

the radial pull. The use of additional damper windings has been investigated [3, 85, 141] 

and a similar theme is investigated here. 

 

Figure 3.4. Air-gap MMF and flux waves in terms of pole or harmonics number and frequency for a cage 

induction machine [146]. 

 

3.2.3 Co-ordinate System of the Wound Rotor Induction Machine   

The stator reference frame is used to represent equation (3.1). This is valid for the rotor 

if the machine stalled. However, the rotor is rotating at a specific speed with respect to 

the stator. It is necessary to set up a relationship between the stator and rotor co-ordinates. 

The co-ordinate system for the stator and rotor can be determined using the linearised 

machine [147] in Figure 3.5. It is assumed that the origin of the stator co-ordinates θ1 lies 

on the magnetic axis S-S1 of the coil (+CS, -CS). The axis R-R1 represents the rotor 
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reference axis, formed by the coil (+CR, -CR) in the rotor. The circumferential location of 

any point in mechanical radians from the reference axis of the stator is represented as θ1, 

while its location in mechanical radians to the rotor axis is represented as θ2.  

2
s

sN


    : Slot-angle of the stator in mechanical radians,  

and 
2

R

RN


   : Slot-angle of the rotor in mechanical radius.  

  

Figure 3.5. Co-ordinate system for the stator and rotor. 

 

The rotor revolves with a speed of (1 )
m

s
p


 , so the relationship between θ1 and θ2 is 

 1 2 (1 )
m

s t
p


      (3.8) 

The distance y’ denotes the tangential distance around the circumference of the rotor 

surface from a reference point on the rotor as stated earlier. The final expression of the 

stator and rotor reference frames is shown in (3.8). Assume θ1 = ky and θ2 = ky’. The 

relationship holds between coordinate θ1 and θ2 where  
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  1
m

y y s r t
p

 
   
 

  (3.9) 

3.2.4 The Flux Density Produced by Stator and Rotor Current 

Distribution 

The stator winding produces a series of MMF harmonic distributions when supplied by a 

balanced three-phase voltage source. The MMF distributions can be found by resolving 

the stator phase conductors into a complex Fourier conductor density distribution as 

derived by Dorrell in [47]. Using the expression of stator winding coefficient, defined 

earlier in (3.3), and assuming the three-phase supply is balanced with series connected 

stator windings, the MMF wave is given by 

( )
( , ) Re mj t np kyn

s s

n

j y t J e







       (3.10) 

 For a balanced three-phase current set Is, using the identity  2 /3j
a e


 , the MMF 

magnitude is 

  1 1 1 11 3n n n n n n n

s st s st sJ N a a a a I N I         (3.11) 

The rotor winding currents set up distributed rotating MMF waves, which can be 

expressed as 

 
 

( , ) n mj s t n p kyn n n

r r rJ y t I N e
       (3.12) 

sn is the slip defined for the nth harmonic field as in [100]. Transferring to a stator 

reference frame 

 
 

( , ) f mj s t np kyn n n

r r rJ y t I N e
  

   (3.13) 
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where    1 (1 )(1 )fs n v s      

A similar expression for balanced three-phase rotor currents is expressed in (3.12). 

Ampere’s circuital law can be applied to obtain the air-gap flux density that is produced 

by the current distribution.  

This is obtained from 

  
 
 

,
,   .s o

j y t
b y t dy

g y
    (3.14) 

Subsequently, the electrical field in the air-gap can be calculated using  

  
   ,

,   .sd b y t
e y t d

dt
y   (3.15) 

This expression can be used to calculate the EMF u(t) induced into the winding using the 

conductor distribution. This is done using 

  ( ) Re  , ( ).u t e y t n y yd    (3.16) 

where n(y) is the winding distribution. 

The stator and rotor cores are assumed to have infinite permeability so that only the MMF 

drop across the air-gap is considered, µo represent the permeability of free space, and the 

effects of saturation are ignored. The EMF equation in (3.16) can be used to calculate the 

coupling impedances, such as between two phase bands in the rotor or stator. In addition 

to this, the coupling impedances between the rotor windings and the stator windings can 

be derived in a similar fashion, as discussed next sections. 

The harmonic conductor density distribution of the stator winding that was calculated in 

equation (3.3) results in the stator current density expressed in equation (3.10). The slot 
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opening factor Ks
n is assumed to be unity because the slot width is very thin compared 

with the stator surface size. Assume that the flux crosses the air-gap radially, since the 

air-gap is very small compared with the diameter. Ampere’s law is applied in Figure 3.6 

so that 

 
( , )

( , ) ( , ) ( , )s
s s s

o

g b y t
b y t y b y t j y t y

y



 

 
     

 
  (3.17) 

Using the derivative of equation (3.15) gives 

 

 0

( , ) ( , ).

( , ) ( , ) ,

o
s s

s s s Homopolar

db y t j y t dy
g

b y t x y j y t dy C







   
 

  (3.18) 

where s is the inverse of the air-gap length g. The final expression is 

 
( )

( , ) Re     , and     m
n j t np ky n no
ss s st s

n m

j
b y t B e B N I

knp g

 




 
   

 
   (3.19) 

 

Figure 3.6. Applying Ampere’s law around a closed loop. 
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The constant CHomopolar is included to control for any homopolar flux. This is a component 

of flux which crosses the air-gap only once and returns to the stator using alternative 

paths, such as the shaft, or the machine casing. This was investigated in [47, 131, 135]. It 

is negligible here since the rotor is mounted separately so that CHomopolar is ignored. In 

reality it is likely only to be significant in 2-pole machines where shaft voltages due to 

axial fluxes are noted in many machines. 

The expression for the stator air-gap flux density waveform (3.19) can be used to calculate 

the rotor flux waves which contain waves of similar pole number and rotational velocity 

and their differential waves. The rotor air-gap flux wave components can also be obtained 

from 

 
 

( , ) Re  and n mj s t nvp kynv nv n no
r r r r r

n v m

j
b y t B e B N I

kvp g

  


 

 
   

 
    (3.20) 

The air-gap field produced by the stator currents can now be used to determine the various 

coupling impedances in Section 3.3. 

3.3 Impedance Matrix 

Analysis methods for induction machines are either analytical or to use finite element 

analysis. Both methods are achieved using computational techniques to solve the 

magnetic circuit and produce performance predictions. The mechanical and electrical 

behaviour of the induction machine can be described using an impedance matrix. In this 

method, the currents are resolved and the torque obtained under steady-state operation for 

an applied supply voltage [146, 148-150]. The authors in [114] used the conductor density 

method to build the impedance matrix. This approach was used to evaluate the induction 

machine faults, such as broken bars [2], eccentricity [114, 148], and stator winding shorts 



Chapter 3: Machine Modeling by Impedance Matrix 

 

 

CONDITION MONITORING OF WOUND-ROTOR INDUCTION MACHINES 65 

 

[62, 64, 151]. Dorrell [152] has applied this method to analyse brushless doubly-fed 

reluctance machines. The study in [72] introduced a robust, on-line turn-fault detection 

technique for induction machines based on monitoring the sequence components and an 

impedance matrix. In general, the impedance matrix technique can be utilised in the 

modelling and analysis of induction machine with faults. The study of induction machine 

in steady state, transient and fault cases necessitates accurate knowledge of equivalent 

circuit parameters. These parameters will change to reflect the severity of the fault. The 

finite element method (FEM) is extensively used for induction machine parameter 

identification in normal and fault conditions. However, all these studies focused on the 

cage rotor induction machine; here the wound rotor machine is investigated. The method 

will also include the effect of auxiliary windings to detect and control a rotor eccentricity 

fault. 

This section establishes a steady-state impedance matrix of a three-phase induction 

machine including all mutual and coupling impedances. The impedance matrix is used to 

solve the circuits and cross-coupling in an induction machine. For an applied voltage, the 

currents are resolved, and the torque and the losses calculated under steady-state 

operation. This matrix analysis is valid for any combination of unbalanced winding. Here 

the analysis is developed for a balanced rotor; Chapter 5 and 6 deal with unbalance and 

faults where the impedance matrix is developed to account for rotor faults and where 

auxiliary stator windings (with two and six poles) and the main stator winding are 

considered separately. Thus, the matrix can be used to monitor and control eccentricity 

faults. 

The matrix can include MMF harmonics so that the asynchronous torque dips due to the 

3rd, 5th, 7th, etc. spatial MMF harmonics can be calculated for torque/speed curves. The 
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number of parallel windings in the stator and rotor will set the matrix size. If all windings 

are connected in series, then the matrix size will be 6 × 6. These numbers represent the 

three-phase stator winding and the three-phase rotor winding. An impedance matrix of 

this size includes the self and mutual impedances between the stator and rotor phase 

windings. However, for a balanced machine this can be condensed by representation of 

just one of the phases in a balanced three-phase set and an assumption of replication for 

the other two with a 120-degree phase shift. Here, to illustrated this, only one phase of 

stator winding and all three phase of rotor windings are used to develop the impedance 

matrix, which reduces the matrix to a 4 × 4 size: 

 

1 2 3

1 11 1 1 1 2 1 3

2 22 2 1 2 2 2 3

3 33 3 1 3 2 3 3

, , , ,

, , , ,

, , , ,

, , , ,

0

0

0

n n n n

s s s r s r s rs ss
n nn n n n

n r rr s r r r r r r

n nn n n n
n r rr s r r r r r r

n nn n n n
r rr s r r r r r r

Z Z Z ZI IV

I IZ Z Z Z
Z

I IZ Z Z Z

I IZ Z Z Z

     
     
                
     
         



1 2 3

11 1 1 1 2 1 3

22 2 1 2 2 2 3

33 3 1 3 2 3 3

1, 5,7, 11,13,...

, , , ,

, , , ,

, , , ,

, , , ,
1

n

n

s s s r s r s r s

rr s r r r r r r

rr s r r r r r r

rr s r r r r r r
n

Z Z Z Z I

IZ Z Z Z

IZ Z Z Z

IZ Z Z Z

  





   
   
   

    
   
   

  



          (3.21) 

Superscripts n represent the stator harmonic. The first line incorporates all the 

asynchronous harmonics. If it is assumed that there is poor coupling between the stator 

and rotor for the winding harmonics (n > 1) then these are ignored as illustrated in the 

second line. The voltage vector is split into stator and rotor terms. It is assumed that the 

rotor windings are short circuited (no external impedances); an external impedance will 

be added later. The symbols s, r1, r2, and r3 correspond to stator and rotor phase windings 

respectively. The current vector includes the stator and rotor terms. Is is the main stator 

current in phase 1, Ir1, Ir2, and Ir3 are the currents in the rotor windings. Zs,s and Zr,r are the 
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stator-stator coupling impedance and the rotor-rotor coupling impedance respectively. 

These should still incorporate higher harmonics which act as differential leakage. Zs,r and 

Zr,s  are  the rotor-stator coupling impedance and the stator-rotor coupling impedance 

respectively. The rotor currents in (3.21) can be obtained from knowledge of the applied 

voltages when the matrix is solved. The rotor voltage set is zero because the three-phase 

rotor windings are short-circuited together. By following the approach in [100, 149], the 

coupling and mutual impedances for rotor and stator can be determined. The remainder 

of the section will be devoted to the determination of the impedances. 

3.3.1 Stator-Stator Coupling Impedance 

The air-gap field can be used to form a voltage equation (3.16) and hence the back-EMF 

in the stator winding can be calculated. This can then be related to all the winding currents. 

If the machine is balanced then this need only be defined by the stator-stator coupling 

impedance which incorporates the self and mutual inductances. For a balanced machine, 

the per-phase stator impedance can be written with reference to the winding resistance, 

leakage reactance and the main reactance where 

 ,s s s s ssZ R jX jX     (3.22) 

Xss is the magnetising reactance for the three-phase winding. This can be obtained for a 

balanced machine using (3.16). To illustrated the derivation of the reactance then the 

working is shown from the electric field and winding harmonic to  
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  (3.23) 

where m is the mth winding of the stator which has Im current and n is the nth winding 

harmonic where n = 1, -5, 7, -11, 13, etc. The symbols s1, s2, and s3 correspond to stator 

phase windings respectively. The 3 in the term for Xss indicates a three-phase winding so 

this is a reactance that combines the self and mutual reactances between the difference 

stator windings. For a well distributed winding this can often be approximated to the 

fundamental magnetizing reactance where n = 1. 

3.3.2 Stator-Rotor Coupling Impedance 

Taking (3.19) to provide an expression for the air-gap field produced by the stator 

winding, and transferring this to a rotor reference frame, it becomes: 

 (s )
( ', ) Re n mj t np kyn

rt st

n

b y t B e







      (3.24) 

where sn is the slip defined for the nth stator harmonic field 

 1 (1 )ns n s     (3.25) 
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The stator-rotor coupling impedance is 

 
1

*
0

, 13 2 2

2
3

n
n nn st sk st
r s r

m

j s L k N
Z N

k n p g

 
      (3.26) 

and it includes a conventional rotor skew factor ksk where 

 

sin
2

2

m sk

sk

m sk

np

k
np





 
 
 

 
 
 

  (3.27) 

The conventional rotor skew factor ksk is explained in Appendix B. The coupling 

impedances for the other rotor phases are related to 
1 ,

n

r sZ via 

 
2 1 3 1, , , , and n n n n n n

r s r s r s r sZ a Z Z a Z   (3.28) 

Again, often only the fundamental coupling is considered where n = 1. 

3.3.3 Rotor-Stator Coupling Impedance 

The rotor phase windings will have currents at slip frequency, which is appropriate to the 

stator field which induces it. The current in the rotor will be obtained from (3.12) and 

transformed to the stator reference frame as in (3.14). The rotor-stator coupling 

impedance is 
1,s rZ , so that 

  1

1

*0

, 3 2 2

2 n

st sk rn n

s r st

m

j L k N
Z N

k n p g

 
   (3.29) 

 
2 1 3 1, , , , and n n n n n n

s r s r s r s rZ a Z Z a Z   (3.30) 

Note the lack of the 3 term in (3.29) since this is now one individual rotor phase inducing 

an EMF into phase 1 of the stator. The n =1 harmonic is often only considered. 
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3.3.4 Rotor-Rotor Coupling Impedance 

The rotor current produces a harmonic series distribution, which induces back-EMFs in 

the rotor windings. Every rotor phase is consequently inductively coupled with every 

other phase via the rotor air-gap flux. These induced voltages can be summed together to 

produce an impedance in the same way in the stator winding. Rotor-rotor coupling 

impedances will be 

 
1 1 2 2 3 3, , ,

2

3

n n n nv

r r r r r r n rr

v

Z Z Z js X      (3.31) 

where nv

rrX  represents the th differential harmonic of the nth harmonic rotor magnetising 

reactance. The factor (2/3) converts magnetising reactance from a three-phase winding to 

a single phase winding. The mutual coupling impedances between the rotor phases are 

determined from 

  
2 1 3 2, ,

2
cos 2 / 3

3

n n nv

r r r r n rr

m

Z Z js nv X     (3.32) 

where nv

rrX  is the 3-phase reactance similar to (3.23): 

  
*0

3 2 2 2

2
3

nv

n st sk rnv nv

rr r

m

s L k N
X N

k n v p g

 
   (3.33) 

The rotor self-impedances are modified to include resistance and the leakage inductance 

so that 

  
1 1 2 2 3 3, , ,

2

3

n n n nv

r r r r r r r n r n rr

v

Z Z Z R js X js X        (3.34) 

The use of the term m allows differential terms of the different nth rotor winding 

harmonics and this can often be attenuated to a series  = 1. 
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3.4 Voltage Equations 

The system of N complex linear equations, where N is the number of rows in the matrix 

(3.21), can be solved by any convenient means to find the N unknown currents.  

The 4 × 4 impedance matrix technique described above can be used to find the steady-

state equivalent circuit for the wound rotor machine with balanced rotor currents. If it is 

unbalanced there will be a backwards rotating 2s – 1 stator EMF induced into the stator 

which is explored later. As illustrated in (3.21), the impedance matrix can be further 

reduced to  

 

1 1

, ,

1 1

, ,0

s s s r ss

r s r r r

Z Z IV

Z Z I

    
     

    
  (3.35) 

for a single rotor phase when the rotor has balanced phases set. This is similar to the 

treatment of the stator winding so that 
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This gives the voltage equations 

 

1 1
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1 1

, ,0
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  (3.36) 

which leads to the rotor current 
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  (3.37) 
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so that                                               

1 1

, ,1

, 1

,

s r r s

s s s s

r r

Z Z
V Z I

Z

 
   
 

  (3.38) 

which can easily be solved for the current. This can also be used to obtain the standard 

per-phase equivalent circuit.  

3.5 Power and Torque Calculation 

The impedance matrix is first assembled, and then adjusted to create the desired fault 

condition which will require development of the basic impedance matrix described in 

Section 3.4. The input power and reactive power may be calculated in a straightforward 

manner from the stator voltage and current since the stator supply is assumed to be ideal 

where 

 3 s sS V I    (3.39) 

The input power can be calculated from the positive sequence mains frequency current 

using 

  Re 3i s sP V I   (3.40) 

The developed electromagnetic torque can be determined from the stator and rotor current 

density distributions, which are generated as a result of the interaction between the stator 

and rotor fields [115]. The stator and rotor current densities are js(y,t) and jr(y,t) 

respectively, which includes only the forward components for the healthy condition and 

neglecting of higher terms. However, in Chapter 6, there will be backward components 

in these expressions when a machine has an eccentric rotor. The torque is given by 

   
22

Reo st
s r

m

r L
T j J J

p g

     (3.41) 
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This torque includes the state steady developed by the machine. Note the j operator in the 

Real term calculation. This shows that torque is developed by the stator and rotor current 

waves that are orthogonal to each other. Using these parameters, an impedance matrix 

was built. The torque was measured with a short-circuited rotor. Figure 3.7 presents the 

measured and predicted values of the torque for a healthy machine, neglecting the 

harmonic components. This is a good approximation to demonstrate the validity of the 

analysis including the neglecting of the asynchronous torque dips. The measured torque 

is lower than predicted, and there is a difference in pull out torque points. There are 

several possible reasons for this, including friction and windage which are not measured 

and iron losses which are not included, and refinement of leakage inductance would also 

help in improving the calculation accuracy. The referred rotor current for the first phase 

can be obtained from 

 
1 1

rat
R r

sk

ioI I
k

T 
  

 
  (3.42) 

as well as for IR2, and IR3, where tratio is the stator-rotor turns ratio given by 

 ratio
st

r

t
N

N
   (3.43) 
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Figure 3.7. Experimental and predicted torque versus speed characteristics for balanced rotor for a four-

pole wound rotor induction machine. 

 

3.6 Wound-Rotor Equivalent Circuit 

The voltage equation in (3.36) can be obviously used to find the steady state equivalent 

circuit of the induction machine. By breaking down the voltage equations in (3.36) 
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So that   1 1 1 1
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    (3.45) 

Hence 
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where, for clarity, in numerator of the fraction term in (3.45) 
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And the denominator is 
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Simplifying equation (3.46) by multiplying the top and bottom of the square bracketed 

term by 
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         (3.47) 

The manipulations in the above equations are necessary to find terms that can be linked 

to the equivalent circuit per phase [149]. In this circuit, the rotor components are referred 

to the stator. In (3.47) a turns-ratio can be defined squaring the terms relating the stator 

and rotor circuits as in (3.48), which is derived from the expression defined in (3.43) 
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  (3.48) 

 



Chapter 3: Machine Modeling by Impedance Matrix 

 

 

CONDITION MONITORING OF WOUND-ROTOR INDUCTION MACHINES 76 

 

The rotor impedance is then given by  
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 Hence the referred rotor impedance is  
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     (3.50) 

The third term in (3.49) is called the rotor skew reactance term [153]. Xss is much higher 

than the skew reactance term because the skew factor is usually close to one. If the skew 

factor is unity (i.e., no skew) the skew reactance disappears. The equivalent circuit is then 

given in Figure 3.8. Also, the core loss resistance is incorporated in the circuit. 

 

Figure 3.8. Equivalent circuit for wound-rotor induction machine as derived. 

 

3.7 Inclusion of Rotor External Circuits 

The currents in the stator and rotor winding are related to the main supply voltage by 

means of the matrix equation as given in (3.21). Hence this matrix equation represents 

the complete rotor, before any fault has occurred. The matrix equation defined in (3.21) 
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assumes that the rotor windings are short-circuited. In order to consider any additional 

circuitry associated with non-supply frequency source impedance (stator winding), soft 

starting (extra rotor impedance), and slip energy recovery voltages from an inverter, then 

(3.21) can be further developed to become 
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The wound rotor machine with external rotor resistances (Ra, Rb, and Rc) is shown in 

Figure 3.9. The referred external impedance is symmetrical about one phase and this 

phase is connected with Ra. Hence, if the magnetising current is neglected, the resistance 

terms are considered dominant, 
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Figure 3.9. Wound-rotor induction machine with external resistors. 

 

The simplified equivalent circuit is transformed to the primary side, with the mutual 

impedance replaced by its equivalent T-network [154-156]. The resultant equivalent 

circuit converted to constant frequency, is shown in Figure 3.10. This is considered 

essential for evaluation and detection of the wound-rotor faults. Speed variation can be 

obtained by applying external resistance to the rotor circuit; the impact of increased rotor 

resistance on the torque-speed characteristic is shown by the curves in Figure 3.11. For 

such a machine, significant speed variations can be achieved using the various rotor 

resistance given by R2′′′ > R2′′ > R2′ > R2 in Figure 3.11. 
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Figure 3.10. Simplified equivalent circuit for wound rotor induction machine connected to external 

impedance. 

 

 

Figure 3.11. Four-pole wound-rotor induction machine torque-slip curves showing effect of adding 

external resistance to rotor-circuit resistance. 
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3.8 Chapter Summary 

The harmonic conductor density approach of analysing machine windings [47] was 

implemented to allow the calculation of currents in individual coil groupings and is 

described in this chapter. The main advantage of this analytical approach is that it can be 

used in two ways: when dealing with a healthy machine and dealing with a machine where 

the rotor is not concentric with the stator. A full derivation is put forward for the healthy 

rotor case in this chapter to illustrate the technique. It is a suitable approach for detecting 

the faults in IM and further analysis will be put forward in later chapters.  

As already stated, this chapter has developed models using a linearising machine for stator 

and rotor windings in a healthy machine which is extended to include faults. The purpose 

is to ultimately develop a relatively simple, yet powerful model that can accurately 

analyse the behaviour of DFIG. 
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Chapter 4:  Performance Estimation of the 

Healthy Machine Using MATLAB 

N this chapter, MATLAB is employed to predict the electromagnetic behaviour of 

the induction machine during steady-state and transient-state. Implementation of the 

induction machine in MATLAB will be conducted in order to make comparisons, which 

can provide useful information and create a framework for understanding results. This 

chapter provides a brief introduction about Motor-CAD software [157]. In addition, 

Motor-CAD and MATLAB will be used for examining the induction machine parameters. 

4.1 Introduction to Motor-CAD 

Modern design methods for induction machines often use Computer-Aided Design. Cage 

induction machines are now used widely in inverter-fed variable-speed drive systems and 

supplanted DC machines in many applications. The wound rotor induction machine has 

enjoyed a renaissance as the generator in many commercial wind turbines. 

There are several software packages that can predict the electromagnetic behaviour of an 

induction machine during steady-state and transient-state conditions. Most of these 

software packages use finite element analysis to evaluate and examine electrical machine 

parameters although packages such as SPEED, as developed by The University of 

Glasgow, use lumped magnetic circuits to provide fast solutions; SPEED also has a finite 

element analysis package for solution refinement. Finite element methods are commonly 

used to estimate the electromagnetic performance of electrical machines since these 

methods are particularly suitable for developing good design calculations for the current 

density distribution [47, 84, 158]. An analysis package for the induction machine is 

provided by Motor-CAD simulation software which combines thermal and magnetic 

I 
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lumped circuit analysis with finite element analysis so that it solves in less time than other 

software. Motor-CAD also solves for other machines, such as the brushless permanent 

magnet (BPM) motor, outer rotor BPM motor, switched reluctance motor and permanent 

magnet DC machine [159, 160]. Generally, the machine performance, losses, and 

temperatures for an induction machine can be calculated in few minutes in the Motor-

CAD environment. Furthermore, it allows the designers to optimise their designs for 

energy efficiency and size and cost reduction, offering a link between the electromagnetic 

design and thermal analysis of motors. It allows quick and easy evaluation of different 

cooling options during the design process for both the steady-state and transient thermal 

analysis. 

4.2 Induction Machine in Motor-CAD 

This section will investigate how to design a three-phase, four-pole induction machine 

using Motor-CAD, and the electromagnetic performance of the machine. As a 

comparison, the impedance matrix technique including all coupling and mutual 

impedances which was described in Chapter 3 will be used in modelling and analysis of 

the same induction machine. It is not easy to obtain this impedance matrix using hand 

calculations, so it is reasonable to use MATLAB for calculations. The results of the matrix 

method are verified by inversion of the voltage matrix equation and solving of the currents 

for the applied voltages to the induction machine after programming it in MATLAB. This 

allows the machine losses to be presented. The results (torque, current characteristic, 

power losses) are compared for the test machine. 

The graphical interfaces of the Motor-CAD environment will be utilised to describe the 

machine geometry, winding harmonics, material properties, and air-gap flux. The 
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predicted results are validated by experiment. Power losses are calculated for the test 

machine, and then the results are explained. 

4.3 Implementation of Induction Machine in Motor-CAD 

Motor-CAD software has been introduced to provide a fast method for analysing design 

changes on the behaviour of the machine. Thus, the designer can identify variables such 

as the geometry of the machine, material, and cooling type, which have the greatest 

influence on the machine performance. Numerical methods are used in Motor-CAD to 

solve the electromagnetic circuit in the machines over the full torque/speed range. The 

use of intelligent loss algorithms makes it suitable for many applications, for example, 

traction applications which have complex duty cycle loads. 

The Motor-CAD software has a very simple user-interface, so that the designer just needs 

to identify the geometry of the machine and set up a several winding, drive, and material 

options. The machine geometry for the three-phase four-pole induction machine was set 

up, and the final figuration is shown in Figure 4.1. One of the drawbacks of Motor-CAD 

is that it does not include wound rotor induction machine topology so that an equivalent 

cage rotor was used. This has an identical slot shape to the wound rotor machine and the 

end-ring shape and rotor conductor resistivity were adjusted to obtain the same referred 

rotor resistance. However, the leakage will still be different, but this seemed to give a fair 

approximation. The skew of the rotor is one stator slot from end to end. The rotor is shown 

later in Figure 6.11. 

Details about the test machine are given in Appendix C. Here Motor-CAD is described 

though in earlier studies SPEED was used to obtain parameters [23] and Appendix C 

includes some of these parameters. The coils were designed with three strands in hand for 
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each turn in the slot. Figure 4.2 shows the stator conductors inside the slot. The separation 

distance between the conductors is 0.1 mm. The wire size is defined using the copper slot 

fill factor and this value is set to 0.523 mm. The diameter of the wire was 1.21 mm. The 

geometry of the machine is set to have 48 stator slots, 72 rotor slots, and 4 poles. 

 

Figure 4.1. Radial and axial sections of the test machine. 

 

 

Figure 4.2. Illustration of the stator conductors inside the slot. 

 

The next step is to define the control parameters, so the software can calculate the 

machine performance. The software allows to evaluate the electromagnetic performance 
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when the machine acts as either a motor or a generator. In addition, the skew angle can 

be set, which is utilised to reduce the machine harmonics. Then the winding pattern of 

the machine will be adjusted according to the initial geometry layout. Modifying the 

pattern for the slot/pole combination is also possible in Motor-CAD as illustrated in 

Figure 4.3. The winding factors, phasor diagrams and winding harmonics for the phase 

winding are shown in Figure 4.4 and 4.5. These charts generally provide an accurate 

comparison between different winding specifications, such as single layer and double 

layer windings. The peak harmonics amplitudes are reduced when the double layer is used 

instead of the single layer in the machine. A large of material database is available for 

modelling the materials commonly used in electrical machine manufacturing. 

Furthermore, the software has a capability for other materials to be added. Different 

cooling type options are available and complex heat transfer data are calculated 

automatically. Motor-CAD provides an exhaustive understanding of the cooling system 

and facilitates optimisation. 

One more feature for the software is that geometries can be imported from, and exported 

to, other software environments. Motor-CAD can be linked to SPEED, FLUX, and 

PORTUNUS software, and to other design tools. 
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Figure 4.3. Illustration of the winding layout (only phase 1 shown), and phase diagram. 

 

 

Figure 4.4. Illustration of the mechanical harmonics for the test machine. 
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Figure 4.5. Illustration of the winding harmonic factors for the test machine. 

 

4.4 Electromagnetic Model of Induction Machine 

In Motor-CAD, the air-gap of the machine can be split into two or more layered sections 

that represent the stator air-gap and the rotor air-gap during meshing. The mesh points 

and boundary of the combining site are exactly the same for the coupling calculation of 

stator and rotor. At each point in time, the equations of the magnetic field and electric 

field are calculated together in an iterative manner. The matrix counter is refreshed at 

each subsequent point in time. The electromagnetic model for the induction machine is 

calculated and the results of the analysis are depicted in Figure 4.6. Flux density contour 

plots and plots of constant magnetic potential enable the investigation of any region in 

the machine, for example, flux distribution on the stator or rotor surfaces. 
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Figure 4.6. A fast 2D FEM for locked rotor circuit flux distribution. 

 

The test machine was simulated over a 0.12 s period with 1 ms time intervals to 

investigate the electromagnetic model of the machine at 400 V and 5 A. The locked rotor 

and open rotor test were also applied. The supply current and terminal voltage can be 

presented graphically in Motor-CAD.  

The electromagnetic model in motor-CAD enables the designer to inspect not only the 

total air-gap flux but also the stator flux and rotor flux separately which is useful for 

calculating the torque in BPM machines and looking at the flux vectors in induction 

machines. For the induction motor, the flux density can be calculated under locked rotor 

and no-load conditions. Figure 4.7 shows the results for different contour plots that are 

available in the electromagnetic model in the locked-rotor and no-load cases. 
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Figure 4.7. Results for different countour plots in the electromagnetic model: (a) locked-rotor and  

magnetic potential for locked rotor test (the penetration of the field in the rotor is usually negligible in 

these conditions), (b) no-load condition. 

 

All these components are taken into account when calculating the equivalent circuit 

parameters of the induction machine after the solving is finished. Furthermore, the core 

loss resistance can be included in the equivalent circuit as a post processing iron loss 

calculation as illustrated in Figure 4.8. The equivalent circuit parameters (Rs, Rr, Rc, and 

Xm) shown in the figure were compared with the results in Appendices C and D. The good 

matching has clearly appeared. The core resistance of the test machine was predicted to 

be lower than the measured value at rated slip because it is an old machine. 
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Figure 4.8. Equivalent circuit of the test machine in Motor-CAD. 

 

Figure 4.9 (a) shows flux density in the air-gap of the test machine under saturated and 

unsaturated conditions, providing more details about modelling of the magnetic circuit 

saturation. This relates to the treatment of the material used. The magnetisation curve of 

the machine material can be treated as linear (with a set relative permeability) or with a 

knee due to saturation. The output power, power factor, and various machine inductances 

are calculated in this set of curves to illustrate that other results can be obtained in addition 

to a torque/speed curve. In (b) the power factor of the test machine was predicted to be 

low at rated slip because it is an old machine; however, it will increase to a maximum as 

the load is reduced before rapidly dropping of close to no-load. The designer can compare 

the different approaches to the design, which demonstrates the influence of the geometry 

of the machine within the model assumptions. The models allow the designer to observe 

the run-up power curves as shown in (c). This will help in understand the transient start-

up. Self and mutual inductances are calculated for set current and load points as illustrated 

in (d). This is at no load with increasing voltage. 
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Figure 4.9. Graphical results of the electromagnetic model in Motor-CAD. 

 

4.5 Machine Geometry 

The basic 4-pole wound rotor machine specification is given in Appendix C. The 

geometry of the machine is set to 48 stator slots, 72 rotor slots, and 4 poles. It is an old 

machine, in which the stator was rewound with a double layer winding. In the stator, the 

number of coils per phase equals 16, and the number of coils per pole per phase equals 4 

(two coil sides per slot). There are 16 slots occupied by one phase in each layer, 8 with 

inward and 8 with outward current directions. The induction machine is shown in Figure 

4.10. 
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Figure 4.10. Test machine, showing the stator frame during the rewinding process. 

 

4.6 Implementation of Induction Machine in MATLAB 

In this section the impedance matrix is programmed in MATLAB. Since this is test 

implementation to compare to the Motor-CAD model then an equivalent cage-rotor 

machine is programmed in addition to the wound rotor machine. MATLAB is 

increasingly used in modelling and simulation of the machines. MATLAB/Simulink 

implementation for an induction machine allows the designer to test various control 

strategies. The model equations are written in the form of a matrix to find the steady state 

equivalent circuit for the wound rotor induction machine, as described in Chapter 3, 

equation (3.21). The currents in the stator and rotor winding are linked to the supply 

voltage by means of the matrix equation as described in (3.35); here it is coded as  
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so it is applicable for both the cage rotor and the wound rotor.  

The impedance matrix was developed to enhance condition monitoring of the induction 

machine. For the cage rotor equivalent machine, the matrix equation in (4.1) assumes that 

the rotor bars/phases are short-circuited. Nb is the total number of the bars/phase windings 

in rotor. The system of Nb complex linear equations, where (Nb +1) is the number of rows 

in the matrix, can be solved by any convenient means to find the Nb unknown currents. 

The impedance matrix can be assembled and then the input and output power may be 

calculated in a straightforward manner using the stator voltage and current since the stator 

supply has been assumed to be ideal where 

  Re 3i s sP V I    (4.2) 

The losses in the rotor or stator can be calculated from I2R losses in the rotor cage or stator 

winding and hence the mechanical output power for each harmonic and torque can be 

calculated. The electromagnetic torque of the induction machine is generated through the 

interaction between the stator and rotor fields and can be obtained by applying equation 

(3.41). This algorithm is easily implementable in the MATLAB software package and 

provides a modern form of induction machine analytical analysis. 
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4.7 Simulation Results 

The three-phase four-pole induction machine (test machine) shown in Figure 4.10 was 

tested using a rig. This will run the machine up to synchronous speed from a supply 

terminal voltage and loading the machine in a controlled manner. The speed is reduced to 

standstill, and then allowed to return back to synchronous speed. During this testing, the 

parameters such as stator current, power, power factor and torque can be recorded. 

The developed torque and rotor current are shown in Figure 4.11 and Figure 4.12 for the 

two simulation techniques and measured values. These are sufficiently close to indicate 

that Motor-CAD and MALAB can accurately and smoothly predict the behaviour of the 

induction machine. Similar values of the current induced into the rotor are shown in 

Figure 4.12. Again, the increase in machine losses is related to the stator and rotor 

resistances which are considered high compared with the modern induction machine, 

these are shown in Figure 4.13. As expected, the losses are in good agreement, the 

differences being attributed to tolerances in the magnetic properties of the chosen steel 

and neglecting of the iron loss in the MATLAB simulation. 

 

Figure 4.11. Predicted and measured torque developed by the test machine v.s. speed characteristics. 
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Figure 4.12. Simulated and measured rotor currents v.s. speed characteristics. 

 

Figure 4.13. Simulated and measured losses v.s. speed characteristics. 

4.8 Chapter Summary 

Simulation models of the induction machine using MATLAB are presented in this chapter 

in detail. These models can predict and characterise the behaviour of the induction 

machine. The main purpose is to improve design approaches, and ultimately to improve 

the efficacy and reliability of the induction machine. The parameter estimation of the 

induction machine can then be done at an early stage of the design process, including the 

structures of the stator and rotor, even for the wound rotor machine if an equivalent cage-

rotor design is used. 
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A comparison has been done between two separate models and the corresponding 

experimental results. These models, while for a cage machine, use an equivalent machine 

with similar rotor equivalent circuit parameters as the wound rotor machine. MATLAB 

has the capacity to predict and evaluate induction machine behaviour, although it has to 

be programmed. Motor-CAD is specific and focuses only on electric machine design. It 

provides a very simple user-interface which simplifies the machine design and training 

and is used to provide visualisation in large research projects. However, for fault 

monitoring and detection, specific simulation methods need to be used which require a 

more flexible approach that the MATLAB method allows. 
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Chapter 5:  Study of Wound Rotor Induction 

Machines Including Rotor Asymmetry  

his chapter develops a relatively simple yet powerful model that can accurately 

analyse the behaviour of a WRIM or DFIG with rotor faults. The model is based 

upon the calculation of the stator current components, which are needed to build 

the impedance matrix that includes coupling impedances. This method is used here to 

detect the electrical asymmetry of the external-connected rotor resistances on a four-pole 

wound rotor. 

5.1 Rotor Fault Analysis 

When the stator terminals are supplied by a balanced positive-sequence voltage, each 

individual phase winding in the stator generates a pulsating field in the air gap, and the 

combination of all three phases produces a forwards-rotating air gap field which induces 

slip frequency electromagnetic forces (EMFs) in the rotor windings. There will also be 

winding harmonics that produce asynchronous torques. The EMFs will create currents in 

the rotor windings, which will produce an air-gap magnetic field that contains a field 

component fundamentally distributed and rotating in the forward direction. It also 

contains the higher pole number differential fields. If there is rotor asymmetry, then a 

fundamental field component of with a smaller amplitude and rotating backwards with 

respect to the rotor is generated which will be reflected back to the stator. Both these field 

components will rotate at slip speed with respect to the rotor but in opposite directions. 

The backwards rotating field rotates at slip speed with respect to the rotor, but rotates 

forwards with respect to the stator with speed (1-2s) of the synchronous speed for low 

slip. This rotating field induces EMFs in the stator windings with a frequency of (1-2s)f. 

T 
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This EMF can produce current in the rotor since there windings are effectively shorted 

through the supply by the source transformer at this frequency. A non-synchronous air-

gap flux wave is then produced. The analysis so far only accounts for a (1-2s)f  sideband 

current in stator but a (1+2s)f  sideband also exists that is commonly monitored. This is 

because the (1-2s)f  air-gap field reacts with the main stator MMF to produce a 2sf 

pulsating torque that leads to a small speed oscillation. This leads to modulation and the 

generation of a (1+2s)f  EMF in the main stator winding and associated sideband current 

as described in [161]. This upper sideband current tends to much lower in magnitude and 

is a function of voltage and slip [161, 162].  

In addition to the above mechanism for producing the (1+2s)f  sideband current, the third-

order spatial flux density saturation wave in the air-gap produces 3sf  EMFs in the rotor, 

which can also induce (1+2s)f EMFs in the stator [163, 164]. The (1+2s)f component 

always exists in maintenance diagnostic tests, but this saturation mechanism for (1+2s)f 

sideband harmonic current produces only low harmonics. 

It should be stated there is (1+2s)f component appears in the cases of broken rotor bar and 

asymmetric wound rotor. This component has been used to detect such faults in large 

cage induction machine. The authors in [161] investigated experimentally the behaviour 

of the (1+2s)f sideband current component using a cage rotor. This upper sideband 

component has been found to be due to both speed ripple and third-order special 

saturation flux density waves. They proved theoretically this upper sideband component 

proportional to the cube of the supply voltage. The main conclusion of the work in [161] 

is that the (1+2s)f component is significant in the case of high voltage or the low inertia, 

and the magnitude of the sidebands increases with the number of broken bars. It has been 

shown that the twice slip frequency sideband components of the supply current can be 
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used to detect broken bars in a cage rotor induction motor [86]. But it was shown that the 

(1+2s)f component is much less than the (1-2s)f components and the (1-2s)f of sideband 

current dominates in the most cases [162]. Therefore (1+2s)f component is not present in 

the analysis. 

According to [96, 165] a positive torque is produced by the (1-2s)f  sideband current when 

s < 0.5 since the flux is rotating forwards with respect to the stator, and a negative torque 

when s > 0.5 since the flux wave then rotates backwards with respect to the stator. These 

torques are low and can be considered as an asynchronous torque. At a slip of 0.5 the 

sideband current and resultant asynchronous torque are zero. 

Based on the above discussion, if the speed oscillation is neglected since the (1+2s)f  

current is low, there will be two unknown stator current components and three unknown 

rotor currents; i.e., there is an additional (1-2s)f stator current component.  These 

unknown currents can be related to each other and to the stator voltages using the coupling 

impedance concept as shown in the next section. 

5.2 Rotor Faults Detection Using Impedance Matrix 

Rotor faults can be added to the impedance matrix in (3.21) through representing 

appropriate relationships between various rotor currents and reducing the size of the 

coupling impedance matrix. For example, if one of the rotor phases is open, the 

impedance matrix is modified by deleting the row and the column that relate to the phase. 

In the case of an asymmetrical rotor fault, negative-sequence voltages will be included in 

the matrix. 

For this reason, it is necessary to add other components in the impedance matrix to 

accommodate the (1-2s)f current. The voltage is assumed to be zero for this component 
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so that this frequency is assumed shorted through the supply. The impedance matrix 

includes all impedances in (3.21) which are functions of the three-phase windings on the 

stator and rotor so that 
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  (5.1) 

The rotor voltage vectors are assumed to be zero because the windings are short-circuited 

on the slip ring side. The field that rotates forwards with respect to the rotor has the 

subscript f. The field that rotates backwards with respect to the rotor when there is rotor 

asymmetry has the subscript b. The stator is symmetrical so can be analysed on a per 

phase basis. The stator harmonic n is neglected because it is assumed unity and s, r1, r2, 

and r3 correspond to stator and rotor phase windings of the machine. 
fsI is the main stator 

current (the stator forward current) and 
bsI the (1-2s) times mains-frequency component 

(the stator backward current). Since these stator currents have different frequencies, they 

are not linked so the values of ,b fs sZ  and ,f bs sZ  are equal to zero. 

5.2.1 Coupling and Mutual Impedances Including General Rotor 

Asymmetry 

By comparing both matrices in (3.21) and (5.1), it becomes clear by adding some 

backward components that the rotor asymmetry case modifies the coupling and mutual 

impedances. The coupling and mutual impedances which were described in Chapter 3 

represent the foreword components in the matrix only. Here they will be written with 
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suffix f. The expressions for the backward components of the impedance matrix are given 

in this section: 

[1] Stator-stator coupling impedance: the air-gap field was expressed using (3.11) and 

hence the back-EMF in the stator winding. This was related to the supply current, 

by the stator impedance and stator-stator coupling impedance and as in (3.22) and 

(3.23) with reference to the forward rotating fluxes. Here the stator impedance in 

(3.22) will be written with labelling (suffixes) f to indicate that it is the forward 

component. Hence The stator impedances with reference to the forward rotating 

fluxes and backward rotating fluxes are 

                                               
 

,

, (2 1)

f

b

s s s s ss

s s s s ss

Z R jX jX

Z R j s X X

  

   
  (5.2) 

The magnetising reactance for the three-phase winding was defined in (3.23). 

Obviously, the backward component of the stator current is a negative sequence for 

(s > 0.5) and a positive sequence for (s < 0.5).  

[2] Stator-rotor coupling impedance: the expressions for forward coupling impedances 

were described in (3.26) and they can be linked to backward component. The 

EMFs induced in the rotor windings by the stator air-gap flux wave that rotates 

backwards with respect to the rotor have equal amplitude, but the phase 

progression is reversed. Hence, the backwards coupling impedances are  

                                                               , ,b fr s r sZ Z    (5.3) 

[3] Rotor-stator coupling impedance: the forward components of the stator-rotor 

coupling impedances were directly derived from their rotor-stator counterparts by 
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applying suitable transformations as in (3.29). The backward components 
,bs rZ are 

equal to 
, 

fs rZ but multiplied by sb instead of sf, where  2 1b fs s s  . 

                                                          
, ,

(2 1)b f
b f

s r s r
s s s

Z Z
 

   (5.4) 

5.2.2 Determination of Backward Components of Currents and 

Torque 

The electromagnetic torque can be determined from the current density distributions of 

the stator and rotor as discussed earlier in Section 3.5. Since the current density is 

modified here to include the fault condition, the torque will be modified to include the 

backwards components. 

The stator and rotor currents densities are js(y,t) and jr(y,t) respectively, including the 

forward and backward components. The torque can be given as  

     
2

22
Re

b b f f b f f b

j s to st
st r st r st r st r

m

r L
T j J J J J j J J J J e

p g

         (5.5) 

The stator current density, which includes the forward and backward components and 

only includes the fundamental (n = 1), is  

  ( ) ((2 1) )
( , ) Re m m

f b

j t p ky j s t p ky

s st stj y t J e J e
   

    (5.6) 

For a balanced 3-phase current set, and using the identity  2 /3j
a e


 , the forward and 

backward components of the MMF are given as 

 
 1 1 1 1

*

1 3

3

sf st s st s

sb st s

J N a a a a I N I

J N I

    


  (5.7) 
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The rotor currents set up fundamentally distributed rotating MMF waves, which can be 

expressed in the stator coordinates as: 

  ( ) ((2 1) )
( , ) Re m m

f b

j t p ky j s t p ky

R R Rj y t J e J e
   

    (5.8) 

It is assumed that n = 1 again, where 

 
1 2 3

1 2 3

1 1

* 1 * 1 *

f

b

R R r R r R r

R R r R r R r

J I N a I N a I N

J I N a I N a I N





  

  
   (5.9) 

It is worth noting that the torque expression in (5.5) includes the state steady and 

oscillating components developed by the machine. From equation (5.5), the steady state 

torque is obtained: 

 
1

steady rotT p


    (5.10) 

  where    
2

3 r
rot r

R
p I

s
       (5.11) 

5.2.3 Wound Rotor-Equivalent Circuit with Backward Components 

The currents in the stator and rotor winding are related to the main supply voltage by 

means of the matrix equation. The matrix equation defined in (5.1) assumes that the rotor 

phases are short-circuited. In Section 3.5, the general steady state equivalent circuit has 

been shown for a wound-rotor machine with rotor symmetry. In this section, the forward 

and backward components of the machine with rotor asymmetry are coupled via a 

coupling circuit, which in general, can be an asymmetrical T-type or PI-type network. 

Using the single-phase equivalent circuit shown in Figure 5.1 can be used to obtain the 

machine currents (e.g. forward and backward stator current components), electromagnetic 

torque (forward and backward components), stator and rotor losses, etc. It was derived 



Chapter 5: Study of Wound Rotor Induction Machines Including Rotor Asymmetry 

 

 

CONDITION MONITORING OF WOUND-ROTOR INDUCTION MACHINES 104 

 

and simplified in [154, 155, 166], and it can be used to obtain the amplitude of the 

pulsating torque which is due to rotor asymmetry. The asymmetry is confined to a single-

phase of the wound-rotor in order to simplify the analysis. This leads to an expression for 

the ratio of Isf/Isb. An external rotor resistance is used to represent a wound-rotor induction 

machine with rotor asymmetry. The resultant equivalent circuit is converted to constant 

frequency through the system. The rotor components are referred to the stator using the 

turns ratio in (3.43). The skew is removed so the skew coefficient will be unity and the 

skew reactance disappears. The core loss resistance is incorporated in the circuit. The 

stator impedance can be written with reference to the forward and backward components. 

The backward component varies since it contains by (2s-1).  

 

Figure 5.1. Single-phase equivalent circuit containing ΔR in wound-rotor phase. 

The slip can be assumed close to the rated one, so the effective rotor reactances are small 

compared to the resistances. A three-phase wound-rotor machine can be analysed by 

approximating using a per-phase machine circuit affected by an increased resistance ΔR. 

The model can be simplified, in the case where the magnetising current is negligible and 

the resistance terms are assumed to be dominant. This will lead to defining the ratio Isf/Isb  

using a current divider where 

 /
3 3

rsb

sf

R R RI
I s s s

    
    
   

  (5.12) 
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5.3 Simulation of Wound Rotor Faults Using MATLAB 

The simulation of rotor faults was carried out in the MATLAB environment through 

identifying appropriate relationships between various rotor currents and reducing the 

coupling impedance matrix. If the rotor windings are asymmetrical, then negative-

sequence voltages will be generated. The matrix was programmed in MATLAB with 

different sets of external resistors. MATLAB/Simulink could be used to simulate the slip 

energy recovery system, which can simultaneously incorporate the rotor faults. 

5.3.1 Implementation of Wound Rotor Faults 

The rotor winding is connected to a combination of resistor bank. These series of resistors 

are connected to the rotor winding through the slip rings and are controlled by breakers. 

They were used with two of the phases short-circuited and the remaining phase connected 

to a small resistor as in Figure 5.2.  

 

Figure 5.2. Simulation of wound rotor connected with external resistance. 

 

For example, at the beginning the rotor phases were connected to a group of balanced 

resistors (2 Ω). Then phases A and C are short-circuited (the breaker across the external 

resistances Ra and Rc are closed), and phase B is connected to a small resistor (2 Ω). This 



Chapter 5: Study of Wound Rotor Induction Machines Including Rotor Asymmetry 

 

 

CONDITION MONITORING OF WOUND-ROTOR INDUCTION MACHINES 106 

 

resistor (2 Ω) represents a referred resistance of approximately (to the stator side) 8 Ω in 

the equivalent circuit. Finally, the comparison was made between different cases. In this 

simulation, the opening times used for the circuit breaker were 4 s, 7 s. and 9 s. 

5.3.2 Results of Implementation of Wound Rotor Faults 

The implementation of the machine model is included in parts; the first part is to program 

the impedance matrix of a healthy wound rotor machine in MATLAB. The different sets 

of external resistors are then put into the matrix. The results from the different set of 

resistors are compared. The second part is to simulate the wound rotor induction using 

MATLAB/Simulink model in Appendix E. 

The rotor resistance method described above is applied, which is normally used for the 

speed control of a wound-rotor induction motor. The transient torques for the healthy 

machine are shown in Figure 5.3. The simulations were run from no load up to full load 

or light load. The time step was 1 ms at the beginning and then it was increased up to 6 

ms. Figure 5.4 shows the torque for a healthy motor, a motor with asymmetrical resistance 

(Ra and Rc short-circuited, and Rb = 2 Ω), and a healthy motor with symmetrical 

resistances. 

Traditionally the resistances that are connected in series with rotor phases to increase the 

starting torque and reduce the starting rotor current in general and this is presented in 

Figure 5.4, Figure 5.5 and Figure 5.6.  
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Figure 5.3. Run-up torque with different loads. 

 

 

Figure 5.4. Electromagnetic torque developed by the machine with rated load. 
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Figure 5.5. Simulated phase stator currents v.s. time response under different conditions. 

 

 

Figure 5.6. Simulated rotor currents v.s. time response under different conditions. 

 

The time to achieve steady-state stator current is reduced when additional rotor resistance. 

An unbalanced rotor will introduce a loss of the steady torque and produce more torque 

oscillation. The torque ripple in the steady state substantially increases when the rotor is 

asymmetric. The three rotor winding currents are not equal and the current harmonics 
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increase significantly. The losses in the rotor increase after adding external resistance to 

the rotor. The losses increase even more if the symmetrical resistances are added. 

The machine requires 1.5 extra seconds to reach steady state when connected to 

unbalanced resistors. The stator losses increase during the transient state after adding both 

the symmetrical and asymmetrical resistances as shown in Figure 5.7. The asymmetrical 

resistances result in oscillation in the stator power loss. Adding the symmetrical resistance 

enables the stability of the machine to be achieved in less time. 

 

Figure 5.7. Simulated stator power losses v.s. time under different conditions. 

 

 A negative dip in the state steady torque occurs at slip = 0.5 (half synchronous speed 

point) as shown in Figure 5.8. The main oscillating torque generated by the backward 

rotor field is at a frequency of 2sf and this oscillating torque occurs when the machine is 
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run at half speed with an unbalanced rotor. The impact of asymmetrical resistors on the 

three rotor phase currents is shown in Figure 5.9. The variation of the three rotor currents 

reflects the imbalance of the external rotor resistors.  Figure 5.10 shows the forward and 

backward stator currents. It can be seen that Isb is almost equal to zero in a healthy 

machine and it has non-negligible value in a machine connected with asymmetrical 

resistances. In addition, it rapidly drops to zero at the half speed point in case of 

asymmetrical resistances. This occurs when the backward field generated by the 

asymmetrical rotor is stationary with respect to the stator, and hence cannot produce 

EMFs in the stator coils. Regarding operating conditions, simulation tests at different 

speeds show constant values of the ratio Isb/Isf around the rated slip value, according to 

the equivalent circuits. The results are reported in Figure 5.11 and Figure 5.12; the 

backward current components at rated speed can be detected. Figure 5.12 shows the 

percentage of the stator backward component to the forward component, and as expected, 

the amplitude falls to zero at s = 0.5. In a small induction machine, the backward 

components have very small amplitude compared to the main stator current component 

so careful measurement is necessary.  The analysis and simulation indicate that the stator 

and rotor power losses increase in the fault condition, which is also reported in Figure 
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5.13. There is a jump in the rotor winding loss in the fault condition during the starting 

time. 

 

Figure 5.8. Characteristics of steady state torque developed by the machine v.s. speed. 

 

 

Figure 5.9. Predicted three phase rotor currents v.s. speed characteristics for balanced and unbalanced 

rotors. 
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Figure 5.10. The forward and backward components of stator current for balanced and unbalanced rotors. 

 

 

Figure 5.11. Curve Isb/Isf versus slip for wound rotor machine with asymmetrical resistances. 
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Figure 5.12. Percentage of the backward component over forward component of stator current v.s slip for 

a machine connected to asymmetrical resistances, showing the drop point at half speed. 

 

 

Figure 5.13. Stator and rotor losses vs. slip for a healthy machine, machine with asymmetrical resistances 

connected to the rotor, and machine with asymmetrical resistances connected to the rotor. 
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5.4 Experimental Work and Results 

5.4.1 Experimental Test Set-up and Testing Procedure 

The experimental investigation in this Section was carried out on a 7.46 kW three-phase 

four-pole wound rotor induction machine. This machine was utilised to evaluate the 

mathematical analysis. Data for this machine are given in Appendix C. A number of tests 

were performed to obtain the machine parameters, such as an open circuit (running light 

test) and a short circuited (locked rotor test) tested, etc. as described in Appendix D. The 

setup of the experiment involving the test machine, DC motor, external resistances, and 

measurement equipment is shown in Figure 5.14. The slip rings were connected to three 

variable resistors (1 to 5 Ω). The machine was coupled to a DC machine through a shaft 

mounted torque unit. The system speed was controlled using the Ward-Leonard system, 

as will be described. 

In this experiment, the test machine (WRIM) drives a DC generator. The field of the DC 

generator is excited separately. The DC generator is loading by means of a resistor load 

rack. Since the motor drives a load, it must exert more torque. The induced torque is 

proportional to the product of flux and current, so with increasing load the relative speed 

(slip) between the rotor and the rotating magnetic field will also increase. However, the 

no-load current of the test machine is as high as 30 % to 40 % of the full-load value. The 

performance of the induction machine can be determined indirectly by loading a DC 

generator coupled to its shaft as shown in Figure 5.14. Torque transducer was added to 

continuously measure the speed and torque of the machine. The test machine supplied by 

an AC drive operating under scalar (open-loop) constant Volts per Hertz control was 

tested in the laboratory. 
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The parameters of the DC machine (generator) are listed in Table 5.1. The armature and 

field winding of the DC machine are electrically separated from each other. The field 

winding is excited by a separate DC source as the block diagram in Figure 5.15 illustrates. 

Table 5.1. DC machine parameters. 

Name plate details 

Power [HP] 2 

Speed [rpm] 1000 

Stator voltage [V] 100 

Stator rated current [A] 1.2 

Rotor Voltage [V] 100 

Rated rotor current [A] 26.1 

Measured resistances 

R  Armature (room temp.) [Ohm] 1.49 

R  Field (room temp.) [Ohm] 68.8 
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Figure 5.14. Laboratory set up of the experiment involving the test machine, external resistances, and 

measurement equipment. 

 

Figure 5.15. Schematic diagram of the connection for load testing of the wound rotor.  
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The test machine was connected in star with a line voltage. The stator voltage is reduced 

to values (100 V, 75 V, and 50 V) during the tests, facilitating greater stability of the 

machine. Reducing the stator voltage also minimises the magnetic saturation effects and 

oscillation torque that could be generated by an unbalanced condition. 

In the next section, an extensive series of tests on the wound rotor machine are reported. 

There are a range of rotor faults and a variety of load conditions which are carried out to 

evaluate the induction machine behaviour in healthy and faulty conditions. The torque, 

the stator current, and the rotor currents are measured for a short-circuit rotor and when 

the rotor is connected to a symmetrical and asymmetrical bank of resistors. Finally, these 

outcomes are compared with the calculated variations of the same quantities. This allows 

the influence of rotor faults to be examined.  

5.4.2 Results and Discussion  

The induction machine was tested under healthy working conditions and with unbalanced 

rotor (asymmetrical) conditions at various speeds. The stator and rotor current 

measurements were made at no load and rated load. The machine ran at various line 

voltages, and the torque-speed carves were measured for these cases. All these 

measurements were compared with calculated values. 

Figure 5.16 and Figure 5.17 show the experimental variations of rotor and stator current 

with speed. They are compared with the predicted variations of the same quantities for 

the healthy and faulty conditions. There is a good agreement which is evidence of the 

ability of the impedance matrix to predict the induction machine behaviour accurately. 

However, there are some differences in the results. These measurements were considered 

satisfactory; hence, the small backward current components proved useful in detecting 
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rotor faults. Figure 5.18 illustrates the effect of asymmetrical resistances on the 

fundamental rotor phase currents. The variation between rotor phase currents is 

substantial. 

 

Figure 5.16. Variation of rotor current with speed for a healthy machine. 

 

Figure 5.17. Variation of line current with speed for a machine in healthy condition, and a faulty machine 

with one rotor phase connected with asymmetrical resistance (2 Ω). 
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Figure 5.18. Measured and predicted rotor phase currents for unbalanced rotor (one rotor phase connected 

with 2 Ω, and the other two phases are short-circuited. 

 

Figure 5.19 shows the variation of rotor currents under two fault conditions. In the first 

condition, one of the rotor phases was connected to a 5 Ω resistor, and in the second one 

it was connected to a 2 Ω resistor. The variation increases with increasing unbalance of 

the external resistances. The torque speed curve is obtained under fault conditions and is 

shown in Figure 5.20. The oscillating torque occurs if the machine runs at half speed with 

asymmetrical resistance. During the tests, there is some vibration around this speed. In 

addition, the speed was not measured at half speed because the test machine was not 

stable. The measured results agree well with the analysis presented earlier in this chapter. 

The variation of the (2s-1)f  backward components of the stator current for two fault 

conditions are shown in Figure 5.21. It was expected that these components would rapidly 

drop to zero at half speed, corresponding to s = 0.5. Although these components increase 

with increasing unbalance, it is very difficult to record due to their small amplitude. This 

will occur when the backward field generated by the asymmetrical rotor is stationary with 
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respect to the stator, and hence no EMFs are induced into the stator coils. During all tests, 

the backward components amplitude did not exceed 6 % of the mains stator current. 

However, it was observed experimentally that these components do not vary between the 

various fault conditions.  

 

Figure 5.19. Variation of rotor phase currents for the two fault conditions. In the first condition, one of the 

rotor phases was connected to 2 Ω, and in the second condition it was connected to 5 Ω. 
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Figure 5.20. Variation of measured and calculated steady torque with speed for machine connected with 

asymmetrical resistances (2Ω). 

 

 

Figure 5.21. The backward components of stator current vs. slip for machine connected with 

asymmetrical resistances (2 Ω), and the machine runs with 100 V and 150 V respectively. 

 

5.5 Chapter Summary 

The focus of the chapter was on several important aspects related to the impedance matrix 

method when used to identify the characteristics of rotor winding faults. Variations in the 

amplitude of stator current components are used to detect the rotor faults. The transient 
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and steady-state operation of the induction machine with asymmetrical rotor has been 

simulated. The steady state performance of the wound rotor machine was investigated by 

means of an equivalent circuit which included the rotor asymmetries. It is tested 

successfully on three-phase balanced and unbalanced induction machine operating 

conditions.  

The technique is an induction motor fault diagnostic method, which investigates induction 

machine performance. The coupling impedance approach minimises the complexity of 

the analysis for an unbalanced three-phase induction machine in general. Experimental 

verification of this analysis was carried out to show how it is possible to use this type of 

analysis to improve condition monitoring of induction machines. It is possible to use 

stator current components for detection purposes in a large induction machine. In a small 

induction machine, the backward components have very small amplitude compared to the 

main stator current component so careful measurement is necessary. At different speeds, 

the amplitude of these components is around 6 % of the mains stator current. An 

unbalanced rotor increases the oscillating torque and reduces the steady state torque.  

Another advantage of this approach is that the same process of analysis could be used to 

consider the effect of winding harmonics.
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Chapter 6:  Study of Wound Rotor Induction 

Machines Including Air-gap Eccentricity Fault 

his chapter puts forward a concept for measuring rotor eccentricity in a wound 

rotor induction machine. A simple method using pole-specific search coils is 

introduced to evaluate the degree of air-gap eccentricity in the induction 

machine. The UMP characteristics in the induction machine are described and then UMP 

is accurately calculated. The analysis is fully developed in the theory section, then an 

experimental rig for measuring UMP is described and measurements are taken. The reader 

is assumed to be familiar with fundamental air-gap magnetic flux density produced in an 

induction machine. However, some basic context and supporting information are 

provided. 

6.1 Analysis of Air-gap Flux Changes Due to Eccentricity in 

Wound-Rotor  

Induction machines are commonly designed to generate flux density that is as sinusoidal 

as possible in the air-gap, so they only one significant spatial harmonic of air-gap flux 

density. The pole-pair number of the machine winding pm determines the harmonic 

number for the main flux component. For example, in 2 pole machine, the harmonic 

number for the main harmonic of the air-gap flux is n = pm = 1, often called the 

fundamental harmonic. Therefore, there are no radial magnetic forces in an ideal machine 

(a purely theoretical model). However, this not true for real machines. In the case of rotor 

eccentricity, the air-gap permeance loses symmetry and the current density produces more 

than one spatial flux density harmonic that can interact to produce UMP. Such 

eccentricity often appears due to manufacturing tolerances. Inaccuracy of installation is 

T 
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another reason for increasing UMP, for example, when the bearings are incorrectly 

positioned or worn. 

The UMP in a wound-rotor machine can vary greatly from its cage-rotor equivalent [3, 

141] and it is substantially higher. To describe this phenomenon, Figure 6.1 shows the 

main spatial harmonics that will be presented in a cage induction machine when there is 

low-level eccentricity. Figure 6.2 shows these for the wound rotor machine. It is clear that 

a series of MMF waves must be considered, which should correspond to the winding 

harmonics. The differential waves in the cage machines are discussed in detail in [141]. 

The authors conclude that the profile of the air-gap harmonics change with speed. At full-

load speed the main pole-number flux wave dominated the air-gap harmonics, while at 

start, it has substantial differential flux wave components. In addition, authors observed 

that there are missing rotor MMF waves in the wound-rotor machine. 

In Chapter 3, Figure 3.4 shows how this assumption could be extended to a four pole 

wound rotor machine. It breaks down the air-gap MMF and flux waves in terms of a four-

pole machine and represents the interaction of these. The main difference is the lack of 

two-pole and six-pole MMF waves on the rotor that can damp the additional flux waves 

generated by the rotor eccentricity, hence reducing the UMP. This is because the cage 

structure has many effective parallel paths, which even out the air-gap flux and reduces 

the radial pull. The use of additional damper windings has been investigated in [3-6] and 

a similar theme is investigated here. However, this is combined with using pole-specific 

search coils to assess the degree of eccentricity.  



Chapter 6: Study of Wound Rotor Induction Machines Including Air-gap Eccentricity Fault 

 

 

CONDITION MONITORING OF WOUND-ROTOR INDUCTION MACHINES 125 

 

  

Figure 6.1. Air-gap flux waves accounted for in this study, showing linkages between MMF waves in a 

cage rotor machine and associated air-gap harmonic waves; for three-phase winding, n =1,5,7, etc [50]. 

  

Figure 6.2. Air-gap flux waves accounted for in this study, showing linkages between MMF waves in a 

wound rotor machine and associated air-gap harmonic waves; for three-phase winding, n =1,5,7, etc [50]. 

6.2 Variation of Air-gap Length Due to Eccentricity   

The aim of this section is to investigate air-gap length in the case of rotor eccentricity. To 

simplify the analysis, the air-gap length is described in terms of the circumferential 

distance around the air-gap (y direction) and axial length down the stator bore (x 

direction). Considering the stator and rotor as circles, as shown in Figure 6.3, 
av

d

g
   is 

the degree in per-unit terms of eccentricity of the mean air-gap length g, k is the inverse 

of the mean air-gap radius r, and θ is the angle for the reference circumferential zero point 
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where the air-gap is minimum. The inner surface of the stator bore, in polar coordinates, 

is r1 (θ) =Rs. The rotor circumference is expressed as 

 
2 2 2( )  rR x d y    (6.1) 

To simplify the analysis and using the format x2 + y2 = h2, this equation can be converted 

into polar coordinates. It can be rearranged to 

   2

2

2 ) in  (  srdco Rr s d       (6.2) 

However, the length of the air-gap equals the difference between r1 and r2; hence, the air-

gap length is 

 

2

2

 ( )   cos   1  sins r

r

d
g R d R

R
  

 
    

 
  (6.3) 

 In practical cases Rr >> d, hence 

 
 ( )   cos  s rg R d R      (6.4) 

The above expression represents the air-gap between the stator and rotor of the induction 

machine in the case of static eccentricity (the position of minimum air-gap length is fixed 

in space during the operating time). For  avg which is the effective air gap length when 

the rotor is concentric 

 
 (1   cos )avg g      (6.5) 

where the relative eccentricity is 
avd g , and equation (6.5) can be expressed in axial 

(x) and circumferential (y) directions so that 

   ( , ) 1    cos(   ( ))( )av xg x y g d ky x     (6.6) 
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Figure 6.3. Schematic representation of air-gap eccentricity, showing the rotor and stator position. 

 

If the shaft assembly is sufficiently rigid, the level of static eccentricity remains constant. 

Static eccentricity tends to produce a steady pull in one direction, while dynamic 

eccentricity creates a UMP vector rotating in synchronism with the rotor. The analysis 

model for dynamic eccentricity can be derived in the same way as for static eccentricity 

[84]. 

For the static eccentricity:  

   ( ) 1    cos( )s av sg y g ky    (6.7) 

For the dynamic eccentricity, which is a function of time t 

   ( ) 1   cos( )d av d rg y g t ky      (6.8) 

6.3 Non-uniform Static Eccentricity 

The degree of eccentricity can vary between the Drive End side of the machine (DE) and 

the Non-Drive End side of the machine (NDE). This is illustrated in Figure 6.4. The vector 
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direction of the eccentricity is different at each end which will lead to a vector rotation of 

the UMP on the rotor down the axial length. 

  

Figure 6.4. Definition of DE and NDE eccentricity. 

  

Using equation (6.6) 
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thus 
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  (6.10) 

where ø is the angle for the reference circumferential point, where the air gap is at its 

minimum at each end. The functions of dED(x) and dNED(x) are explored in the next section 

where an inverse is taken. 
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6.4 Permeance Harmonic Analysis 

It is important to obtain an expression for the permeance in a convenient form. Appling 

Ampere's law, this will lead to an expression for the flux density distribution and hence 

to expressions for the coupling impedances. 

The presence of rotor slots, stator slots, eccentricity of the rotor, and magnetic saturation 

results in a permeance wave in the air gap. From the analysis presented above, and 

supposing that the eccentricity degree is not high, the average permeance is the inverse 

of the air-gap length so that, for a cylindrical stator and rotor: 
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   (6.12) 

assuming n=1, if the Lst is the axial length, the coefficients can be defined by  
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  (6.13) 

where x defines that axial centre of the machine. The permeance must be expressed in 

rotor co-ordinates so Ampere's law can be applied to the rotor using the rotor reference 

frame. 
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In (6.13) the eccentricity is assumed low. But in [112, 135, 167, 168], the permeance was 

represented as Fourier series and the permeance harmonics were given as  
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  (6.14) 

where Aδ is the area of the air-gap. This would be the case for high eccentricity. Smith 

and Dorrell [131, 135] applied the full series in their study. Belmans et al. in [169] moved 

toward linearizing the permeance series with respect to eccentricity. They found that the 

eccentricity often introduces only two additional spacial harmonics to the air gap. Again, 

Dorrell and Smith [135] verified this approach experimentally. 

6.5 Generation of Additional Air-gap Flux Waves 

It was stated in Section 6.1 that rotor eccentricity produces flux waves that have spatial 

harmonic numbers. These are usually below and above the main pole number. For 

example, a 4-pole machine produces 2-pole and 6-pole flux waves. In order to develop 

expressions for the air-gap flux waves, the air-gap flux needs to be related, as a series of 

flux waves, to the surface MMFs on the stator and rotor surfaces. These MMFs will be 

pole-specific depending on the winding harmonic. Ampere’s circuital law can be applied 

to relate the air-gap flux using equation (3.14) for the ideal machine, which leads to a 

distribution for the air-gap flux due to the stator MMF waves. 
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Ampere’s law, when applied to Figure 6.5 and considering the stator windings only, is of 

the form 
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            (6.15) 

The previous equation assumes that the iron infinitely permeable, therefore Δy tends to 

zero as derived by Dorrell in [47, 141]. Equation (6.15) can be written as 
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  (6.16) 

So that [131, 170]  
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  (6.17) 

 

Figure 6.5. Amperes Law Applied to a Non-Uniform Air-Gap. ( after 360 mechanical degrees, the air-gap 

length is again the same value) 
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This means that the air-gap flux density distribution is written in Fourier series form. The 

constant CHomopolar is the homopolar flux term control as described in [131, 141]. The 

second and third terms in (6.17) explain the production of the additional flux density wave 

terms which appear significant when there is rotor eccentricity [3, 141]. Again, if the 

winding harmonics are ignored so that n = 1 only, then the air-gap flux is approximately 
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  (6.18) 

where the field magnitude coefficients are 

 

        

0

1 0 0

( )  

and, 

( ) ( )

m

NDEDEm

p s
s

m

p s s
s DE NDE

m m

j J
B x

kp g

j J j J
B x x x e x e

kp g kp g





 
  





  

  (6.19) 

 

For the static eccentricity [131, 141]: 

ω1 = ω2 =ω (i.e., a constant radial force in that direction). 

For the dynamic eccentricity [131, 141]: 

ω1 = ω − ωr and ω2 = ω + ωr (i.e. there is a rotational frequency radial vibration which 

corresponds to a rotating force vector). 

In the case of the four-pole machine (which is commonly used in wind turbines as a 

generator pole number [171]), then, at low slip 

ω1 ≈ ω/2 and ω2 ≈ 3ω/2. 

The flux waves have to be transformed into the rotor reference frame in order to calculate 
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the EMFs induced in the rotor and so that the rotor current and MMF can be obtained. 

This can be done as explained in Section 3.2.3 and using equation (3.9). 

 1

2

( )

1 ( ( 1) )

1 ( ( 1) )

( , ) Re

m m

m r m

m r m

p j s t p ky

s

p j t k p y

rt s

p j t k p y

s

B e

b y t B e

B e









  

  

 
 

   
 
 

  (6.20) 

where ω1r and ω2r are in rotor reference frame [141]. These have instantaneous value at 

time t with main supply frequency ω as in [3].  

For static eccentricity 
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  (6.21) 

and at s << 1, these approximate to ω/pm and -ω/pm, respectively. 

For dynamic eccentricity 

 
1 2r r s      (6.22) 

[131, 141] show that both static and dynamic eccentricities produce their own pm ± 1 field 

components. The only difference between them being their rotational velocity. It can be 

shown from the above analysis that the frequencies of the induced EMFs are slip and pole 

specific, and that dynamic eccentric UMP is not damped when the slip is close to zero. 

Conversely there is no rotor damping of the pm ± 1 pole-pair flux waves in case of the 

wound rotor [135, 136]. There are no parallel circuits in the wound rotor to incorporate 

into the calculation as in the cage rotor. This parallel circuit damps the UMP. Hence, 

using parallel stator windings can also damp the UMP.  
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The rotor air-gap flux wave can be obtained from the expressions of the stator air-gap flux 

waves. Ignoring the differential waves then 
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The rotor field magnitudes are 
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    (6.24) 

However, air-gap components for additional spatial currents of npm ± 1 only exist for the 

cage rotor and can be calculated, but in the case of the wound rotor there are no additional 

spatial currents of npm ± 1. This implies that there would be a higher UMP in the wound 

rotor because the sideband spatial flux components would not be damped. The pole-

specific search coil method can be used to predict both static and dynamic eccentricity 

and to damp UMP, since the EMF induced in the additional windings is influenced by the 

air-gap flux density. This will be presented here. This aspect not only opens the door for 

better understanding of the electromagnetic radial forces in different types of induction 

machines, but also helps to diagnose machine vibration in an industrial environment. 

Once the terms for the additional air-gap flux waves are obtained as in the above analysis, 

the UMP can be calculated. 

6.6 Calculation of UMP Forces 

Many different methods have been developed for electromagnetic force calculation due 

to eccentricity faults in the induction machine for about a century. These can be organised 

into two main categories: analytical methods and numerical methods. Both analytical and 
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numerical methods have their own benefits and drawbacks in studying induction 

machines, as illustrated in Table 6.1. In both, the rotor movement is assumed to be fixed, 

and forces and currents are calculated. In this project, the UMP that acts between the 

stator and eccentric rotor is studied by analytical means. The analytical method which 

uses standard rotating air-gap harmonic field theory demonstrates the substantial 

influence of the winding harmonics and rotor skew on the UMP. This provides valuable 

information to the induction machine designers. However, the accuracy of the UMP 

calculation can be maintained with acceptable calculation times. In addition, the rotor 

movement will be described by differential equations in order to control the eccentricity. 

Table 6.1. Comparing the analytical and numerical methods. 

 Analytical 

Methods 

Numerical 

Methods 

Prompt results   

Simple interpretation   

Evaluate accurately the effects of magnetic saturation   

Evaluate accurately the effects of circulating currents   

Evaluate accurately the effects of  stator and rotor 

slotting 
  

Provide high degree of accuracy in the final solution   

Require computational power of computers and time 

consuming 
  

UMP is caused by asymmetric magnetic flux distribution in the air-gap. Many researchers 

reported that the pull is proportional to the square of the flux density [8, 82, 84, 172, 173]. 

The force pulls the rotor out of alignment. In other words, if the flux distribution is denser 

on one side of the rotor than the other. This force pulls the rotor towards the denser side. 
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In the previous section, expressions were derived for the air-gap flux density distribution 

of the wound rotor machine. Using these expressions, the unbalanced magnetic pull can 

be calculated by applying the Maxwell stress around the surface of either the rotor or the 

stator. The total magnetic flux density is divided into normal (radial) and tangential 

components. The force is determined by integrating the tensor around the air-gap surface 

as shown in Figure 6.6. The Maxwell stress force acting normally (radially) and 

tangentially to a point on the surface is 

 
       2 2

0 0

 , and 
2

n t n t

n t

B B B B   
 

 


    (6.25) 

 

Figure 6.6. Normal and tangential components of the flux density. 

 

where n and t are the normal and tangential components respectively. Bt is quite small 

relative to Bn in equation (6.25), so the effect of the tangential stress (force) on the UMP 

may not be noticeable under high torque conditions. In study [137], the tangential flux 

density was examined using coils connected to the rotor. The authors concluded that the 

tangential component is only responsible for about 10 % of the total magnetic force and 

thus can be neglected. 

This means that the equation becomes 
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Using Maxwell stresses with force components in x and y directions, the UMP is then 

calculated from 

    
2 2
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cos .  , and  sin .x st y stF rL d F rL d

 

          (6.27) 

In [47] the full derivation is provided. However, to simplify the analysis, an example of 

a machine consisting of a pair of poles is considered to explain the UMP calculation 

process as shown in Figure 6.7(a). The rotor of the machine is set symmetrically within 

the stator bore. The rotor and stator are purely cylindrical, so the length of the air-gap is 

uniform. The rotor rotates as a result of the formation of poles of opposite polarity on the 

stator and rotor which exert a tangential force on the rotor. However, a much stronger 

magnetic force of attraction takes place between the stator and the rotor poles acting along 

a direction perpendicular to the rotor shaft axis. These forces therefore act radially. In a 

symmetrical machine, the MMF per pole and the area per pole are the same for all poles. 

Assume that the flux density B is uniform in the air-gap, and the MMF required for the 

iron parts is negligible. The forces of attraction between stator and rotor poles in the top 

and bottom are equal and act in the opposite direction to each other as below: 
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  (6.28) 

where A is the area per pole. 
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      (a)                                                                    (b)     

Figure 6.7. Radial magnetic forces in a 2 pole machine: (a) Radial magnetic forces in a symmetrical 

machine, and (b) machine with rotor displaced vertically downwards. 

 

The forces are of equal magnitude and hence their resultant is equal to zero. There is no 

resultant radial magnetic pull on the rotor. In the analysis given above, the flux density 

distribution has been assumed uniform in the air-gap. In reality, the flux density 

distribution is almost sinusoidal, considering an elemental angle dθ at an angle θ from 

axis x. It is evident that if g1 > g2 as in Figure 6.7(b), force F2 is greater than F1, and hence 

a resultant radial force acts on the rotor in the downward direction. It should be noticed 

that it is not only the abnormality of the air-gap that causes UMP but also any other 

asymmetry in the air-gap flux density distribution or in the winding. When the rotor is not 

concentric with the stator, the air-gap is not uniform over periphery. UMP is produced, 

which tends to draw the rotor over to the side where the air-gap is smaller. It was 

demonstrated earlier that the UMP is inversely proportional to the square of the length of 

the air-gap. Consider the case of a rotor when moved vertically downwards as shown in 

Figure 6.7(b). The total UMP acting on the rotor then becomes 
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The analysis given above assumes the case of static eccentricity, and hence the stator and 

rotor axes remain parallel during the running time. In (6.29), it has been assumed that the 

peak value of the flux density remains the same irrespective of the eccentricity, which is 

not true in reality. Therefore, the UMP has been calculated for the worst case. 

Nevertheless, as described in many studies, for a given air-gap eccentricity and flux 

density, the UMP increases with rotor diameter and rotor length. 

Returning to equation (6.27), if α and β are Cartesian coordinates for a cross-section and 

the eccentricity and force are in α direction, the forces are given in quadrature by: 
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In the case of static eccentricity for simplicity, this will create a steady force. In the case 

of dynamic eccentricity, a rotating force vector will develop. Rewriting, the air-gap flux 

density waves are: 

    ( ) ( ( 1) ) ( ( 1) )
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     (6.31) 

For the 2-pole force waves (as in the earlier example) which are generated by flux waves 

with pm ± 1. Equation (6.29) becomes 
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Chapter 6: Study of Wound Rotor Induction Machines Including Air-gap Eccentricity Fault 

 

 

CONDITION MONITORING OF WOUND-ROTOR INDUCTION MACHINES 140 

 

6.7 New Approach to Eccentricity Detection Depending on 

Specific Search windings 

The aim of the section is to investigate and demonstrate an effective detection of rotor 

eccentricity using a pole-specific winding method. The analysis described earlier was 

developed to illustrate that rotor eccentricity leads to the generation of air-gap flux waves 

with pole-pairs of pm ± 1. For instance, a 4-pole machine will produce 2-pole and 6-pole 

flux waves. If a machine with pm pole pairs has search coils designed with pm ±1 pole 

pairs then the analysis goes on to illustrate how the electromotive forces (EMFs) induced 

in these coils can be used to assess the degree of eccentricity as shown in Figure 6.8. 

These influenced by the air-gap flux density. The EMFs can be calculated and give a clear 

indication of the eccentricity degree in the induction machine. Two-phase search winding 

is used to address this conception; however, only one phase of the search winding has 

been shown in Figure 6.8.  

 

Figure 6.8. Two-phases distributed search winding: 6-pole search coils, 12 coils per phase, and 44 turns 

per coil and 2-pole search coils, 12 coils per phase, and 15 turns per coil – only one phase of each shown. 
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The main MMF harmonics in the air-gap are of order pm and pm ± 1 when the other 

harmonics are neglected. The interaction between flux waves of pm and pm ± 1 are 

examined for the same purpose. The impedance matrix is developed to predict the 

winding voltages as a function of eccentricity. However, the impedance matrix is couched 

in terms of a wound rotor induction motor rather than a cage machine. 

To summarise the UMP and search coils voltages calculations, a flowchart is given in 

Figure 6.9. This illustrates the stepwise methodology required to obtain the UMP. The 

mathematical approach is also quite straightforward for obtaining search coil voltages. 

The principle equations will be explained in this section. 

 

Figure 6.9. Flowchart of UMP and search coils voltages calculation. 
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6.7.1 Eccentricity Detection 

Once the terms for the additional air-gap flux waves have been obtained, the UMP can be 

calculated as illustrated earlier. To get the EMF induced in the pole-specific search coils, 

the air-gap electric field needs to be calculated, which can be obtained from: 
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  (6.34) 

For a machine with pm pole-pairs, it can be assumed that there are two pole-specific search 

windings with pole-pair numbers of pm ± 1. Each pole-pair has two windings in quadrature 

on the α and β axes. The EMFs induced into these windings can be obtained from: 
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  (6.35) 

The search winding coefficients are, for the pm+1 pole-pairs and for pm-1 pairs: 
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         (6.37) 

where Cw is the number of conductors of the search coil winding. 

For simplicity, it is assumed that the α winding is on the real axis and the β winding is on 

the imaginary axis. Phase a of the main winding is also located on the real axis. This is 

the expression for the voltage induced in the search coil by a rotating flux wave set up by 

a balanced 3-phase current. If the current set is unbalanced, then a backward rotating flux 

wave will be set up. This can be accounted for and will be the focus of further work. If 

the winding harmonics are ignored such that n = 1 only, then the air-gap flux is 

approximately as in equation (6.18). The EMF induced into the additional windings is 

influenced by the air-gap flux density. Hence, the pole-specific search coil method can be 

used to predict both static and dynamic eccentricity. Now there is a need to develop the 

theory for calculating the EMFs induced into pole-specific search coils in the induction 

machine. 

6.7.2 Development of the Impedance Matrix for Condition Monitoring 

An impedance matrix can be developed that incorporates both eccentricity and the pole-

specific search windings. The coupling impedance matrix expressed in (3.21) can be 

developed for this purpose. The additional pole-specific search windings have linkage 

impedances and self impedances, hence some columns and rows must be added. If we 

focus on the condition monitoring function of the search coils, and the first case when the 

rotor is an open circuit, then: 
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where 
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Zs,s is the stator-stator coupling impedance defined in equation (3.22). The voltage vector 

also includes the EMF induced in the search coils. Most of the matrix elements are zeros 

because the search coils are open circuit, meaning no current is produced in these coils. 

This is the most basic form of the impedance matrix. The leakage reactance includes all 

the end effects, slot leakage. The induced voltages in the windings are calculated for a 

given phase current and eccentricity as  
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Assuming the phase current is constant, the relationship between the induced voltages 

and eccentricity degree is linear below a certain level of eccentricity. It is illustrated from 

(6.38) that monitoring the voltage in these coils can be used to assess the rotor 

eccentricity. 

6.7.3 Development of the Impedance Matrix for UMP Control 

The matrix can be further developed to include an additional winding current and active 

UMP control. The search winding could be either current driven or voltage driven. If 

passive damping is used, i.e. the windings are short circuited, then 
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For pm – 1, the linkage and self impedances are given by: 
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For pm + 1, the linkage and self impedances are given by: 
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  (6.43) 

Rsc-1 and  Rsc+1  are pm – 1 and pm + 1  pole winding resistances respectively. The self-

inductances of these windings are almost constant. The mutual inductances between the 

two windings of each winding set are zero, because these windings are 2-phase and wound 

in quadrature, and there are no speed terms.  

In the real case, there is rotor current. Therefore, the UMP detection matrix can be 

developed to include the rotor current so that 
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where Ir-ph  is the rotor current. The rotor coupling and mutual impedances are added to 

this matrix. Zr-r , Zs-r, and Zr-s are defined in (3.31), (3.29), and (3.28) respectively. The 

linkage impedances with the rotor are  
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It is likely that the search coils will not eliminate all UMP. The UMP controlled by the 

search coil currents can be obtained as 
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The equation was written in arbitrary Cartesian coordinates with α and β axes. In this 

equation, the middle matrix represents the flux densities multiplied by constants. 

Equation matrices (6.41) and (6.46) can be combined and active voltage control used for 

UMP reduction. The matrix equation is then 
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There is no rotor current here. Obviously (6.46) can be developed to also include the rotor 

current and combined with (6.44) to show UMP control with stator and rotor current. 
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6.8 Experimental Work Using New Test Rig 

This section provides a detailed description of the test set-up; the test machine and the 

force transducers that are used in the experimental work. It explains the calibration 

method of the rig, and describes the different approaches and measurement techniques 

used. 

6.8.1 Laboratory Test Equipment  

The same 4-pole wound rotor induction machine that was used earlier is used. The basic 

machine specifications are listed in Appendix C. The stator core winding diagram is also 

shown in Appendix C. The geometry of the machine is 48 stator slots, with a 72 slot rotor 

with 1 stator slot skew as shown in Figure 6.10 (with removed slip rings). 
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Figure 6.10. 72 slot wound rotor with 1 stator slot skew (removed slip rings). 

 

The stator was rewound with a double layer winding. This design aims to achieve the best 

possible winding in terms of MMF and its harmonics [174]. In the stator, the number of 

coils per phase is 16, and the number of coils per pole per phase is 4 (two coil sides per 

slot). A distributed winding was used in this machine. 

This test machine is set up on a pair of metal plates and bolted tightly to reduce the 

vibration due to the rotor motion, and end-caps of the machine were removed. The metal 

plates are set on both the Drive End (DE) and Non-Drive End (NDE) of the machine. The 

rotor for the test machine was separately mounted on pedestals which included 

piezoelectric force transducers; these allowed the direct measurement of the UMP on each 

bearing. The pedestals and plates were used to set the air-gap between the rotor and stator 

during the experiment. The experimental strategy was to change the rotor displacement 

and then measure the 2 and 6 search coil voltages that are influenced by force on the rotor. 

Figure 6.11 shows the laboratory set up. 
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Figure 6.11. Laboratory set up of the experiment involving the test machine (Dive End side), search coils, 

piezoelectric force transducers, and other measurement equipment. 

 

In the experiment, a set of 4 transducers are utilised to measure the active force. These 

are able to measure both compression and tensile forces in any direction. The transducer 

includes 3-component force sensors which measure the force introduced through the top 

plate. These sensors are linked to a summing box through integrated three-wire cables. 

The transducers and summing box are attached under the test machine on a metal plate 

on which the motor is also installed as shown in Figure 6.11. This plate has dimensions 

500 x 630 mm as shown in Figure 6.12. The summing box is connected to a multichannel 

change amplifier (digital analyser) to complete the measuring system. It works using the 

piezoelectric measurement concept, where sensors covert mechanical signals into an 

electric voltage. The measurement values are proportional to the acting forces.  
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Figure 6.12. Transducers arrangement. The distance between the vertices of the shaft axis to the 

transducers is defined as x and the distance between shaft axis and the top point of the transducer is 

defined as y. (Transducers 1and 2 in DE of the machine). 

 

There are three channels per rotor end. Therefore, the total forces are defined in the 

machine sides as Fx12, Fz1 and Fz2 for the drive end (DE) and Fx34, Fz3 and Fz4 for the non-

drive end (NDE). The total forces can be then calculated in three directions by summation 

as follows 
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The machine was coupled to a D.C. machine. The D.C. machine provides a load for the 

test motor using the Ward-Leonard arrangement described in Chapter 5. 

6.8.2 Implementation of Air-gap Eccentricity 

The rotor of the test machine is separately mounted on pedestals, allowing free movement 

of the rotor and adjusting the air-gap between the stator and rotor. Initially, the stator was 

adjusted in the x direction. The rotor and stator mountings were shimmed to get the rotor 

and stator at the same height, and to centre the rotor. Feeler gauges were used to adjust 

the air-gap at each end of the machine in both horizontal and vertical positions. The rotor 

mountings were shimmed to reset to identical heights. These shims were measured to be 

0.35 mm by Vernier calliper. Then, various levels of eccentricity can be applied and 

measured.  

In order to measure eccentricity, feeler gauges were slid into the air-gap at each end of 

the machine in both horizontal and vertical positions. However, this method was not 

accurate enough to measure the eccentricity. The stator and rotor positions were adjusted 

using clock gauges to obtain more accurate measurements as shown in Figure 6.13. After 

a number of trials the rotor was adjusted to be nominally centred with an air gap of 0.55 

mm. Various levels of eccentricity were applied by moving the stator in the horizontal 

direction. 
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Figure 6.13. Experiment with test machine showing the air-gap adjustment using Clock gauges. 

 

6.8.3 Implementation of Auxiliary Windings 

As the start of the study, the stator was modified to include the simple pole-specific search 

windings with 2 poles and the initial induced voltage was recorded. Then the 6 poles were 

mounted and the results of 2 and 6 poles induced voltage were recorded together as 

illustrated in Figure 6.14. The slot top wedges originally held the main winding, and these 

were removed and the space was used to insert search windings. The 6-pole search 

windings consisted of 24 coils with two turns per coil. The span of each coil was 8 slots 

and half of the slots had a 6-pole coils side in the slot top. There were two 2-pole windings 

in quadrature. These were formed from 12 coils of one turn and a 24 slot pitch. Each slot 
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had one 2-pole coil side in it. Thinner wedges were made and used to hold the search 

windings. 

 

Figure 6.14. Search coils being fitted: single 6-pole winding; red coils down top of slots; and blue coils 

wound round winding only next to the end of core. 

 

The initial test concluded that if the simple pole-specific search windings have sufficient 

turns and conductor current carrying capacity, they can used to control the UMP (hence 

the later rewinding). This gave accurate results, as discussed in the next section. 

The second step was to design new functional search coils. The stator was rewound with 

the same 4-pole 3-phase winding.  However, the search windings were inserted and these 

were designed with more turns. They had two phases that were in quadrature. All the 

windings were correctly placed in the slots with suitable wedging. The winding schemes 

for the 6-pole and 2-pole search windings are shown in Figure 6.8 and the search windings 

details are listed in Table 6.2. More details are provided in Appendix C.  
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Table 6.2. Winding parameters of main winding and functional search coils. 

Four-pole main winding 

Phases  3 

Parallel paths 1 

Effective turns per slot 34 

Connection  Star 

Resistance (Room Temp.) 1.4 Ohm 

Six-pole winding 

Phases 2 (in quadrature on α and β axes) 

Parallel paths 1 

Effective turns per slot 44 

Connection Short-Circuit  

Resistance (Room Temp.) 22.5 Ohm 

Two-pole winding 

Phases 2 (in quadrature on α and β axes) 

Parallel paths 1 

Effective turns per slot 15 

Connection Short-Circuit  

Resistance (Room Temp.) 14.3 Ohm 

 

6.8.4 Measurement Setup and Testing Procedure 

The testing began by aligning the bearings and the rotor of the test machine into the 

correct location; the rotor position is needed when calculating eccentricity and UMP. 

These procedures were the most difficult and the most time-consuming part of setting up 

the test since it required a manual procedure each time the eccentricity level was changed. 

The rotor was set at an original centre location and then at 5%, 20%, and 40% off-centre. 

The rotor was positioned at the centre by manual alignment with the feeler gauges. It was 

demonstrated to be about 4 % eccentric even when nominally centred. The clock gauges 
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were used for moving the rotor from the nominal centre and this produced about 5 % 

error. The different position measurements had to be iterated several times, and finally 

the initial eccentricity was reduced as much as possible. Therefore, all the previous steps 

were done with continuous recording of the induced voltage in the search coils. The 

measured and calculated search coil voltages were then compared. These search windings 

can be used to inject current to adjust and damp the UMP. The search windings were 

provided with current of around 0.5 A in order to adjust and reduce the UMP. 

The open-circuit (equivalent to running a light-load test) and short-circuit (equivalent to 

a locked rotor test) tests were performed to measure UMP at different positions of the 

rotor. When there is a load, UMP and torque exist together. Under the locked rotor 

condition, UMP and torque can be separated depending on whether the locking bar is 

blocked against the rotor mounting or stator bed. This can be done by measurement of 

forces in both cases. In the first case, there is no detected torque. In the second case, there 

are both detected torque and UMP. Torque transducers can be used to separate UMP and 

torque if the machine is running.  

To investigate this, Figure 6.15 shows the moments around the point located between the 

transducers (1 and 2), which meets the vertices of the shaft. If we define the distance 

between the shaft axis and the centre of the transducer 2 as x, and define the distance 

between the centre of the transducers and the shaft as y, angle γ can be defined as 

  tan x
y

    (6.50) 

The net z direction force is 

 
1 2 3 4Tz z z z zF F F F F      (6.51) 
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The net x direction force is obtained by taking moments about the centre point between 

the transducers 
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      (6.52) 

The torque expression is given by taking moments around the shaft so that 
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  (6.53) 

 

 

Figure 6.15. Illustration of NDE and DE sides of the test machine, and UMP measurement rigs using 

piezoelectric transducers. 

 

6.8.5 The Main Features of the Experimental Setup 

The UMP test rig allows direct measurement of the electromagnetic forces in the 

induction machine when the rotor is not aligned with the stator. The rig is also suitable 

for accurately measuring both steady radial pulls and vibrations on individual bearings. 
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A variety of UMP scenarios including axial variation of the eccentricity and vibration 

effects due to broken rotors (in case of cage-rotor) can be applied. This also enables the 

study of the mechanical imbalance in a variety of machines. 

Although eccentricity models are assumed to be uniform down the axial bore, in some 

cases there will be variation in the eccentricity level between the DE and NDE sides in 

the machine, which produces non-uniform eccentricity. This unique rig allows the study 

of non-uniform axial eccentricity and will be discussed in the following results section. 

The test rig also allows study of the effects of the pm ± 1 search windings to reduce the 

UMP. This arrangement of the force transducers enables examination of an arrangement 

of auxiliary windings. 

6.9  Results and Discussion 

In this section, the experimental verification of the diagnosis and measurement of UMP 

in wound-rotor induction machine is presented. The results given here validate the new 

approach, which depends on the specific search coils, and is used for detecting and 

damping the UMP.  

As stated earlier, the test machine initially has 4 % eccentricity even when nominally 

centred. The rotor position was adjusted using simple clock gauges from the nominal 

centre giving about a 5% error. The characteristics of UMP against rotor eccentricity for 

the different supply voltages is presented in Figure 6.16 [48]. Rotor position can be 

assessed more accurately for further measurement when the rotor was both open-circuit 

and short-circuit. It is clear that the UMP is proportional to the eccentricity. Initially, the 

measured UMPs are matched with the results obtained in [48] using Finite Element 

Analysis (FEA). This work was done by Dorrell and Kayani (2014). It was then found 
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that the measured UMP closely matched with the FEA results. Figure 6.17 is used to 

relate the variation of supply voltage with eccentricity values. It shows the variation of 

UMP with voltage at 4 %, 20 %, 30 %, and 40 % eccentricity. As predicted, it is 

proportional to the square of the voltage because it is a function of the square of the flux 

density. 

Dorrell and Kayani tested the machine when the rotor bar was locked using a locking bar 

as shown in Figure 6.15. The test machine was excited and several results were obtained 

when the rotor was short-circuited. The test was done at low voltage (50V). A comparison 

was shown between the measurement and FEA simulation results, and they were found 

to match, as illustrated in Figure 6.18. However, the test machine initially has4 % 

eccentricity even when nominally centred. This introduces variation between the normal 

and the estimated results. In case of the skewed analytical simulation, the measured UMP 

is considered significantly higher than the un-skewed simulations at any particular 

eccentricity. This is because the skew increases the UMP as explained in [170].  

 

Figure 6.16. Open-circuit rotor UMP measurement results – comparison to adjust static eccentricity [48]. 
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Figure 6.17. Variation of UMP with line voltage for several eccentricities, at open- circuit condition [48]. 

 

 

Figure 6.18. Short-circuit rotor UMP measurement results. 

 

6.9.1  Separate Static and Dynamic Eccentricity in the Test Machine 

The value of 4 % eccentricity was assumed as to be static at the beginning of the study. 

A test was done to validate this assumption. The rotor was centred and the shaft of the 

machine was manually rotated by 90 degrees. The force was measured at this position. 
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This was repeated at 180, 270, and 360 degrees and every time the UMP was measured. 

The value of UMP changes while moving the shaft. The characteristics of UMP in Table 

6.3 confirmed that the initial value of inherent 4 % eccentricity includes both static and 

dynamic eccentricity which explained why it was difficult to remove. 

The average static force was 53 N. From Figure 6.16 the static eccentricity was estimated 

to be about 3 %. However, by rotating the shaft of the test machine by 90 degrees, the 

average force varied as discussed above and the direction of the net force vector changed, 

hence suggesting there is also a dynamic eccentricity in the machine. The forces were 

analysed and separated into static and dynamic. The average dynamic force was 30 N, 

and the dynamic eccentricity was found to be 1.7%. 

Table 6.3. UMP measurements due to changing rotor position. 

Angle of Movement [Degree] Fx [N] Fz[N] FT[N] Angle of FT [Degree] 

0 1.2 -54 54 -88.7 

90 -1.2 -93 93.8 82.6 

180 -36 -48 60 53.1 

270 -17 -9 19.2 27.9 

360 1.4 -52 52 -88.5 

 

It was assumed that the rotor was nominally centred when there was about 4 % 

eccentricity with an air-gap of 0.55 mm. Although, at 20 % eccentricity it was found to 

be 4 %, at 40 % eccentricity it was found to be about 30 % eccentricity. This is likely due 

to issues with setting the eccentricity accurately with high eccentricity. In Figure 6.17 

various curves are given. The measured and simulated values at 30 % eccentricity are 

shown to match. The UMP should increase in proportion to the voltage squared if 

saturation is ignored. In practice, the attenuation of UMP will occur with iron saturation. 
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6.9.2  Separating Torque and UMP in the Test Machine 

The torque can be obtained when the machine was tested with a locking bar (short-

circuited). It is extracted from measured forces when the rotor was locked against the 

stator bed. The locked rotor test produced a reasonable correlation and the torque value 

was found to be 5.1 Nm (measured) and 4 Nm (simulated) [48]. The test was performed 

with the line voltage and line current equal to 48 V and 11.1 A respectively. The locked-

rotor torque is not easy to predict, as any skew will increase the effective rotor resistance. 

A torque transducer is used to separate UMP and torque if the machine is running. 

6.9.3  Non-constant Eccentricity and the Net Force Direction 

Section 6.4 showed that the eccentricity can vary between the DE and NDE sides of the 

machine. In order to investigate the axial variation of the eccentricity in the test machine, 

the test was implemented with changing rotor positions at the DE and NDE to create 

unequal air-gap at each end. 

The rotor position was set so that the NDE was centred and the DE was at 40 % 

eccentricity as shown in Figure 6.19. This was then repeated so that the DE was centred 

and the NDE was at 40 % eccentricity. In the first case, the DE was found to have a higher 

force acting on it as illustrated in Figure 6.19. In the second case, the NDE was found to 

have a higher force acting on it. 

It can be concluded that the net force vector (shown as a green arrow in the above figure) 

is no longer in the axial centre of the machine since the eccentric end will experience a 

higher force than the centred end. Figure 6.20 shows the experimental results of the test 

under the open-circuit condition, indicating validation of this assumption. If the rotor was 

were closer to the bearings, the difference in the forces would be more notable [48]. The 
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rotor core of the test machine is 101 mm long but the bearings are about 220 mm away 

from the core. 

 

Figure 6.19. Axial variation of eccentricity and the direction of UMP. 

 

 

Figure 6.20. Axial variation of eccentricity. 
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6.9.4  Variation of UMP with Eccentricity for the Test Machine 

The UMP was measured for a variety of eccentricities, with rotor displacement in the 

horizontal direction. In the case of an eccentric rotor, a steady pull was directed towards 

the point of narrowest air-gap. The variation of UMP with eccentricity at line voltage of 

200 V is shown in Figure 6.21 when there rotor was open circuit. The agreement between 

the calculated results from the impedance matrix method and the measured results shows 

high consistency. A slight divergence appeared due to the difficulty in the exact 

repositioning the rotor at the given set of eccentricities. 

 

Figure 6.21. Variation of measured and predicted UMP with eccentricity degrees for the open-circuit test 

with 200 V. 
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6.9.5  Induced Voltages in the Simple Search Coils 

The machine was modified to include simple pole-specific search windings as mentioned 

earlier. Initially, the 6-pole search winding was inserted. 

The results appear in Figure 6.22 and Figure 6.23, and are visibly almost linear. The open-

circuit (running light) and short circuit (locked rotor) results have different values. The 

degrees of eccentricity are not precise as presented above and there is a degree of 

eccentricity variation down the axial length of the machine. The results match reasonably 

well given the approximate nature of the eccentricity measurements. These findings 

clearly contribute to the validation of the search coils method. 

 

Figure 6.22. Induced 6-pole search winding voltages with a variation of eccentricity, illustrating the 

predicted and measured values. 
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Figure 6.23. Variation of measured UMP with 6-pole induced voltages for the open-circuit test at 200 V.  

 

The machine was dismantled and two 2-pole search windings were inserted in quadrature 

axes (d and q). The 2-pole and 6-pole search winding voltages are represented in Figure 

6.24 for the open-circuit (running light) and the approximate linearity is clear. These were 

the initial results before designing the functional coils. For testing the theory developed 

in Section 6.8, the induced voltages in the windings were calculated for a given phase 

current and eccentricity. It is clear in the figure that 20% eccentricity represents 

approximately 15% since the test machine initially has approximately 4 % eccentricity. 

Again, there is a linear characteristic, although the eccentricity was seen to be less in these 

tests. The short circuit test was done at 50 V and, if linearity is assumed, these results 

should be four times less. However, an induction machine demagnetises as it is loaded, 

so the results are lower. If these windings are suitably robust with sufficient turns and 

conductor current carrying capacity, they can be used to control the UMP (hence the later 

rewinding). 
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Figure 6.24. Induced voltages with a variation of eccentricity with 2 and 6 pole search windings for open 

circuit operation. 

 

6.9.6  Induced Voltages in the Functional Search Coils 

The stator was then rewound with the same 4-pole 3-phase winding and new six and two 

pole search windings were inserted as discussed in Section 6.8.3. The new six and two 

pole search windings were designed with more turns and they have two phases. These 

two phases are laid in two electrical axes with 90-degrees between them (in quadrature). 

The windings were then correctly placed in the slots with suitable wedging.  

The induced voltages are illustrated in Figure 6.25 for the open circuit operation and the 

locked rotor test. It again shows approximate linearity. The voltages induced into the 2-

pole and 6-pole coils are almost identical and this can be accounted for by addressing the 

total turns and flux linkage per pole using (6.16) and (6.17). These equations show that 

the peak flux densities of the 2-pole and 6-pole flux waves and the frequencies are the 
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same. The total turns per phase for the 6-pole winding is 528 with a peak flux of Φ6 such 

that the flux linkage is 528Φ6. Therefore, the flux linkages per pole for the two and six-

pole flux waves are approximately Φ2 = 3Φ6. The total turns per phase for the two-pole 

winding is 180 so that the flux linkage is 180 Φ2 = 540 Φ6. Hence, with the same 

frequency, the induced open-circuit search winding voltages are almost equal. 

 

Figure 6.25. Induced voltages in the functional coils with a variation of eccentricity. Open circuit rotor 

test and locked rotor test were run at (200V, 1.0A) and (50V, 3.50A) respectively. 

 

Figure 6.26 and Figure 6.27 show the calculated and measured induced voltages in the 2-

pole and 6-pole windings with a variation of eccentricity and UMP. The voltages are now 

much higher than induced voltages in the first simple search coil arrangements due to the 

increased number of turns. The voltages are close and the differences are due to the 

variation between the nominal eccentricity setting and the actual setting. The 5 % 

eccentricity setting is probably close to 10 %, and the 40 % eccentricity setting is probably 

close to 35 % eccentricity. The two-pole winding is measuring a lower voltage because 

the machine is designed as a four-pole machine so the stator yoke is narrower than an 

equivalent two-pole machine; hence, there would be some finite MMF drop around the 

core-back and a lowering of the two-pole flux. However, the results appear reasonable. 
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Figure 6.26. Calculated and measured voltages in the search windings with a variation of eccentricity with 

an open-circuit rotor. 

 

Figure 6.27. Variation of measured UMP with induced search windings voltages. 

 



Chapter 6: Study of Wound Rotor Induction Machines Including Air-gap Eccentricity Fault 

 

 

CONDITION MONITORING OF WOUND-ROTOR INDUCTION MACHINES 170 

 

6.9.7  Investigation on Non-constant Eccentricity  

In order to investigate non-constant eccentricity, the rotor was moved again to record the 

induced voltages in the 2-pole and 6-pole windings and the variation in the UMP values. 

The rotor was nominally centred and then moved one end at a time starting with 40 % 

eccentricity at the DE (case 1 in Figure 6.28). The rotor was moved in the horizontal plane 

in opposite directions at each end. These movements were simplified in Figure 6.28 and 

the positions shown in cases 1 to 6 which led to a non-uniform eccentricity. The average 

UMPs, due to the same degree of eccentricity applied in the one end, are almost equal as 

illustrated in Figure 6.29, which demonstrates the accuracy of the measurements. Figure 

6.30 shows the motor end movements and the eccentricity. It shows that the 

electromagnetic forces are different in both ends. However, there is also some low-level 

residual vertical eccentricity. Investigation of non-constant eccentricity plays a vital role 

in the evaluation of UMP. It will be shown in the next section how effective it is in 

reducing the average UMP in the machine. Generally, the UMP and search coil voltages 

(simple search coils) decrease with average eccentricity as shown in Figure 6.31. The 6-

pole search coil winding voltage is much less than the 2-pole winding, as previously 

stated.  
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Figure 6.28. Variation of the rotor in stator bore and the illustration of 6 cases of movement strategies. 
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Figure 6.29. Average unbalanced magnetic pull due to rotor end movement with variation of eccentricity. 

 

 

Figure 6.30. Unbalanced magnetic pull due to rotor end movement with variation of eccentricity. 
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Figure 6.31. Search coil voltages with motor end movement. 

 

6.9.8  Production of Effective Damper Windings 

In this part of the project, some tests were done to evaluate the damping of UMP using 

the search coils. The functional search windings are now short-circuited to produce 

effective damper windings. The measured and calculated damper currents are illustrated 

in Figure 6.32 and appear close given the issues with setting the degree of eccentricity. 

The search winding currents increase rapidly with the eccentricity degree because of the 

related changes in flux density distribution around the air-gap. These are also matching 

between the predicted and measured values. 
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Figure 6.32. Calculated and measured currents in the functional search windings with variation of 

eccentricity. 

 

The UMP characteristics are presented in Figure 6.33; these show the UMP results with 

the search coils winding open-circuited so there is no damping current. These results are 

compared with the UMP results with the winding short-circuited. The damper windings 

significantly damp the UMP at the synchronous speed, but the effect is much reduced 

when the rotor is locked. This is because as the slip increases the machine demagnetises 

and the fundamental stator and rotor MMFs cancel each other. However, the winding 

harmonics begin to influence the UMP. This was also discussed in [47] and [131, 135]. 

The damping effect of the 2-pole and 6-pole windings occurs within the fundamental flux 

wave, so it is to be expected that the UMP damping is much lower under locked rotor 

conditions. A doubly-fed induction generator (DFIG) operates at between about s = 0.25 

and s = -0.25 [27] under controlled stator and rotor currents so that the damping windings 

will be effective under these conditions. 
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The matrices in (6.38) and (6.41) were used to calculate the UMP, as shown in Figure 

6.34. The measured and calculated values of the UMP are close and the differences are 

due to the variation between the nominal eccentricity setting and actual setting as 

explained earlier. The reduction in measured values of the UMP is less than the predicted 

values for the same reason. 

 

Figure 6.33. Variation of measured UMP with eccentricity variation in the open circuit test and locked 

rotor test. 
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Figure 6.34. Comparison of calculated and measured UMP with a variation of eccentricity, and 

comparison of calculated and measured UMP with and without damping effect. The test was done with 

open-circuit operation. 

 

6.9.9    Copper Losses in the Damper Windings 

A comparison between the measured and calculated search coil losses was made, when 

the coils were short-circuited, as shown in Figure 6.35. The loss in the 6-pole winding 

was more than that in the 2-pole since it has higher resistance than the 2-pole winding. 

Obviously, the losses increase with increasing eccentricity. The difference between 

measured and calculated losses is due to the difference between the measured and 

calculated currents as shown in Figure 6.32. It can be illustrated that the current that 

generates the search winding copper losses could be used in the detection of eccentricity 

failure. The level of losses is low (30 W, measured at 40 % eccentricity maximum) since 

they are not involved in electromechanical energy conversion. This can be accommodated 

in the design of the cooling system. When manufacturing a machine, additional slot space 
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can be taken into account during the design process. The amount of space required for the 

damper windings is relatively low (4% - 8% of total space). 

 

Figure 6.35. Calculated and measured copper losses in the functional search winding with a variation of 

eccentricity. 

 

6.9.10 The Vibration Measurements 

In order to evaluate the effectiveness of the auxiliary winding method, the following test 

was performed. A set of vibration sensors were used to measure the vibrations due to the 

eccentricity failure. The vibration signals were recorded by installing an accelerometer 

on the top of the drive end bearing in the radial direction, and another accelerometer in 

the middle of the machine in the axial direction as shown in Figure 6.36. 

The vibration was sensed on the stator frame and on the bearing housing in open-circuit 

operation and the machine had 40 % eccentricity. The vibration spectra are presented in 

Figure 6.37. The results again show that the amplitude of the principal harmonic in the 
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motor was reduced after shorting the additional windings. The black circles in the figure 

highlight the reduction in amplitude. These agree with the measured bearing forces. 

 

Figure 6.36. Vibration monitoring sensors position. 

 

 

Figure 6.37. Stator frame vibration zoom spectrum for a uniform air-gap, and 40% static eccentricity. 
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6.9.11  Investigation of Injecting a DC Current in the Auxiliary 

Windings 

In this test, injection of a DC current in the 2-pole and 6-pole search coils was undertaken 

in order to note the UMP as in Figure 6.38. The search windings were supplied with 0.5A 

current and an attempt was made to note the drop in UMP. The DC current produces static 

flux waves in the machine. The stator winding produces a 4-pole flux wave. The 2-pole 

and 6-pole windings will clearly generate 2- and 6-pole flux waves. These do not move. 

In the absence of eccentricity, the UMP would be proportional to the main current and to 

the search winding currents.  

At the beginning, the test was done using the original inserted search coils and this 

showed a marginal change in the UMP, while the expected results were much greater. 

This mismatch was due to the too low MMF to result in an effective UMP. To produce a 

steady pull, the 2-pole and 6-pole windings need to have many more turns to carry higher 

loads and hence to be effective. 

 

Figure 6.38. Illustration of the test where a DC current is input in the 2- and 6-pole search coils. 

 

This test was done again using search windings inserted during the rewinding of the stator 

and the results are shown in Figure 6.39. Obviously, the UMP is proportional to the search 
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winding currents. Therefore, these windings can be used to inject current to adjust and 

damp the UMP in induction machines. 

 

Figure 6.39. Variation of measured UMP with induction of a DC current in the 2-pole and 6-pole search 

coils. 

 

6.10  Chapter Summary  

This chapter has developed the theory for calculating EMFs induced into pole-specific 

search coils inserted in a 4-pole wound-rotor induction machine. Impedance matrices 

were also developed for both condition monitoring and UMP calculation. A test rig was 

constructed that could measure the search coil voltages and set the rotor in a non-centred 

manner. A 4-pole wound rotor induction motor was adapted to include pole-specific 

windings with 2- and 6-poles and it was illustrated that monitoring the voltage in these 

can be used to assess the rotor eccentricity. A method of incorporating damper windings 

in order to reduce the UMP, and hence bearing wear has been assessed. It was discussed 

in Section 6.2 that wound rotor induction machines experience higher levels of UMP 
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compared to the cage rotor equivalent since the cage rotor effectively damps the UMP. 

Therefore, it is reasonable to assume rotor eccentricity issues and the associated wear and 

vibrations are higher in wound rotor machines.
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Chapter 7:  Conclusions and Suggestions for 

Further Work 

his chapter reviews and summarises the thesis with a general summary of the 

contributions in the previous chapters, and discussing significant and novel results 

as well as identifying the important areas for further research. 

7.1 Summary and Conclusions 

The review of the literature on wound-rotor induction machine faults produced a few 

models able to predict the behaviour of these machines in healthy and faulty conditions. 

In addition, the limitations of these approaches were not verified experimentally. 

Condition monitoring of induction machines has been a challenging task for the engineers 

and researchers although there are now several commercial systems available to the 

industry; they are mostly aimed at the monitoring of the cage-rotor induction machine.  

A literature review of existing condition monitoring methods was presented in Chapter 2. 

Their features and limitations were discussed.  The most common detection method is the 

stator current monitoring (MCSA), since the stator current is readily available in most 

applications. Focusing on eccentricity fault detection, the methods developed are couched 

in terms of cage induction machines, which may not be applicable to wound rotor 

machines as studied here. 

This thesis proposes a model that can accurately predict the behaviour of these machines 

in healthy and faulty conditions using the harmonic conductor density technique. The 

model proved very successful in expressing induction machine performance. A relatively 

simple, yet powerful model is proposed that can accurately analyse the behaviour of a 

WRIM or DFIG with rotor-wound faults. The model is based upon standard rotating air-

T 
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gap harmonic field theory, which highlights importance of the influence of the stator and 

rotor winding harmonics. The model is required to the build the impedance matrix that 

includes all the mutual and coupling impedances. The aim of the method here is to 

diagnose and detect unbalanced rotor-phase impedances and rotor eccentricity on a four-

pole wound rotor. 

The work presented here is divided into three main parts: construction of the impedance 

matrix, development of this matrix to incorporate unbalanced rotor-phase impedances, 

and development of this matrix again to incorporate rotor eccentricity. The accuracy 

demonstrated through the experimental test suggests that the impedance matrix method 

is a powerful tool for wound-rotor induction machine fault detection. 

It can be concluded that the variations in the amplitudes of stator current components in 

the induction machine are used in this project to detect rotor faults, such as unbalanced 

rotor-phase impedances. The transient and steady-state operation of the induction 

machine with asymmetrical external rotor resistances has been simulated. The steady state 

performance of the wound rotor machine has been investigated by means of an equivalent 

circuit, including rotor asymmetries. The project also involved programming all forms of 

the matrices in the MATLAB environment to carry out the mathematical analysis. It was 

concluded that it is possible to use stator current components for detection purposes in 

the large-scale induction machine. For detection purposes, there is a difficulty using these 

current components in very small induction machines, as the backward components have 

a small amplitude compared to the main stator current component. Over different speeds, 

the amplitude of these components is only around 6 % of the mains stator current. As 

expected, an unbalanced rotor leads to an increase in oscillating torque, thus a loss of 

steady-state torque. 
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The accuracy demonstrated through the experimental test suggests that the impedance 

matrix method is a powerful tool for air-gap eccentricity fault detection. Futhermore, this 

method can reduce the UMP in the induction machine when search windings are inserted. 

UMP calculation can be complex. Here, the UMP calculation process is simplified and 

discussed with a direct example. 

A 4-pole wound rotor induction motor was adapted to include pole-specific windings with 

2 and 6 poles and it was illustrated that monitoring the induced voltage in these can be 

used to assess the rotor eccentricity. Once again, it is not easy to obtain the induced 

voltages using hand calculations, so it is reasonable to use MATLAB for calculations. 

The project investigated the UMP when only one end of the machine was misaligned (e.g. 

incorrect fitting of one bearing or end-cap), which is called non-constant eccentricity. It 

was concluded that the net force vector is no longer in the axial centre of the machine 

since the eccentric end will experience a higher force than the centred end. 

The practical applicability of this research mainly rests within the domain of large 

machines with low critical speeds which can be inaccessible, for example, the doubly-fed 

induction generator (DFIG) as used in many wind turbine generators. Faults in cage rotor 

induction machines have been studied by both the IEEE and Electrical Power Research 

Institute (EPRI) since they are by far the most common form of induction machine. Rotor 

eccentricity is one common mechanical fault reported earlier in the literature review. It 

can be concluded that the wound rotor induction machine will eliminate faults concerned 

with the cage structure but include faults related to the slip rings and rotor windings. It 

was discussed in Chapter 6 that wound rotor induction machines experience higher levels 

of UMP compared with the cage rotor equivalents, since the cage rotor effectively damps 

the UMP. Therefore, it is reasonable to assume rotor eccentricity issues and the associated 
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wear and vibrations are generally  higher in wound rotor machines. Wind turbines are a 

relatively new application and their size has increased rapidly in recent years.  

7.2 Further Work 

One of the interesting extensions of the project would be to combine the vibration analysis 

introduced in Section 6.10.11 with flux distubtion analysis in order to evaluate the 

reduction in the vibration due to the search coils currents. 

A further development would be to investigate mixed UMP in the matrix. Static and 

dynamic conditions can exist together in a real application, and the eccentricity is not 

necessarily constant down the bore. However, to diagnose mixed eccentricity, it is 

necessary to concentrate on monitoring voltage harmonics. Voltage harmonics are larger 

than current harmonics, so detection is more sensitive and reliable. 

The electromagnetic forces between the stator and the rotor vary quickly. Certain aspects 

of an induction machine such as magnetic saturation, skew effect, the effect of slots, and 

uneven distribution of field are difficult to incorporate in the calculation although not 

impossible. However, more experiments need to be carried out to further evaluate the 

reliability and sensitivity with very small degrees of air gap eccentricity, machine size, 

load types, and installations. In the case of very small degrees of eccentricity and a small 

machine, any detection scheme may fail because of insignificant fault harmonics. Hence 

it is important to address these issues experimentally. 

More experimental testing and evaluation under real conditions are required for the 

reliable condition monitoring. There is a strong need to undertake research in the area of 

eccentricity detection of closed-loop drive-fed motors. It is important also to compare 
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how the UMP is affected by the parallel paths in the stator side and the parallel paths in 

the rotor side. 



 

 

 

CONDITION MONITORING OF WOUND-ROTOR INDUCTION MACHINES 187 

 

APPENDICES 

Appendix A: Internet Multimedia 

The below URL contains:  

A.1 Thesis Softcopy 

A.2 Thesis Figures 

A.3 Lab Videos and Photos 

 

URL: https://sites.google.com/view/ahmadsalah/thesis  

 

 

   

https://sites.google.com/view/ahmadsalah/thesis
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Appendix B : Rotor Skew 

Induction machines can have rotor or stator slots that are skewed with respect to one 

another. Therefore, there is a need to include this in the analysis. Considering Figure B.1, 

the axial centre is described by x = 0, and the skewing factor ksk can be expressed as 

 
sin( / )

/

m R
sk

m R

np b D
k

np b D
  (B.1) 

 

Figure B.1. Rotor surface with skewed slot. 

 

where b is the circumferential displacement of the one end of the slot from the un-skewed 

position, and Dr is rotor diameter. Therefore, the rotor skew can be incorporated into the 

harmonic conductor density method easily.
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Appendix C: Machine Specifications 

In this project, a three-phase, four-pole induction machine is investigated. The basic 

machine specifications are listed in Table D.1; some data were obtained from simulating 

the machine in SPEED software [34]. The geometry of the machine is set to 48 stator 

slots, 72 rotor slots, and 4 poles. The stator core winding diagram is shown in different 

styles in Figure D.1 and Figure D.2.  

The pole pitch (τ) measured in slot which is τ = Ns/2pm = 48/4 = 12. The coil throw (span) 

y was reduced such that y = 11τ/12. The double layer winding was applied, and the total 

number of coils is equal to the number of slots. So the number of the coils is 48, and coils 

per phase are equal to 48/3 = 16. There are 16 slots occupied by one phase in each layer, 

8 with inward and 8 with outward current directions. In each layer, each phase produces 

four poles in this case. The second layer was displaced to the left by τ – y = 12 – 11 = 1 

slot with respect to the first layer. 

Pole-specific search coils (2-pole and 6-pole windings) are shown in Figure  D.3, Figure  

D.4 and Figure  D.5. In the case of 6-pole winding, the number of slots per pole is equal 

to 48/6 = 8, and there are 4 coil groups per phase. A single layer winding was used. The 

number of turns per coil is 44. The windings were concentric with 12 coils per phase, and 

the total number of coils for both phases is 24. The two series windings in quadrature for 

each pole set (i.e., 2 phases α, β) were considered. 

In the case of 2-pole winding, the number of slots per pole equal to 48/2 = 24. The number 

of coils per phase is 12 with 15 turns. The single layer (one coil-side per slot) was used, 

so the number of slots per phase band is 12. The number of coils is 24. The diameter of 

wire is 0.5 mm. 
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Table C.1. Test machine specification. 

Name plate details 

Power [HP] 10  (or 7.46 kW) 

Speed [rpm] 1420 

Frequency [Hz] 50 

Stator voltage [V] 400/440 Delta 

Stator rated current [A] 13 

Rotor voltage [V] 200 

Rated rotor current [A] 22 

Number of poles 4 

Measured geometry [mm] 

Axial length of rotor core 103.9 

Axial length of stator core 100.9 

Stator outer diameter 353 

Stator inner diameter 228.15 

Rotor outer diameter 226.42 

Shaft diameter 120 

Airgap length 0.5 

Stator slots 48 

Stator slot opening 3.9 

Turns per slot 34 in series 

Stator wire diameter 1.534 

Stator winding Double layer lap with 12 slot pitch 

Coils per pole per phase 4 

Stator slot depth 26.82 

Stator tooth width 8.22 

Stator tooth tip depth 1 

Stator slot type Round bottom, parallel tooth 

Rotor slot number 72 

Rotor slot opening 3 

Rotor slot depth 22.5 

Rotor tooth tip depth 1 
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Rotor slot type Parallel slot, flat bottom 

Slot width 3.5 

Rotor wire diameter 1.9 mm from SPEED 

Turns per coil 17 in series 

Coils per phase 16 

Rotor connection Star through 3 slip rings 

Rotor inertia 0.1734 kg/m2 

Measured resistances [ohm] 

Rph stator (DC, temp) 2.1  

Rph rotor (DC, temp) 0.23  

Equivalent Circuit Parameters [ohm] 

Rr 3.01 

Xs 5.23 

Xr 3.37 

Xss(Xm) 198 

Rc 10k 
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Figure C.1. Double-layer winding, 4 poles, q =4, y/τ = 11/12, Ns = 48 slots, and a = 1 current path. 
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Figure C.2. Four pole main windings (Phase A only), blue wires located in the first layer, red wires 

located in the second layer, black wires illustrating the jumping to the next pole. 
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Figure C.3. Two pole search windings, phase α. 
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Figure C.4. Two pole search windings, phase β. 
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Figure C.5. Six pole search windings, phases α and β. 
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Appendix D: Induction Machine Equivalent Circuit Parameters 

The most common method is to determine induction motor parameters manually. Some 

parameters are obtained by testing machine under no-load and locked rotor conditions. 

D.1 Stator and Rotor Resistances 

In order to obtain stator and rotor winding resistances, voltage was applied across these 

windings. For the rotor, since the star connection point is usually inside the machine and 

not accessible. Voltages and currents were measured across two phases while the third 

phase was left open. By applying Kirchhoff voltage law, the windings resistances can be 

obtained.  

For stator resistance, if it is start connected:  

 
1.653

2 , 1.91 
0.434

s s

V
R R

I
      (D.1) 

For rotor resistance, which is invariably hard-wired as a star: 

 
0.1898

2 , 0.2312 
0.411

r rR R     (D.2) 

D.2 No load Test 

The no-load test gives information about exciting current and rotational losses. The test 

is performed by applying rated voltage on the stator windings. The small power required 

by the machine is due to core losses, friction and winding loses. The machine will rotate 

at almost synchronous speed, which makes the slip nearly zero. The magnetising 

resistance and core losses can be obtained from 
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D.3 Locked Rotor Test 

The locked rotor test is the same as short circuit test on a transformer and provides the 

information about leakage impedances and rotor resistance. The rotor is at stand still 

while low voltage is applied to stator windings to generate rated current. Since there is no 

rotation, the slip is one. The magnetisation reactance is much larger then leakage 

impedance, so the former can be ignored. Using this test Ls, and Lr can be determined 

from Xeq – with the inductances split equally. Hence 
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Appendix E : MATLAB/ Simulink Model of the Wound Rotor 

Induction Motor  

 

Figure E.1. MATLAB/simulink model of the three-phase wound rotor induction motor. 
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