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In industrial applications, especially in oil and gas plants, induction motors are being 

gradually replaced by high efficiency permanent magnet motors, called line start 

permanent magnet synchronous motors (LSPMSMs). LSPMSMs have significant 

advantages over induction motors, which are: higher torque and power density as well as 

higher efficiency and operational power factor. As the number of LSPMSMs used in 

different fields is increasing, the maintenance scheme for these motors becomes important. 

In practical applications, LSPMSM can experience different types of failures such as 

broken bars, eccentricity, demagnetization as well as stator windings abnormalities. From 

the literature, it has been reported that stator winding faults in other machines represent 

around 36% of motors faults. Such failures threaten the normal manufacturing, interrupt 

the normal operation, and hence result in a significant loss of revenue. An efficient fault 

detection technique can reduce the maintenance expenses by preventing the high cost 

failures and unplanned downtimes.  

Despite the importance of motors’ fault detection, at the moment there is no scientific 

manuscript on modeling and diagnosis tool of LSPMSMs under stator winding 

abnormalities. Accordingly, in this dissertation, novel mathematical and finite element-

based models for LSPMSMs under stator winding abnormalities (asymmetrical stator 
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windings and stator inter-turn fault) are developed and implemented. In addition, an 

experimental setup has been built for validating the developed models. The testing results 

of the mathematical models are in good agreement with the finite element models and 

experimental findings. The mathematical models are used to extract representative fault 

current features which are used in the development of a diagnosing tool for detecting the 

type and severity of stator winding abnormalities. Testing of the developed diagnosis tool 

shows a high accuracy of 96% in detecting the type and severity of stator winding 

abnormalities. Finally, the robustness of the proposed diagnostic tool against motor 

parameter variations has been investigated. It has been found that the abnormality 

detection accuracy decreases by no more than 3%. 
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 ملخص الرسالة

 
 

 لقمان سليمان فايز مراعبة :الاسم الكامل
 

التمثيل الرياضي والكشف عن الاخطاء في ملفات العضو الثابت للمحركات التزامنية المغناطيسية  :عنوان الرسالة
 حثية التشغيل

 
 الهندسة الكهربائية التخصص:

 
 2018ابريل   :تاريخ الدرجة العلمية

 

، وخاصة في محطات النفط والغاز ، يتم استبدال المحركات الحثية بشكل تدريجي في التطبيقات الصناعية 

 التشغيل حثيةمغناطيسية ذات كفاءة عالية ، تسمى محركات تزامنة مغناطيسية  تزامنية بمحركات

(LSPMSM). تتمتعLSPMSM)  ) بميزات هامة على المحركات الحثية ، وهي: عزم دوران أعلى و

المستخدمة في المجالات  LSPMSMs . مع ازدياد عددومعامل قدره اكبرعلى طاقة أكبر وكفاءة أ

   LSPMSMصبح مخطط صيانة هذه المحركات مهمًا. في التطبيقات العملية ، يمكن لأالمختلفة ، 

،  ور دوران العضو المتحركانحراف في محمثل القضبان  المكسورة ،  الاخطاءإختبار أنواع مختلفة من 

    .الثابتة وكذلك أخطاء العضو يسيطاالمغننقصان في 

. ٪ من اخطاء المحركات36الآلات تمثل حوالي  أخطاء العضو الثابت في أن تشير المراجع والابحاث 

عمليات تشغيل الآلات، وبالتالي تؤدي إلى نقص كبير  وقفمثل هذه الاخطاء تهدد عمليات التصنيع ، وت

عن طريق عمليات الصيانة ل يتقل منن يمك وجود تقنية فعالة في الكشف عن هذه الاخطاءلكن الدخل. ي ف

 .منع حدوث الاخطاء ذات التكلفة العالية وغير المخطط لها

علمية  ابحاث، في الوقت الراهن لا يوجد اي  المحركاتي ف الكشف عن الاخطاء على الرغم من أهمية

. وبناء على LSMPSMsلأخطاء الاعضاء الثابتة في محركات ال  علميةرياضية او بناء نماذج  لكشف

معتمدة على حقائق رياضية وعناصر محدودة  علميةنماذج  تم تطوير وبناءوفي هذه الاطروحة ، ذلك،

اثبات النماذج . بالإضافة إلى ذلك ، تم LSMPSMsللكشف عن اخطاء العضو الثابت في محركات 
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اضية متوافقة بشكل جيد مع نماذج العناصر نتائج اختبار النماذج الري .المطورة عمليا في مخبر الالات

لخلل المرتبطة باتم استخدام النماذج الرياضية لاستخلاص الخصائص يالمحدودة والنتائج التجريبية. 

العضو الثابت. ب االخطالتي تستخدم في تطوير أداة تشخيص للكشف عن نوع وشدة حالات والتمثيلي 

العضو  الخلل في٪ في اكتشاف نوع وشدة حالات 96تبلغ يظهر اختبار أداة التشخيص المتقدمة دقة عالية 

. لقد المحركمعاملات الثابت. وأخيرا ، تم التحقيق في قوة الأداة التشخيصية المقترحة ضد التغيرات في 

 ٪.3تقل بنسبة لا تزيد عن  لخللوجد أن دقة كشف ا
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1 CHAPTER 1 

INTRODUCTION 

1.1 Overview 

High efficiency motors are being gradually exerted in many industrial applications of 

developed countries because of their positive impact on the environment by reducing 

energy consumption and CO2 emission. The efficiency improvement of induction motors, 

which are the majority of the motors used in industry, is achieved through an optimal 

design of the motors. However, it is difficult to improve the induction motors efficiency 

significantly due to its inherent limitations. An alternative solution, which is of great 

interest, is to replace the induction motors with high efficiency permanent magnet (PM) 

motors. An important obstacle for ordinary PM motors is that these types of motor need 

inverter for starting. Needing an inverter is not economical for many single speed 

applications. To overcome this problem, the cage equipped PM motors; called Line Start 

Permanent Magnet Synchronous motors (LSPMSMs) have been introduced. An 

LSPMSM consists of a single or poly-phase stator as one of the induction motors and a 

hybrid rotor involving electricity conducting squirrel cage and pairs of permanent magnet 

poles. Line start permanent magnet synchronous motors (LSPMSMs) allow reaching 

super premium efficiency levels[1, 2].  
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In practical applications, electrical motors can experience different types of faults. In 

general, electrical motor failures can be categorized into electrical and mechanical faults. 

Motor faults/asymmetries can be also categorized into rotor and stator faults. The rotor 

faults are broken rotor bars, rotor eccentricity, breakage of end-rings, rotor bow and 

demagnetizing of permanent magnet. The stator faults include stator windings defects, 

stator core defects and stator frame defects. Mechanical faults include bearing damage 

and shaft defects. As the number of LSPMSMs used in different fields is increasing, 

presence of maintenance scheme based on fault detection for this type of motor becomes 

important and vital [3-8]. Early detection of irregularity in the motor with a proper fault 

diagnosis scheme will help to prevent high cost failures and hence reduces maintenance 

costs and more importantly prevents unscheduled downtimes that results in loss 

production and financial income.  

The use of LSPMSMs in industry is in its infancy and no efficient scheme exists for 

stator windings faults detection in LSPMSMs yet. In this dissertation, two novel 

mathematical models for LSPMSM under stator faults (Asymmetrical stator winding and 

stator inter-turn fault) have been developed. In the next step, an experimental set-up has 

been designed and constructed in addition to a finite element analysis models which will 

be used to validate the developed mathematical models. The verified developed models 

have been used to extract and classify the stator abnormalities-related features. Finally, an 

intelligent neural network-based stator abnormality detection tool for LSPMSMs has 

been developed. 
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1.2   Thesis Motivation 

Destruction in insulation material is one of the major causes for stator winding faults in 

LSPMSMs. The percentage of motors failures due to problems with the winding 

insulation is about 36%. It is very important to detect them in time, because they can lead 

to the total destruction of the motor. As such, it is important to develop a diagnosis tool 

that will predict the type and severity of such faults. The motivation of developing such a 

tool can be summarized in the following points:  

• Preventing catastrophic damage and reduces forced outage time by giving 

accurate information about the stator winding inter-turn fault.  

• Enabling efficient maintenance planning and reduce maintenance costs.  

• Improving the overall reliability of the electrical system. 

1.3 Dissertation Objectives 

This dissertation aims at developing mathematical models for LSPMSMs under stator 

windings abnormalities (stator inter-turns fault and asymmetrical stator windings). An 

experimental setup will be designed and assembled to generate different faulty activities 

that will help in extracting current and speed signatures. Finally, an intelligent fault 

detection algorithm for stator inter-turn fault will be developed. The dissertation 

objectives can be summarized as follows:  

1. Develop a mathematical model for LSPMSM under asymmetrical stator winding.  

2. Develop a mathematical model for LSPMSM under stator inter-turn fault.  

3. Implement the healthy and faulty LSPMSM using JMAG software.  

4. Design and assemble an experimental test rig of LSPMSM.  
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5. Identify the electric parameters for the tested LSPMSM. 

6. Collect different motor signatures from the test rig for healthy and faulty motor. Under 

different loading conditions.  

7. Build a data bank from the extracted fault-related features using suitable condition 

monitoring and signal processing techniques.  

8. Develop a neural network detection algorithm for detecting stator winding 

abnormalities in LSPMSM. 

   

1.4 Dissertation Methodology 

The aim of this dissertation is to develop and implement two mathematical models for 

LSPMSM under stator abnormalities. The developed mathematical models will be used 

to develop a diagnosing tool for detecting the type and severity of stator winding 

abnormalities. To do so, a comprehensive theoretical investigation, experimental as well 

as finite element simulation validations have been conducted. The phases required for the 

execution of the dissertation objectives are:  

 

1. Comprehensive Literature Review  

• Literature survey on construction aspects of LSPMSM, their operation principle, 

magnetic, steady-state and dynamic equivalent circuit.  

• Literature survey on LSPMSM failures, symptoms and possible causes.  

• Literature survey on condition monitoring and feature detection approaches.  
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• Literature survey on heuristic methods, feature selection and classification 

algorithm.  

2. Modeling and Simulation  

• Developing the mathematical model of LSPMSM under asymmetrical stator 

winding and stator inter-turn fault, and implementing the developed model using 

MATLAB/SIMULIK.  

• Use the finite element-based software (JMAGTM) for implementing the 

LSPMSMs under asymmetrical stator winding and stator inter-turn fault.  

• Simulating the implemented models for healthy and faulty condition as well as 

comparing the results of the two models.  

3. Building the experimental set-up  

• Literature survey to find technical specifications of the components and 

equipment’s required for experimental set-up including data acquisition system.  

• Implementation of the experimental set-up.  

• Extracting required motor’s parameters by conducting different experimental 

tests.  

• Run the motor under healthy case as well as the stator inter-turn fault.  

4. Data collection  
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• Collect experimental and simulation data from healthy LSPMSM under different 

loading conditions.  

• Collect experimental and simulation data from LSPMSM under different stator 

inter-turn faults conditions and different loading levels.  

• Collect simulation data from LSPMSM under different asymmetrical stator 

winding conditions and different loading levels. 

5. Building a data bank of faults representative features.  

• Analyzing the mathematical models collected motor data for the healthy and 

faulty conditions to extract representative features.  

6. Fault detection algorithm design  

• Designing a neural network algorithm for stator winding abnormalities detection 

in LSPMSM.  

• Validating the proposed algorithm under unseen faults cases.  

 

1.5 Findings and Contributions 

The main contribution of this dissertation is the development of two novel mathematical 

models for LSPMSM under stator winding abnormalities. Moreover, proposing a new 

efficient neural network tool for online detection of stator winding abnormalities location 

and severity.  
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The specific dissertation contributions are: 

• A novel mathematical model for LSPMSM under asymmetrical stator winding has 

been developed.  

• A novel mathematical model for LSPMSM under stator inter-turn fault has been 

developed. 

• A two accurate finite element models for LSPMSM under asymmetrical stator 

winding and stator inter-turn fault have been developed using JMAGTM software. 

• A comprehensive parameters identification for LSPMSM has been done. 

• A laboratory experimental set-up has been implemented. 

• A neural network based diagnostic tool for detecting stator abnormalities has been 

developed.  

 

1.6 Dissertation Organization 

 Besides the introduction, the dissertation contains seven chapters as follows: the 

second chapter presents a comprehensive literature review about construction aspects of 

LSPMSM, their operation principle, magnetic, steady-state and dynamic equivalent 

circuit. LSPMSM failures, symptoms and possible causes. Heuristic methods, feature 

selection and classification algorithms.  The development of the mathematical and finite 

element models for both asymmetrical stator winding and stator inter-turn fault is 

presented in chapter three. A comprehensive parameter measurement for the used 

LSPMSM is presented in chapter 4. Chapter five presents the testing, validation for the 
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developed models. Chapter 6 presents the proposed neural network diagnostic tool for 

detecting the severity of stator winding abnormalities as well as testing results. Finally, 

conclusions and suggestion for future work are pointed out in chapter seven. 
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2 CHAPTER 2 

LITERATURE REVIEW 

2.1 Overview 

 

Three phase induction motors and permanent magnet synchronous motors are widely 

used in the industry. Induction motors alone consume around 45% of the generated power 

capacity in an industrialized country [9]. However, they suffer from low power factor, 

relatively low operational efficiency and are larger in size compared with PMSM [10]. 

On the other hand, PMSM has higher operational efficiency compared with induction 

motor, particularly at small rated power range, since there is no current induced in the 

rotor (no field power losses). In addition, because the power losses of the PMSM are 

almost concentrated in the stator, as a result, the generated heat in the motor is easy to be 

dissipated. Additionally, PMSMs have a robust rotor construction, higher power density 

and lower rotor inertia. Unfortunately, they lack the starting capability of the induction 

motors. To overcome the challenges associated with these motors, researchers have been 

investigating and developing the LSPMSM since 1980s [11]. LSPMSM is a hybrid motor 

of induction and PMSM types, which has stator similar to that of an induction motor and 

rotor with both squirrel cage and permanent magnets. LSPMSM operates in two modes; 

asynchronous mode (at starting) during which the machine runs as an induction motor, 

and synchronous mode (at steady state) in which the motor runs at a synchronous speed 
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[12]. Therefore, LSPMSM has the starting capability of the induction motor, with high 

operational efficiency and power factor as the PMSMs.  

In this chapter, a literature review of the construction aspects of LSPMSMs, their 

operating principle, dynamic equivalent circuit, steady state equivalent circuit, different 

rotor structures, general motor failures, motor failures in LSPMSM, causes of motor 

failures, overview about modelling of faults in motor, ways of fault modelling in motors, 

motors faults indicators together with the symptoms, fault analysis and feature extraction 

techniques, fault diagnosis as well as prognosis techniques are presented.  

 

2.2 Line Start Permanent Magnet Synchronous Motors (LSPMSMs)  

 

The LSPMSM can be considered as a combination of a permanent magnet synchronous 

motor and an induction motor. It consists of three-phase winding on the stator as well as a 

hybrid rotor. The rotor is composed of two main parts; the squirrel cage and a permanent 

magnet as shown in Figure 2.1. In steady state operation, the LSPMSM differs somehow 

from the operation of other permanent magnet synchronous motors, whereby the rotor 

squirrel cage acts as a damper. At start-up, the LSPMSM is accelerated due to the 

asynchronous torque (cage torque) like an induction motor. However, it suffers from the 

braking torque due to the currents induced by the magnets (magnet opponent torque). On 

the other hand, at steady state, the motor runs due to synchronous torque and reluctance 

torque. Furthermore, the magnetic saliency, which can be quite significant, negatively 

affects the induction motor properties of the LSPMSM. Both effects reduce the motor 

starting capabilities [11, 13-15]. Figure 2.1 shows an interior-mount LSPMSM. 
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Figure 2.1 1 hp interior-mount LSPMSM 

In [10], the LSPMSM has been fabricated from a small industrial induction motor with 

minimum time and cost. In addition, 2D finite element models have been developed to 

investigate the steady state and transient performance of the developed prototype motor.  

An experimental validation has been made for the developed model with results indicating  

good agreement between simulation and experimental tests. Isfahani et al.[16], developed 

a two axis (q-d) mathematical model for a healthy three-phase LSPMSM and implemented 

it using MATLAB/SIMULINK. Researchers can easily use the developed model to 

investigate the two modes of operation for the LSPMSM, i.e. the start-up mode and 

synchronous mode. The developed model was validated by the results of an experimental 

study. In [17] a detailed magnetic electric circuit for LSPMSM has been developed. with a 

design procedure for LSPMSM proposed and validated by designing a motor with high 

operation performance.  Xiaozhuo et al. [18] studied the effect of changing the supply 

voltage on the performance of the LSPMSM, such as the starting current, electromagnetic 

torque and speed. The study was conducted using MATLAB/SIMULINK and verified 
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experimentally. Results demonstrated that by increasing the supply voltage, the motor 

draws less armature current at starting, but produces more torque. In [19], it is  stated that 

the time to reach synchronous speed decreases as the supply voltage and the rotor 

resistance increase. In [20],  an investigation of the LSPMSM synchronization capability 

with low motor saliency and high cage resistance has been conducted. It is noted that 

having a high rotor resistance improves the starting capability of the motor, but the 

synchronization capability weakens because it occurs at high slip. It was also found that 

using a permanent magnet with a low volume improves the motor synchronization 

capability. The synchronization capability of interior mount LSPMSM has been examined 

whereby a model for the machine and a maximum load criteria have been developed based 

on a Lyapunov function to investigate the effect of the electrical parameters on the 

synchronization capability [21]. Results show that simulation and experimental results are 

in good agreement.  

 In [22], the effect of having asymmetrical squirrel cage in LSPMSM on the developed 

torque has been investigated. A 2D finite element model for the motor has been used 

where the results reveal that both the synchronization and asynchronization torque 

increase by having an asymmetrical squirrel cage. In [23] the magnetization characteristics 

of the LSPMSM have been studied and determined experimentally as well as numerically. 

The investigations have been carried out based on the proposed qd-axis theory. The results 

were validated using the dynamic and steady state analysis of the machine with and 

without considering the magnetizing characteristics to assess their effects on machine 

performance. Both experimental and numerical results are in good agreement.  
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LSPMSMs suffer from cogging torque (no-current torque). Cogging torque is an 

undesirable torque component arising from the interaction between the stator winding 

slots and the permanent magnets in the rotor. These interactions cause variation in the 

magnetic field energy during rotation thereby introducing the cogging torque. Cogging 

torque introduces ripples in the speed and torque, vibration, noise and weakens the torque 

of the motor [24-27]. 

Cogging torque is also caused by the air-gap permeance variation due to slotting effects: 

the rotor magnet is attracted to certain positions (magnetostatics effect) where the effective 

permeance is maximum [25].  In [25], two methods have been adopted to reduce cogging 

torque in a permanent magnetic synchronous motor. The first aim is to reduce the 

symmetry in machine flux by introducing asymmetry in the distribution of permanent 

magnets whereas the second target is to use the auxiliary slots to increase the cogging 

torque frequencies. Finite element analysis was done to investigate the proposed method 

in which the results show that the cogging torque was reduced by 85% .In [28], a method 

for reducing cogging torque in the  inset LSPMSM  is proposed. The proposed method is 

based on the permanent magnets shifting. In this study, an analytical model for the motor 

is developed, and verified by finite element analysis. Also, the results are validated 

experimentally and correspondingly show that the shifting of the permanent magnetics 

reduces effectively the cogging torque and torque ripple in the machine as well as keeping 

the fundamental component of the back EMF unchanged, while at the same time reducing 

the triple harmonic components in the back EMF. The ripple torque is another torque 

component that introduces ripples in the machine torque. It is produced due to non-
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sinusoidal distribution of magnetic flux in the air-gap. Therefore, having sinusoidal 

distribution of magnetic flux in the air gab will reduce the ripple torque [29]. 

2.2.1 Dynamic Model for Healthy LSPMSM 

 

The healthy model of the LSPMSM is well-known [16, 30-35]. The equations (2.1) to 

(2.10) represent the transient model for the LSPMSM. Equations (2.1) to (2.4) represent 

the stator and rotor voltage equations while (2.5) to (2.8) represent the flux-current 

relationship. Equations (2.9) to (2.10) represent the electromechanical system equations.  
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Where s

qv  and s

dv  are stator qd voltages; 'r

qv  and 'r

dv  are rotor qd voltages referred to the 

stator side; s

qi  and s

di  are stator qd currents; 'r

qi  and 'r

di  are rotor qd currents referred to the 

stator side; r  is the rotor speed; s

q  and s

d  are the stator qd linkage fluxes; 'r

q  and 'r

d  

are the rotor qd linkage fluxes referred to the stator side; '

m  is the flux of the permanent 

magnet referred to the stator side whereas '

lrqL and '

lrdL  are the rotor leakage inductances 

in q and d-axis referred to stator side respectively; lsL is the leakage stator inductance; 

mdL  and mqL are the mutual inductances in the d and q axis respectively. 

The electromagnetic torque of LSPMSM is expressed as; 

3

4

s s s s

em q d d q

P
T (i i ) = −                                      (2.9) 

The mechanical equation is also expressed as; 

( )( )
2

r em L damp

P
t T T T dt

J
 = + −                         (2.10) 

Where emT is the electromagnetic torque; LT is the load torque; dampT is the damping torque; 

J  is the motor inertial; r  is the rotor speed; and P is the pole’s number. Figure 2.2 

shows the equivalent circuit of the LSPMSM in d and q-axis. 
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Figure 2.2 LSPMSM Equivalent circuit: (a) d-axis equivalent circuit; (b) q-axis equivalent circuit 

 

2.2.2 Steady State Model for Healthy LSPMSM 

 

In a true steady state operation of LSPMSM, there are no currents induced in the rotor 

cage, and thus the rotor branches need not to be included, as shown in Figure 2.3. Figure 

2.3 shows a simplified equivalent circuit for a LSPMSM under steady state. 



17 

 

 

 Figure 2.3  Steady state d-q circuit diagram of LSPMSM (a) d-axis equivalent circuit (b) q-axis equivalent circuit 

From Figure 2.3 the steady state model for a LSPMSM is summarized in equations (2.11) 

to (2.14). 
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s s ' s '

q ls md d m d d m(L L )i L i  = + + = +                               (2.14) 

2.2.3 Basic LSPMSMs Construction Configurations 

Based on the literature, the stator and the windings of the LSPMSMs are the same as that 

of the induction motors of the same rating, while the rotors of both motor types differ in 

terms of their construction and configuration. In this section, both the stator and the rotor 

possible configurations for electric motors (especially LSPMSMs) are discussed. The 

stator winding in three-phase motors could be concentrated or distributed winding.  In the 

concentrated winding, the turns of a coil are wound together and connected in series, i.e. 

all the coil-turns of a phase have the same coil axis without overlapping with the coil-

turns of the other two phases. Conversely, in the distributed winding, the winding-turns 

are arranged in several fractional/ full pitch coils (overlapping). Thus, the coil-axis in a 

set of slots is different compared to the coil-axis in the adjacent set of slots [36]. Both the 

concentrated and distributed winding have certain characteristics. Since there is 

overlapping in distributed winding, the mutual inductance between the phases is higher 

than in concentrated windings. Furthermore, the magnetic flux in the airgap is more 

sinusoidal in distributed winding (harmonic component magnitude is smaller) than in 

concentrated winding, thus the torque ripples are smaller. In addition, heat dissipation in 

distributed winding is better than in concentrated since the number of conductors per slot 

in a concentrated winding is higher than in distributed winding. Besides, the copper 

losses in distributed winding motor is higher than in concentrated winding since the end 

coils in distributed winding are longer [37-39].  

Based on the literature, there are different rotor construction of the LSPMSM which is 

grouped into two types, based on the location of the permanent magnets in therotor; the 
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interior-mount LSPMSM and the surface-mount LSPMSM. In interior-mount LSPMSM, 

the permanent magnets are placed inside the rotor iron core as shown in Figure 2.4(a), 

while in surface-mount LSPMSM they are mounted on the surface of the rotor iron core 

as shown in Figure 2.4(b). In addition, the direct and quadrature inductance in surface 

mount LSPMSM are equal (no saliency) since the airgap reluctance in both d and q-axes 

are equal. on the other hand, the direct inductance is smaller than the quadrature 

inductance in interior-mount LSPMSM since the airgap reluctance in the d-axis is higher 

than in the q-axis, hence a saliency is introduced in the interior-mount LSPMSM [40, 41].  

 

 

Figure 2.4  LSPMSM cross section (a) interior- mount LSPMSM (b) surface-mount LSPMSM [29] 

Cosmas et al. [41] studied the transient and the steady state performance of LSPMSMs 

with the surface and interior rotor magnets. In the transient state, the loading capability, 

including the step and ramp loading as well as the synchronization capability were 

examined. In the steady state, the torque performance was analyzed for both motor 

constructions. It was found that an interior LSPMSM (ILSPMSM) attains synchronism 

faster than a surface-mount LSPMSM (SLSPMSM) type. Moreover, the ability of the 
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ILSPMSM to withstand the gradual change in the load was improved. Also, in the steady 

state, the electromechanical torque of the ILSPMSM was found to be better than with a 

SLSPMSM because it is enhanced by the reluctance torque. In [42], the performance of 

the ILSPMSM and SLSPMSM has been investigated and compared. For purposes of 

having a fair characteristics compassion between the two motors, the study has been done 

using the finite element analysis for two typical motors with magnets of the same 

dimensions and properties. Results indicated that the cogging torque developed in 

ILSPMSM is smaller than in ILSPMSM. Moreover, the efficiency of ILSPMSM is higher 

than that of SLSPMSM for the same loading conditions. Nevertheless, the loading 

capability of ILSPMSM in the transient state is better than for SLSPMSM. However, the 

SLSPMSM has a better synchronous loading capability at steady state under the same 

loading condition than that of ILSPMSM . Figure 2.5 shows the comparision between 

ILSPMSM and SLSPMSM. 

 

 

Figure 2.5 Performance comparison between two LSPMSM designs [42] 
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In the literature, the permanent magnets in ILSPMSM have different topologies, as 

shown in Figure 2.6. As observed, there are six different topology of magnet shapes. The 

LSPMSM with a specific rotor topology has certain characteristics such as efficiency, 

Power factor, starting torque and maximum torque. Figure 2.7 shows a comparison 

between the characteristics of LSPMSM with different rotor topologies [29]. 

 

 

Figure 2.6  LSPMSM rotor magnets configurations (a) Spoke (b) Series (radial flux rotor) (c) U-type (d) V-

type(e) W-type (f) Swastik   [29] 

 

Figure 2.7 Comparison between LSPMSMs with different rotor configurations [29] 
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2.3 Electric Motors Faults  

 

Due to the internal and external stresses acting on electric motors, they can experience 

several types of faults [43]. Internal stresses could be electrical, thermal, and mechanical 

while the external stresses are due to environmental conditions such as; high humidity, 

high temperature, corrosion, surrounding oil and dust. The faults in electric machines are 

classified into three main categories; electrical, mechanical and magnetic faults. These 

faults include; stator inter-turns fault, stator coil to coil fault, stator phase to phase fault, 

stator phase to ground fault, rotor inter-turns fault, broken bar, breakage of the end-rings, 

static and/or dynamic eccentricity, partial or uniform demagnetization of the permanent 

magnets, bearing fault, stator core defects,  stator frame defects and the shaft defects [44-

48]. Such failures affects the normal manufacturing processes and operation, consequently, 

resulting in a significant loss of revenue. In addition, some of these faults may decrease the 

performance, the reliability and the efficiency of the motors. Figure 2.8 summarizes the 

possible failures in electric motors.  

 In the industry, electric motors are installed in a large number. Therefore, the normal and 

reliable operation of electric motors is essential. However, the operation is always 

frustrated by the occurrences of various faults in the LSPMSM as mentioned above [49-

53]. The following subsection will discuss the types of faults in electric machine in 

general.  
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Figure 2.8. Fault types in electric motors 

 

2.3.1 Stator Faults 

 

The stator is the external group of coils which apply the electromagnetic force to the rotor 

and causes it to rotate. The main two parts of the stator are; the; core and windings. These 

parts are subjected to unavoidable stresses, whether mechanical or electrical. Bonnett and 

Soukup (1992) described these stresses well, and their contribution to premature failures 

[54, 55]. The stator windings consist of an insulated conductor, which is  usually made of 
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copper, in larger motors and aluminium in smaller motors. Most stator abnormalities 

occur in the winding end parts. , It is reported that the stator winding faults in induction 

machines represent around 36% of the motor faults [56, 57]. The main causes of stator 

winding faults are; inefficient cooling system, voltage stresses, over loading, the short 

circuit in the winding, chemical contamination and partial discharge in the winding. In 

most cases the stator winding faults start as turn to turn faults, inter-turns faults, coil to 

coil faults, phase to ground faults and phase to phase faults but finally results into motor 

failures. Therefore, it is crucial to design an effective tool for detecting such faults in the 

initial stage since these types of faults become worse with time if not addressed [54, 58-

61]. Figure 2.9 shows a stator inter-turn fault. 

 

Figure 2.9. Stator inter-turns fault [62] 
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On the other hand, the core of the stator is made of insulated thin steel laminations which 

are used to reduce the eddy currents. The core is also subjected to melting due to the high 

ground fault current, chemical and mechanical damage during rewinding, as well as due 

to the damage during machine inspection. However, the stator core faults happen rarely 

especially in large electric machine. The stator core faults represent around 1% of the 

machine faults [63, 64]. 

2.3.2 Eccentricity  

 

The machines are assembled from two main parts; the stationary part (stator) and the 

rotating part (rotor).  However, in normal machines both parts have the same centre axis, 

and the geometric centre of the stator is the same as the rotating centre of the rotor. 

Therefore, in the healthy case, the air gap is uniform (symmetric). Because of the 

inaccuracies in mechanical parts of the machine during manufacturing, incorrect bearing 

positioning or bearing wear and due to unavoidable stress in the machine, the rotor is 

sometimes displaced from its position, making the airgap to become asymmetric. This 

fault type is termed as eccentricity as depicted in Figure 2.10 [65-68]. Eccentricity is 

classified into three types; static, eccentricity and mixed eccentricity [69-72].  
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Figure 2.10. Rotor eccentricity [73] 

 In electric machine, an eccentricity faults are common, but the allowed percentage of 

eccentricity is between 5 to 10%. However, if the eccentricity percentage increases 

beyond these limits, there will be friction between the rotor and the stator (rotor will rub 

the stator), ultimately damaging the stator winding [55, 74]. According, several studies 

have been conducted on mathematical modeling of eccentricity faults in induction 

machines as well as on permanent magnet synchronous machines.  [55, 75-79].  

However, fewer studies are available on the LSPMSM. Mahdi et al. [52] investigated the 

effect of a static eccentricity fault on the performance of the LSPMSM in the 

synchronous period. The simulation of the faulty machine was done using finite element 

software 

2.3.3 Rotor Faults 

Both induction machines and LSPMSMs have a squirrel cage rotor. In general, the cage 

is composed of a number of bars joined together by two slip rings at both ends of the 
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bars. The bars of the cage and the end rings can be damaged and broken due to 

unavoidable stresses such as overheating and mechanical stresses etc, as well as due to 

inappropriate rotor design [80-83]. If a particular bar is broken, the nearby bars in the 

rotor will also be affected due to the generated stresses, progressively intensifying the 

fault.  Therefore, if the broken bar fault is detected early enough, the machine can be 

repaired and protected before the fault is extended [84]. Sasi et al. investigated the effect 

of having broken bars in the machine. It was observed that having the broken bars 

decreases the output torque of the machine. In addition, the stator current becomes 

asymmetric and the output torque will have a pulsating component [85]. In the literature, 

the broken bar and cracked end ring faults in an induction machine is a well-defined 

problem, with an extensive literature survey, mathematical modelling, and fault 

diagnostics carried out [86-89]. However, for the LSPMSM, limited studies have been 

done on these types of faults [90, 91].  Figure 2.11(a), (b) and (c)  show a healthy rotor, 

rotor with one broken bar and a rotor with three broken bars, respectively.  

 

Figure 2.11. Rotor of induction motor (a) healthy (b) one broken bar (c) three broken bars [45] 



28 

 

2.3.4 Permanent Magnets Faults 

Both permanent magnet synchronous motor (PMSM) and LSPMSM have permanent 

magnets on their rotors. In a steady state, the magnets generate the excitation torque in 

the machine. Under unavoidable stress such as an armature reaction, those magnets will 

be demagnetized. Demagnetization is defined as any reduction in the magnetic flux 

density of the magnet. Demagnetization occurs partially on the part of the magnets or 

uniformly on the full magnet area [46, 92-94].  The magnets could also be damaged due 

to imperfect production as shown in Figure 2.12 [65]. 

 

Figure 2.12. Permanent magnets damage [65] 

 Demagnetization of the permanent magnets occur when the machine is highly loaded, 

due to armature reaction, severe transient and high temperature variation [95-97]. 

However, permanent magnets are very sensitive to temperature variation. In [98], both 

the effect of temperature variation and armature reaction on the performance of 

LSPMSM have been investigated. The study was conducted using finite element analysis. 
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Under a demagnetization fault condition, the motor efficiency decreases due to the 

increase in the flux losses. Moreover, because of demagnetization, the generated 

electromotive force in the machine contains more harmonic components, which causes 

the motor to vibrate and heat up. In addition, the torque response of the machine also 

contains a pulsating torque [99]. 

As a conclusion, demagnetization of the rotor magnets has negative effects on the 

behavior of the LSPMSM and PMSM. Demagnetization of magnets result in the 

reduction of the residual magnetic flux density, which reduces the magnetic flux of the 

magnet and eventually reduces the motor torque [100]. The steady state stator current 

increases as the demagnetization increases to compensate for the reduction in the 

magnetic flux. It is also worthy to note that, deep demagnetization prevents the motor 

from reaching the synchronism. 

 

2.4 Electric Motors Modeling Under Faults  

 

In industry, a large number of electric motors are installed. Therefore, the normal and 

reliable operation of electric motors is essential. Any failure may result in a loss of 

revenue, as well as the motor being regarded as out-of-service (a lengthy service outage). 

Thus, the early detection of abnormalities in a motor may help to avoid the expensive 

breakdowns. An accurate modeling of motors is considered as the initial stage in the 

detection and clearance of motor abnormalities [48]. The modeling of electric motors 

under a fault also helps in investigating the behavior and performance of motors. Based 

on the literature, two approaches are used for modeling the motors under faults; the 
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analytical approach (electrical or magnetic circuit) and the finite element analysis (FEA) 

approach. Although the FEA approach performs well in determining the behavior and 

characteristics of a machine in detail by considering the nonlinear magnetic materials of 

the machine, it is time-consuming and an intensive computation process. On the other 

hand, magnetic circuit models require less computation time compared with FEA models. 

However, in magnetic circuit models (reluctance model), each individual slot in the 

machine has its own written differential equation. Therefore, these models are considered 

to be high order and too complicated for electric machine control design and it is difficult 

to model the airgap. Finally, electric equivalent circuit models, which use the principles 

of magnetic coupled circuit theory, electromechanical energy conversion and reference 

frame theory, have been proven to be simple and effective for analyzing the performances 

of electric motors under faults and for design purposes [17, 101-103]. 

In the literature, the modelling of induction motor and PMSMs under different types of 

faults are extensively investigated, while few studies available on LSPMSMs because 

their use is still  in infancy stage [56, 104-115].  Some research works have been carried 

out that propose the modelling of LSPMSM under fault. Abbas et al. [98] have modelled 

the LSPMSM using finite element analysis to investigate the performance and parameters 

sensitivity of the motor under temperature variation. In addition, the irreversible 

demagnetization due to armature reaction has been studied. In [46], the LSPMSM has 

been modelled using finite element analysis to examine the demagnetization of 

permanent magnets. Four different rotor configurations were suggested to save magnets 

from demagnetization where the effectiveness of the four configurations are compared. In  

[93], the effect of super synchronous faults on the magnets of LSPMSM has been 
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explored using finite element analysis. Mohammad et al. [53] proposed a new technique 

for detecting the broken bar faults in the LSPMSM, based on statistical analysis of the 

stator current envelopes in the transient state. The motor is implemented using ANSYS 

Maxwell® software, and analysed under four different load levels to investigate the effect 

of the load on the detection of the broken bars. The envelope of the stator current in the 

transient state is extracted using Hilbert Transform. A statistical analysis of the current 

envelope is done to the extract features such as the mean, energy, kurtosis, etc., which 

help in the detection of broken bars in a motor. In a nutshell, the effectiveness of this 

technique was proved because the bars of the motors carry significant current during the 

transient state. Mahdi et al. [52] investigated the effect of having static eccentricity fault 

on the performance of the LSPMSM during synchronous period. The simulation of the 

faulty machine was done using finite element software. The effect of the static 

eccentricity on the stator current harmonic components was studied. They found that the 

low frequency components of the stator current are good indicators for the motor under 

eccentricity fault, in that case, if the eccentricity is increased then the magnitude of these 

components increase. It is worthy to mention that in the literature no work has been done 

on the modeling of LSPMSM under stator inter-turn fault or asymmetric stator winding. 

Therefore, in the following subsection, a general introduction about the modeling of the 

stator faults in motors has been given. 

2.4.1 Modeling of Stator Inter-Turn Fault  

 

The stator inter-turn fault is the most common fault that occurs in electric motors. It is 

reported that 36% of induction motor faults are stator inter-turn faults [57, 116]. 
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Therefore, there is need to develop the mathematical model of the motors with inter-turn 

faults. Different models for different types of electric motors under stator inter-turn faults 

have been proposed [60, 117-121]. In [57], with a mathematical model of an induction 

motor  developed based on winding theory and simulated using MATLAB software. The 

simulation and experimental results show that the torque response under the stator inter-

turn fault has oscillations with a double supply frequency. In [122], an improved dynamic 

model of the induction motor under the inter-turn fault was developed and experimentally 

validated. The developed model was found to be useful for inter-turn detection. In [122], 

a modified torque equation under fault is presented, while in [57] the torque equation is 

not changed . Another mathematical model of a permanent magnet synchronous motor 

under the stator inter-turn fault was developed  [123]. The model considers the spatial 

harmonic in a machine, making it a novelty compared with other parametric models in 

the literature. Alternatively, a model of a PMSM under the inter-turn fault was developed 

to help in detecting the severity and the location of an inter-turn fault [58]. Likewise, a 

model of a  PMSM with the inter-turn fault was developed and validated using FEA 

[124]. Despite the importance of fault detection in LSPMSMs, currently, there is a 

limited research on the modeling and diagnosis of LSPMSMs under the stator inter-turn 

fault, as the use of this type of motor in industry is still in its infancy. Accordingly, the 

aim of this work is to develop and implement a novel mathematical model for LSPMSM 

under asymmetrical stator winding and stator inter-turn fault. 

 



33 

 

2.5 Faults Indicators  

 

Different kinds of signals are used as indicators for motor fault diagnosis. These 

indicators include; magnetic flux, vibration, stator current (negative and zero sequence or 

third harmonic component), zero sequence component of voltage, thermal image 

processing, instantaneous real power and reactive power, phase shift between stator and 

the supply voltage and acoustic noise [116, 125-134]. Besides, many researchers have 

used the instantaneous torque as a fault indicator in induction motors [129, 132, 135, 

136]. It is worth mentioning that there are differences in the instantaneous torque 

response under the broken bar and inter-turn faults [136]. In addition,  not only does the 

time response of torque at steady state is differ under two types of fault, but also the 

prominent frequency components during faults are not the same [129, 132]. These 

differences help to distinguish between the two types of fault. The motor current is one of 

the promising indicators for fault detection, since it is already available from motor 

control services without extra design or additional hardware [116, 125-134]. The current 

signal inherently contains valuable information about the machine performance and 

operating conditions [137].  Table 2.1 summarizes some of the researches where the 

stator current was used as an indicator for stator inter-turn fault and their effectiveness in 

detecting the fault size. 
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Table 2.1 Stator Current as a fault indicator [118] 

Reference Motor Type Current analysis  
Minimum fault severity 

% 

[138] Induction 
Positive and negative sequence components of 

stator current  
0.43% 

[139] PMSM Current harmonic components 4.17% 

[140] Induction Current envelope 0.42% 

[141] Induction Stator current-Multiple reference frames theory 2.04% 

[142] Induction Stator current-Wavelet transform Analysis 1.5% 

[143] PMSM Stator current-Wavelet transform Analysis 2.78% 

[144] PMSM 

Empirical mode decomposition (EMD) and 

Quadratic time–frequency (TF) analysis of stator 

current 

2.78% 

 

2.6 Analytical Tools for Electric Motor Faults Diagnosis and 

Prognosis  

 

Preventive maintenance is always desired compared to obligatory or corrective 

maintenance. A lot of research efforts are being done worldwide to develop incipient 

fault diagnostic techniques (before the actual occurrence of faults). The neural network is 

a tool that plays an important role in developing online and offline diagnostic tool for 

motors, generators, transmission lines, cable and transformer [145-148]. A mathematical 

model of an induction machine with stator inter-turn fault has been derived based on 

winding function theory [57]. The analysis of the developed model indicated that having 

inter-turn faults introduces asymmetry in stator three phase currents i.e. the negative and 

zero sequence components increase with increase of the number of shorted turns. In 
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addition, the pulsating torque at double supply frequency is also introduced. Accordingly, 

faults consequences can help in detecting the severity of the inter-turn faults. A 

mathematical model for an induction motor with stator inter-turn fault has been used for 

detecting faults when the motor is running [149]. The stator current was used for 

detecting such faults based on the magnitudes of a particular frequency components in its 

spectrum. Both experimental and simulation analysis indicated around 8% of the phase 

turns are shorted. It is found that no new frequency components are introduced in the 

stator current because of the faults occurrence, but there is a rise in some of the existing 

frequency components in the healthy motor current spectrum.  

A novel technique has been developed for online detection of the stator inter-turns fault 

in induction machine using infrared images [127].  It is revealed that the magnitude of the 

current in the faulty part of the stator winding is much higher than that of the rated 

current of the machine. This current generates excessive heat which is perceived by an 

infrared camera as a hot spot on the motor surface. The developed method is based on 

extracting several types of features from the captured infrared images, histogram-based 

features and structure based features, which help in detecting the severity and the location 

of inter-turn faults. Both experimental and simulation analysis indicated that 40% of the 

turns of one phase are shorted. It is also proved that the developed method is effective in 

detecting such faults. A fuzzy logic technique has also been implemented for detecting 

the status of having stator inter-turn fault in induction machine [150]. The implemented 

system used the magnitude of the input current for fault detection.  The used data in the 

construction of the system was collected from simulated FEM model of the motor with 
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different loading and shorted turns conditions. The disadvantage of this method is that it 

is difficult to identify the unbalanced supply as an inter-turn fault. 

To detect the location of inter-turn stator faults in the induction motors, a tool was 

developed by using feed forward neural network [151].  The neural network had three 

inputs and three outputs, with the inputs including the phase shifts between line currents 

and phase voltages of the machine, while each output represents the status of each stator 

phase (healthy or faulty). Two sets of data obtained from simulation and experiment were 

used in the development of two different neural networks. The data was collected under 

different cases of loading conditions and a number of shorted turns (up to 12.5%). The 

experimentally developed neural network was tested using the unseen motor with 

acceptable results.  However, the effect of having an unbalanced supply voltage fault was 

not been considered. Similarly as in, the neural network to discriminate between inter-

turn faults and unbalance supply voltage faults was also designed, with three inputs and 

four outputs [152]. The inputs comprise of the phase shifts between the line currents and 

the phase voltages of the machine while the first three outputs are the status of the stator 

phases (healthy or faulty) and the fourth output is the status of unbalanced supply 

voltages. The data for training and testing the neural network was acquired under 

different loading conditions, number of shorted turns (up to 20%) and unbalance supply 

conditions. The performance of the neural network is found to be accurate for fault 

diagnosis. However, the phase shifts between the line currents and the phase voltages are 

very sensitive to unbalance in supply voltages.  Thus, if the phase shift is considered as 

an indicator for inter-turn faults, it  is a difficult to detect the fault [128]. To overcome 

this problem,  a neural network with one extra input which is the magnitude of the 
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negative sequence component of the voltage is compared with previously reported one 

was put into consideration [128]. The data used for training and testing the designed 

neural network was generated by simulating the mathematical model under the same 

conditions. The validation of the proposed scheme experimentally confirms the accuracy 

and efficiency of the method. 

Two neural network topologies, multilayer perceptron artificial neural network (ANN) 

and radial basis function ANN have been designed for detecting the stator inter-turn 

faults under unbalanced supply voltages and different loading conditions [153]. The 

inputs to the neural networks are the mutual information between the motor input phase 

currents while the output is the status of having stator faults. Results showed that the 

accuracy of the implemented system was 93%-99%. In [116], both instantaneous active 

and reactive power spectrum were found to be good indicators for detecting stator inter-

turn faults as well as discriminating between the faults and unbalance supply. Moreover, 

the magnitude of the real and reactive power components at double supply frequency are 

directly proportional to the stator inter-turn faults severity [116]. 

 The optimal multilayer perceptron neural network has been designed for detecting two 

types of faults in an induction machine including the stator inter-turn faults and the 

dynamic eccentricity fault [154]. The inputs to the designed neural network are the set of 

statistical features such as the skewness, kurtosis, standard deviation, etc.. which are 

obtained using the input current of the machine. On the other hand, the four outputs are; 

the status of healthy motor, the status of inter-turn fault, the status of dynamic 

eccentricity fault and finally the status of having both faults. The results demonstrated 

good accuracy of the proposed method. In another development, a cascaded radial basis 
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function neural network is implemented for detecting the stator inter-turn faults and 

dynamic eccentricity fault in induction machine [155]. Correspondingly, an unsupervised 

neural network has been proposed for detecting the location of stator faults in the 

induction machine [156], with the Clark transformation components of the stator current 

as the inputs of the proposed network while the faulty location is utilized as the output. In 

[157], a feed forward neural network based tool  for detecting inter-turn fault in 

permanent magnet synchronous motor was proposed. The inputs to the proposed neural 

network are the first, third and fifth frequency components of the motor current while the 

neural network has 13 binary outputs where each output represent an inter-turn fault 

severity level. The training and testing data are collected under different loading 

conditions, speed and inter-turn severity combinations. Results show a success of the 

tested method for fault diagnosis. , Another neural network based diagnostic tool for 

detecting the location of inter-turn fault for induction motor has been developed [158]. 

The discrete wavelet transform has been used for extracting the representative features 

for the fault. The developed tool is effective in detecting the faults under different loading 

condition, according to the results. In [159], a tool for detecting the severity of the inter-

turn fault in PMSM is developed based neural network. In this study, the magnitude of 

the third harmonic component of the current is used as the input while the output is the 

inter-turn fault severity. In [160], a neural network based tool for detecting the inter-turn 

fault level in induction motor has been proposed which uses the sum of the absolute 

values of the difference in the peak values of the phase currents from each half cycle as 

the input while the output is the fault level. 
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In conclusion, many research works have been done for modelling and diagnostic of 

stator faults in induction and PMSM motors, while no reported work has been done on 

the mathematical and finite element modelling of stator winding abnormalities (stator 

inter-turns fault and asymmetrical stator windings) in LSPMSMs. Besides, no reported 

work has been done on detecting of stator winding abnormalities in LSPMSMs using 

ANNs or other intelligent tools. Therefore, this research work aims at developing two 

mathematical models for LSPMSMs under stator windings abnormalities (stator inter-

turns fault and asymmetrical stator windings). In addition, developing an intelligent fault 

detection tool for detecting stator inter-turn fault and asymmetrical stator winding using 

neural network. The following chapter (chapter 3) shows in detail the steps of deriving 

and developing the two mathematical models for the LSPMSM under asymmetrical stator 

winding and inter-turn fault.  
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3 CHAPTER 3 

INTERIOR-MOUNT LSPMSM MODELING UNDER 

STATOR WINDING ABNORMALITIES 

3.1 Overview 

 

In order to study the machine behavior under stator winding abnormalities, the models 

that can express the relationship between the machine flux, voltage, current, speed, torque 

etc. need to be developed.  This chapter details the mathematical modelling of interior- 

mount LSPMSM under symmetrical stator winding and stator inter-turn fault. In addition, 

the development of finite element models for interior- mount LSPMSM under 

symmetrical stator winding and stator inter-turn fault are presented. Figure 3.1 shows the 

steps of deriving the mathematical and finite element modeling under both abnormalities.  
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Figure 3.1 Mathematical and finite element models deriving steps 

 

3.2 Mathematical Modeling of Interior-Mount LSPMSM  

 

Reliable and safe operation of the electric motors in industry is highly needed. Accurate 

modeling of electric motor under faults is the first step in developing a diagnostic tool for 

different types of failures. In this research work, the generalized two mathematical 

models for interior-mount line start permanent magnet synchronous motors under 

asymmetrical stator windings and stator inter-turns faults have been developed. The 

developed mathematical models have been derived using winding theorem. They have 

also been implemented and simulated using MATLAB/SIMULINK software. In this 

section, the mathematical model of interior-mount LSPMSM under stator winding 
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asymmetry is developed first followed by the derivation of the model under stator inter-

turns faults condition. 

3.2.1 Mathematical Modeling of Interior-Mount LSPMSM Under 

Asymmetric Stator Windings 

A mathematical model of LSPMSM under asymmetrical stator windings has been 

developed. The next two sections show the steps for deriving the model. In the first step, 

an ABC-frame mathematical model for the motor is derived, considering the effect of 

having asymmetrical stator winding on inductances and resistances of the motor. In the 

second step, park transformation is used to transform the motor ABC-model into QD0-

model on the rotor reference frame. Finally, the developed model will be implemented 

and simulated using MATLAB software.  

3.2.1.1 Modeling of LSPMSM with Asymmetrical Stator Winding in 

ABC-Phase Frame. 

The healthy model of LSPMSM is well known [16, 30-35]. Figure 3.2 shows the circuit 

winding diagram of the LSPMSM. To derive the ABC-model for an asymmetrical stator 

winding, Kirchhoff’s laws are used in Figure 3.1. Moreover, four assumptions have been 

made, namely: no magnetic saturation, the iron magnetic permeability is infinite, the flux 

and magnetic motive force are sinusoidally distributed, and each stator phase has 

different number of turns [30]. aN , bN and cN  are the number of turns of the stator 

phase-a, phase-b and phase-c, respectively. rN  is the effective number of turns for the 

rotor as shown in Figure 3.2. 
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Figure 3.2 LSPMSM ABC-circuit diagram 

 

 

The voltage equations of the three phase LSPMSM can be written as: 

s
s s s abc
abc abc abc

r
r r r abc
abc abc abc

dλ
v =R i +

dt

dλ
v =R i +

dt

                                                       (3.1) 

 Where s

abcv  and r

abcv  are the terminal voltages in each phase of stator and rotor, 

respectively; s

abci and r

abci  are the currents in each phase of stator and rotor, respectively; 

s

abcR is the stator winding resistances for each phase; r

abcR is the rotor windings resistances 

for each phase. It is worth mentioning that each stator phase resistance is directly 

proportional to its number of turns. s

abc  and r

abc  are the flux linkage on each phase of 
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stator and rotor windings, respectively. For conciseness, the matrix expression is used to 

denote three phase variables as in equation (3.2), i.e. 

T T
s s s s r r r r

abc a b c abc a b c

T T
r r r r s s s s

abc a b c abc a b c

a s r

s r

abc b s abc r

c s r

s s s s r r

abc a b b abc a

v = v v v       v = v v v

i = i i i            i = i i i

r 0 0 r 0 0

R = 0 r 0    R = 0 r 0

0 0 r 0 0 r

λ = λ λ λ           λ = λ







      

   
   

   
   
   
      

  
r r

b bλ λ  

                                (3.2)   

Where sr and rr  are the stator and rotor phase resistances, respectively; a , b and c

are the asymmetric turns ratio coefficients of the stator phases a, b and c, respectively. 

a b c
a b c

s s s

N N N
= , = , =

N N N
                                                  (3.3) 

For healthy motor,
s

a b c s a b c

s

N
N =N =N =N   = = = =1

N
  →    

Where sN  is number of turns for stator phase at healthy condition. The magnetic fluxes 

s

abc  are generated by three different sources; one from the flux created in the stator self-

inductances, the second from the flux created in the stator-rotor mutual inductances and 

the third is created from the flux generated by the permanent magnet (PM) on the rotor. 

The same analogy goes for r

abc . Thus, s

abc  and r

abc  can be written as in equation (3.4). 
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s s s sr r s

abc abc abc abc abc mabc

r rs s r r r

abc abc abc abc abc mabc

λ =L i +L i +λ

λ =L i +L i +λ

                                             (3.4) 

s

mabc  and r

mabc are the PM magnetic flux linked to each phase in the stator and rotor, 

respectively. According to Faraday law, the flux linking the stator phases from the 

permanent magnet is proportional to the number of turns in each phase. 

( )

( )

( )

a r

s r

mabc m b r mabc m

c r

0
 sin θ

3
λ =λ  sin θ -120         λ =λ

2
 sin θ +120

3
-

2







 
 
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   
    

 
  

                      (3.5) 

m is the magnitude of the magnetic flux created by the PM referred to the stator side. r

is the angle of the rotor. The stator and rotor inductances are given in equation (3.6): 

asas asbs ascs arar arbr arcr

ss rr

abc asbs bsbs csbs abc arbr brbr crbr

ascs bscs cscs arcr brcr crcr

asar asbr ascr

sr

abc asbr bsbr csbr ab

ascr bscr cscr

L L L L L L

L = L L L , L = L L L  

L L L L L L

L L L

 L = L L L        L

L L L

   
   
   
      

 
 
 
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rs sr T

c abcL=

               (3.6) 

The diagonal elements of s

abcL  are the self-inductances of the stator phases. On the other 

hand, the off-diagonal elements are the mutual inductances between the stator phases. 

They can be written as in equation (3.7) [161-163]. 
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asas ls m Δm r

bsbs ls m Δm r

cscs ls m Δm r

asbs m Δm r

ascs m Δm r

bscs m Δm r
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L =- L -L cos(2θ - )

2 3

1 π
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2

                                     (3.7) 

 

The same analogy goes for r

abcL , but lrL is used in equation (3.7) instead of having lsL . 

lsL  and lrL  are the leakage inductances of the stator and rotor phases, respectively 

whereas mL is the magnetizing inductance between the stator and rotor phases. mL  is the 

fluctuation in the inductance due to saliency in the machine ( non-uniform airgap) [163].  

The formula of the stator to rotor inductance in the abc-frame can be found by 

transforming the known qd0- stator to rotor inductance matrix ( sr

qd 0L ) at healthy condition 

back to abc-frame [164]. 

   

asar asbr ascr

sr 1 sr

abc bsar bsbr bscr s qd 0 r

csar csbr cscr

L L L

L = L L L K L K

L L L

−

 
 

=
 
  

                     (3.8) 

Where sK is the stator winding transformation matrix; rK is the rotor winding 

transformation matrix. For a sinusoidal full pitched winding distribution, the self and 

mutual inductances can be obtained using the winding function approach [161, 165]. 
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Where mqL is the mutual inductance in q-axis; mdL is the mutual inductance in d-axis. qL ; 

dL is the quadrature and direct axis stator self-inductances; P is the number of poles; 𝜇𝑜 

is the permeability of air; L is the length of the stator/rotor; gl is the air gap length; D  is 

the inner stator diameter; dg is the effective air gap length in the d-axis; qg  is the 

effective air gap length in the q-axis; ml  is the permanent magnet length; rm is the 

relative permittivity of the permanent magnet; and C is the carter coefficient [165]. 

Taking into account the stator winding asymmetry explained in equation (3.3), the 

inductance is proportional to the square of its turn’s number as proposed by the winding 

theory [161]. The modified inductance matrices are given in equations (3.10).                   
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                  (3.10) 

This ends the first step of deriving the ABC-model. The next step shows the 

transformation of the derived ABC-model to QD0-model. 

3.2.1.2 QD0-Model of the Asymmetrical LSPMSM 

With regard to Park transformation [166]  with rotor reference frame, Figure 3.3 is used 

to  transform the ABC-LSPMSM model under asymmetrical stator windings into dq0-

model. Equations (3.11) to (3.13) show the transformation matrices that have been used 

in dq0 transform.  

 

Figure 3.3  LSPMSM machine winding displacement 
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                         (3.12) 

t

r r r
0

θ = ω (γ)dγ+θ (0)                                                     (3.13) 

Where rω is the rotor electrical speed. The transformation of ABC-model into QD0-

model has been done in two steps. In the first step, the voltage in equation (3.1) has been 

transformed by first writing it in the compact form as in (3.14). Then equation (3.14) is 

multiply by the transformation matrix, as in equation (3.15). 
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In equation (3.15) there are three terms, with each term treated separately as follow: 
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                                       (3.18) 

Substitute (3.18) in (3.17) to get (3.19), and then manipulate (3.19) to get (3.21): 

1
0

1
0

2

0 0 0

0 0 0

ss s s
s qdabc abc s abc s

rr s r
r qdabc abc r abc r

Term

K iR 0 i K R K

K i0 R i K R K

−

−

         
=          

           
          (3.19) 

 

1
0

1
0

2

0 0

0 0

ss s s
s qdabc abc s abc s

rr s r
r qdabc abc r abc r

Term

K iR 0 i K R K

K i0 R i K R K

−

−

       
=        

          
               (3.20) 

 

1
0 0 0

1
0 0 0

2

0 00

0 00

s s ss s s
s qd qd qdabc abc s abc s

r r rr s r
r qd qd qdabc abc r abc r

Term

K i R iR 0 i K R K

K i R i0 R i K R K

−

−

           
= =           

                  
(3.21) 

11 12 13

0 21 22 23 0

31 32 33 0

0 0

0 0

0 0

s s s

q

s s s s r

qd qd d

s s s

r r r r

R r r r ,R r

r r r r

   
   

= =   
     

                                           (3.22) 



51 

 

Where
0

s

qdR  is the Stator resistances matrix in dq0 axes whereby the entries of 
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dependent; 
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qdR is the rotor resistance matrix in dq0 axes where the entries of 
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independent. For the third term; 
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The same analogy done in equation (3.24) goes for the rotor to get equation (3.25): 
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The term 3 will become as in equation (3.26): 
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By rearranging, equation (3.26) becomes; 
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Or as in equation (3.28); 
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The final voltage equation is as in (3.29). 
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In the second step, flux-current relations in equation (3.4) have been transformed as 

follows, through equations (3.30) to (3.38).  
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The transformed current flux relation is as in equation (3.38): 
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(3.38) 

Both the voltage equation (3.29) and the flux current relation equation (3.38) represent 

the LSPMSM under asymmetrical stator winding. In both equations, the rotor quantities 

are referred to the stator side by using equation (3.39) to obtain equations (3.40) and 

(3.41). 
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  +   
     
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(3.41) 

Equations (3.40), (3.41), (2.9) and (2.10) represent the final QD0-model that will be used 

for simulation purposes. For competences, equation (2.9) and (2.10) are repeated as 

follow; 

The electromagnetic torque is expressed as; 

3

4

s s s s

em q d d q

P
T (i i ) = −                                      (2.9) 

The mechanical equation is also expressed as; 

( )( )
2

r em L damp

P
t T T T dt

J
 = + −

                     (2.10) 
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3.2.2 Mathematical Modeling of Interior-Mount LSPMSM Under Stator 

Inter-Turn Fault 

This section presents in detail the steps for deriving the mathematical model of the inter-

mount LSPMSM with the stator inter-turn fault. The subsequent sub-sections show the 

steps for deriving the mathematical model. 

3.2.2.1 ABC-Model of stator inter-turn fault in LSPMSM 

 

There is no work on the modeling of an interior-mount LSPMSM under the stator inter-

turn fault existing in the literature. Figure 3.4 shows the stator circuit diagram of an 

LSPMSM under the inter-turn fault in phase-a. To derive the mathematical model of the 

motor under the stator inter-turn fault, Kirchhoff’s laws are used. 

 

Figure 3.4 The stator of the LSPMSM under inter-turn fault in phase-a 

It should be noted that the resistance of the stator phases is directly proportional to the 

number of turns per phase, while the inductance is proportional to the square of the 

number of turns, based on the winding theory. In addition, according to Faraday’s law, 
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the flux linking the stator phases from the permanent magnet is proportional to the 

number of turns in each phase. In this section, the mathematical ABC-model of an 

LSPMSM with the inter-turn fault in phase-a is derived. Phase-a is divided into two parts: 

part-a1 (healthy part) and part-a2 (faulty part), as shown in Figure 3.4. Using Kirchhoff’s 

voltage law, the voltage equations are as follows: 

 

1 2

1 2 1 2 1 2

s

a a bcs s s

a a bc a a bc a a bc

r
r r r abc
abc abc abc

dλ
v =R i +

dt

dλ
v =R i +

dt

                        (3.42) 

Where
1 2

s

a a bcR  is the resistance matrix for the stator.  

Equations (3.43) and (3.44) represent equation (3.42) in matrix form, where the stator is 

represented by four differential equation (3.43) while the rotor by three differential 

equations (3.44) as follows:  

1 1 1

2 2 2

1 0 0 0

0 0 0

0 0 1 0

0 0 0 1

s s s

a a a

s s s

a a a

s
s s s

b b b

s s s

c c c

v i

v i d
r

dtv i

v i



 





     − 
      
      = +
      
      
           

                     (3.43) 

1 0 0

0 1 0

0 0 1

r r r

a a a

r r r

b r b b

r r r

c c c

v i
d

v r i
dt

v i







      
      

= +      
            

                                (3.44) 

Where the fault current 
1 2 2

s s s s

f a a a ai i i i i= − = −  based on Figure 3.3;   is the shorted turns 

ratio i.e  sh

s

N

N
 = ; and shN is the number of shorted turns. 
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By adding the first two rows of equation (3.43) and rearranging the terms, the machine 

voltage equations can be expressed as in equations (3.45) and (3.46) 

10

00

s s s s

abc abc abc abc

fr r r r

abc abc abc abc

Av R i d
i

dtv R i






         
= + +         

        

                      (3.45) 

2 2

s s s

a s a f a f f

d
v r ( i i ) R i

dt
 = − + =                                       (3.46) 

Where  1 0 0
T

sA r= − and 
1 2

s s s

a a av v v= + . Equation (3.46) represent the voltage across 

the shorted turns. s r

abc abcR and R are the stator and rotor resistance matrix under healthy 

conditions.  

0 0 0 0

0 0 0 0

0 0 0 0

s r

s r

abc s abc r

s r

r r

R r , R r

r r

   
   

= =
   
      

                              (3.47) 

The flux current relation equations of the three-phase faulted LSPMSM shown in Figure 3 

can be written as; 

1 2 1 2 1 2 1 2 1 2 1 2

1 2 1 2

s s s sr r s

a a bc a a bc a a bc a a bc a a bc ma a bc

r rs s r r r

abc a a bc a a bc abc abc mabc

λ =L i +L i +λ

λ =L i +L i +λ
                         (3.48) 

Where 
1 2

s

a a bcλ  and  r

abcλ  are the flux linkage vectors; 
1 2

s

a a bcL and  r

abcL  are the inductance 

matrices for the stator and rotor circuit, respectively;
1 2

sr

a a bcL  and 
1 2

rs

a a bcL  are the mutual 

inductance matrices between the stator and rotor; and 
1 2

s

ma a bcλ  is the linkage flux on the 

stator due to the permeant magnets.  Equations (3.49 and 3.50) represent the flux current 

relation of equation (3.48) in matrix form.  
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i
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i

L L L sin( )

    

    

















− − − −   
    
    + +    −
      +  

  (3.49) 
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s
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( )L L L L L L L i
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  

  

  

 
  −     
      

= − +      
      −       

0

3

2

3

2

m

r



 
 

   
−   

+   
   
 

 
  

(3.50) 

Writing equation (3.49) and (3.50) in terms of the healthy and the faulty machines, by 

adding the first two rows of equation (3.49) since
1 2

s s s

a a a  = + , yields the following:  

2

3

s ss sr s s

abc abc abc abc mabc

fr rs rr r r

abc abc abc abc mabc

AL L i
i

AL L i

 


 

         
= + +         

        

                     (3.51) 

2

2

2 3

s T s T r

a abc abc asas f m rA i A i L i sin     = − − − +                     (3.52) 

Where  2

T

asas asbs ascsA L L L= −  and  3

T

asar asbr ascrA L L L= − . 

Equations (3.45, 3.46) and (3.51, 3.52) represent the final ABC-mathematical model 

(voltages and flux-current relation equations) of the LSPMSM under stator inter-turn 

fault. 
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3.2.2.2 QD0-Model of stator inter-turn fault in LSPMSM 

Based on Park transformation [166]  with rotor reference frame, Figure 3.2 is used to  

transform the ABC-LSPMSM model under inter-turn fault into QD0-model. 

Transformation matrices in equations (3.11) and (3.12) are used to transform the voltage 

and flux current relation equation for the model. The voltage equation (3.45) is multiplied 

by the transformation matrices with some matrix computations to arrive at the qd0 

voltage equation as follow.  

1

0 1

1

0

0

00

s
ss s s abc

s qd ss abc s abc

frr r
rr qd rr abc r abc

r abc

d
K

K i K AK v K R dt
i

K i KdK v K R
K

dt






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 
       

= + +       
         

  

       (3.53) 

After some matrix computation, equation (3.53) becomes;  

0 0 0 1

0 0 0

0

0 0

s
s s s s abc
qd qd qd s

fr r r
rqd qd qd

r abc
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 
        
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             

  

          (3.54) 

To transform the second term of equation (3.54) the following has been done. 
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s s
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qd0 sabc s
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dt dt dt
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


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

−

−

=

= +

= −

=

= −

                                    (3.55) 
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by using the same analogy as in equation (3.55) for the rotor, the following equations 

(3.56) to (3.58) are obtained. 

1

0

rr
qd0 rabc r

r r qd

dλdλ dK
K K

dt dt dt
−= −                                    (3.56) 

1 0r
r

dK
K

dt

− =                                                      (3.57) 
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0 0
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K

dt



−

 
 

= −
 
  

                                        (3.58) 

To transform the last term of equation (3.54), the following has been done. 
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                                    (3.59) 

The final voltage equation becomes; 
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  (3.60) 
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To get the qd0-transformation of equation (3.46), the voltages are represented as; 
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 
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The final qd0 voltage equation becomes; 

2 20

s s s s s

a s q r d r f a f f

d
v r ( i cos i sin i i ) R i

dt
   = + + − + =             (3.62) 

On the other hand, the transformation of the flux current relation in equations (3.51) and 

(3.52) is done in the following steps. First, equation (3.51) is multiplied by the 

transformation matrices in addition to some matrix computation as follows:  
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     (3.63) 

In matrix form  

'

22

0 0

'' '

'' ' '

'' '

00 0

0 0 0 0 0

0 0 0 0 λ

0 0 0 0 0 0

0 0 0 0 0

0 0 0 0 λ

0 0 0 0 0 0

s s

ls mq mqq q

srs s

ls mdd d m

s s

ls

r r

mq lrq mqq q

r r

md lrd mdd d m

r r

lr

L L L i

L L L i

L i

L L L i

L L L i

L i













+     
     

+
     
     

= +     
+    

    +
    

         

asas

s asbs

ascs

asar

r asbr

ascr

L

K L

L

L

K L

L



  
  
  
    
 +
   
   
   
      

  (3.64)  
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To get the qd0 transformation of equation (3.52), the following has been done.  
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  (3.68)  

The final equation is  

2

2

1 2 3 0 11 12 13 0

s s s s r r r

a q d q d asas f m rX i X i X i X i X i X i L i sin   = + + + + + + − +       (3.69) 

The final voltage and flux-current relation of the QD0-model is represented by equations 

(3.60), (3.62), (3.65) and (3.69).to complete the model, the torque equation is derived as 

in the next section. 



64 

 

3.2.2.3 Electromagnetic Torque under Stator Inter-Turn Fault. 

In addition to the modification in the voltages and flux current relations under stator inter-

turns fault, the electromagnetic torque formula need to be modified [124, 167-173]. This 

section shows the steps for deriving the electromagnetic torque under fault in the abc 

model and its transformation to the qdo-model. The electromagnetic torque, Tem, 

generated by the LSPMSM can be derived from the coenergy, Wc, of the magnetic system 

as represented in equation (3.70) [174-176]. 

2

c
em

r
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


=


                                                     (3.70) 

Where 
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PMW is a constant representing the energy stored in the permanent magnet rotor of the 

LSPMSM. By substituting equation (3.71) into (3.70), the torque can be expressed in 

terms of the phase currents and the rotor angular position as in equation (3.72). 
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By separating equation (3.72) into its terms and subsequently transforming them; 
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abc to qd0 transformation  
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The final electromagnetic torque formula is given as;

( )

( ) ( )( ) ( ) ( )( )

( )2 2

9 3

2 2

9 3

4 2

92
2 2 2 2

4

3

2

s s s s

m q d f m q r d r

s r r s r r

m m d q m m d q f m m q r m m d r

em

r r r r

m q r d q r d r

s

m q f m r

L i i i L i sin i cos

L L i i L L i i i L L i sin L L i cos
P

T

L i sin i i cos i sin

i i cos

  

  

  

   

 

   



 
− + + 

 
 + − + + − + + − −
 

=  
 + − − +
 
 
 + −
 

(3.81) 

Hence, the equations that represent the LSPMSM under stator inter-turn fault condition 

are represented by equations (3.60), (3.62), (3.65), (3.69) and (3.81). 

 

3.3 JMAGTM Finite Element Modeling  

 

In this section, both the asymmetrical stator winding and stator inter-turn finite element 

model have been developed using JMAGTM. JMAGTM is an electromagnetic simulation 

program developed by JSOL Corporation. JMAG provides a 2D/3D platform to construct 

motor models. Material properties can be assigned to each part of the model. JMAGTM 

includes a material library based on commercial and industrial materials. The material 

properties and names are obtained from the manufacturer’s data sheets and brochures. 

Additional materials can be easily added, along with their complete mechanical, electrical 

and magnetic properties. Moreover, the available material can be customized based on 

the application. 

3.3.1 JMAG Modeling under Asymmetrical Stator Winding Condition 

This section summarizes the steps for creating the Finite element model of the motor 

under asymmetrical stator windings using JMAGTM Software, figure 3.5. As a first step, 

the motor geometry is created and in the second step, the material for each part of the 
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motor is selected. The circuit models for the stator and the rotor are implemented in the 

third step. Finally, the simulation conditions are set to generate the Finite element (FE) 

mesh. Figure 3.6 shows the motor used in this study. Table 3.1 shows the used motor 

parameters. 

 

Figure 3.5 The steps for JMAG motor modeling  

 

Figure 3.6 1 HP LSPMSM: (a) stator (b) rotor 

Based on the literature, a 2D FEM is sufficient to investigate the motor’s performance 

during a symmetrical stator winding and stator inter-turn fault [117, 124, 177]. Therefore, 

in the current research, a 2D geometry of the motor is created using AUTOCADTM. The 

created model has been imported to JMAGTM software from AUTOCADTM. Figure 3.7 

shows the created 2D geometric model of the motor. After that, the material type for each 

part in the model is set as given in Table 3.2 
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Table 3.1 LSPMSM Parameters 

Parameters Value 

Mean air gab radius 37.35 mm 

Number of poles 4 

Air gab length 0.3 mm 

Permanent magnetic thickness 3 mm 

Stack length 80 

Number of turns per stator phase 86 *4 

Rotor bar resistivity 2.655*10-8 Ω.m 

Rotor end ring resistance 1*10-5 Ω 

Angle between two adjacent rotor bars 18 

Number of bars 20 

Permanent magnet flux Density 1.25T 

Machine rated power 1hp 

Moment of inertia 0.00158608 kg.m2 

Rated voltage 400 Vrms 

Rated frequency 60 Hz 

Rated speed 1800 rpm 

Bar length 80mm 

Bar cross sectional area 27mm2 
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Figure 3.7 The 2-D geometry model parts of LSPMSM in JMAGTM. 

 

Table 3.2 The Materials assigned to each motor part. 

Component Material 

Stator Core Stainless Steel 

Stator lamination 50JN600 - Silicon Steel 

Stator Coils Copper 

Rotor Magnets Recoma-24HE 

Rotor bars Aluminum Al99.7 

Rotor lamination 50JN600 - Silicon Steel 

Shaft Steel 

Air gap Air 
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Each part of the geometric model should be linked to a circuit model to implement the 

electrical function. Figure 3.8 shows the circuit of the stator part. Each phase shown in 

the figure has 344 turns. It is that phase u (phase a) is composed of four coils, with each 

coil span two slot, while for the other two phases, each coil span 8 slots. Therefore, it is 

easy to introduce asymmetry in the stator winding of the motor by changing the number 

of turns in one of the coils of phase a. 

 

Figure 3.8  Stator winding circuit. 

The third step in the modeling is to set up the conditions and rules of the analysis, which 

includes setting the step time for the simulation, stator and rotor circuit topologies, setting 

the rotation condition, and choosing the motor static parameters. The last step in 

modeling is to generate the mesh as shown in figure 3.9. Finally, the analysis is 

performed, and results are obtained. 
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Figure 3.9 Finite element mesh  

 

3.3.2 JMAG Modeling under Stator Inter-Turns Fault  

In this study, FEM based model of an interior-mount LSPMSM with stator inter-turn 

fault was developed. In the developed model, the fault could occur in any of the phases. 

To create the FEM, the motor geometry was drawn using AUTOCADTM and then 

imported into JMAGTM. Figure 3.10 shows the 2D model’s geometry. Each of the stator’s 

phases occupies 8 slots (phase-a occupies the red slots, phase-b occupies the yellow slots, 

and phase-c occupies the blue slots). The figure clearly shows that one pair of each of the 

phases slots is split into two parts: the inner part contains the healthy turns of the faulty 
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phase coil, and the outer part contains the faulty turns of the same coil. After the 

geometry has been created, the material for each part of the motor is selected.  

 

Figure 3.10.  2D JMAGTM geometry under stator inter-turn fault 

 

To implement the electrical functionality in the 2D geometric model, the rotor and stator 

are linked to a circuit model. The bars and end rings are linked to the rotor circuit, and the 

stator slots are linked to the stator circuit. Figure 3.11 shows the stator circuit. The figure 

clearly shows that phase-a has four coils (coil 1 to coil 4). Coils 1, 2 and 3 are linked to 

the unsplit red slots of figure 3.10; the healthy part of coil 4 is linked to the inner part of 

the split red slots; and the faulty part of coil 4 is linked to the outer part of the split red 

slots. The total number of turns in coil 4 (comprising both parts) is 86; therefore, it is 

easy to vary the number of shorted turns by changing the number of turns in the faulty 
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part of coil 4. In order to limit the current in the shorted turns, an external resistance 

(Rshort_a) is used. The same analogy goes for phase-b and –c.  

 

Figure 3.11 Stator winding circuit 

 

The unknown motor parameters which needed to simulate the developed MATLAB and 

JMAG models have been measured for 1hp LSPMSM motors. The following chapter 

(chapter 4) show all experimental test which have been used in parameters identification.   
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4 CHAPTER 4 

LSPMSM PARAMETERS IDENTIFICATION 

4.1 Overview 

 

Manufactures of such commercially available machines provide the main machine 

parameters. Other detailed parameters which are very important for implementing various 

types of models and controllers are usually not given. Thus, parameter estimation is 

extremely important for the operators of modern drives to implement high performance 

models and controllers. It is also invaluable for the machine designer and manufacturers 

wishing to do various simulation and analysis before the prototypes are made [178-181]. 

There are a lot of models which describe the motor behavior such as FEM [22, 179, 182-

185], qd0 reference frame [178-181, 186-189] and magnetic equation [17, 190]. Among 

of the models, d-q reference frame model provides optimum combination of analysis time 

and parameter requirements along with acceptable analysis results. Utilizing the d-q 

reference frame in the development process and in optimizing the LSPMSM design gives 

the required results in case adequate parameter measurements are obtained.  

To investigate, analyze and predict the performance of LSPMSM using the derived 

mathematical models, an accurate equivalent circuit parameters measurement of the 

motor is needed. Measuring the parameters of interior-mount LSPMSM is a challenging 

task because the rotor configuration of the motor is very complicated since it consists of a 
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squirrel cage and interior mount permanent magnets. Accordingly, in this chapter, a brief 

description of the experimental tests conducted in the machine laboratory at KFUPM on a 

1hp Interior-mount LSPMSM to measure the electric circuit parameters are given.  These 

test include; DC test to measure the stator DC resistance, AC single phase (rotor not 

included) test to measure stator AC resistance and leakage inductance, block rotor test to 

measure rotor resistance and leakage inductance in both d and q-axis, DC step test to 

measure the magnetizing inductance in d and q-axis, and the open circuit test to measure 

the flux linkage from the permanent magnets [191-194]. The next sections give details of 

each test show in figure 4.1.  

 

Figure 4.1 Laboratory tests 

4.2 DC Test 

 

The aim of this test is to find the dc resistance of the stator winding [195, 196], which is 

defined as the resistance of the winding between a phase terminal and the center of the 

windings (neutral point in star connected stator winding). To perform this test, two digital 

multimeters are needed, in addition to a variable DC power supply as shown in figure 4.2.  
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Figure 4.2 DC test setup 

A variable DC voltage is applied between the terminals of two phases, as shown in Figure 

4.3 and the voltage and the corresponding current are recorded. It is worth to mention that 

the effect of the inductance in the winding is neglected since the applied voltage is DC 

(zero frequency). Based on Kirchhoff voltage law, the formula for calculating the stator 

resistance is given as;  

2

DC
s

DC

V
R

I
=                                                           (4.1) 

Where VDC and IDC are the measured DC voltage and current, respectively. 

 

Figure 4.3 DC test circuit diagram 
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Table 4.1 shows the DC test result for the tested motor. Table 4.1 presents ten sets of test 

results, which were used to find the average value of DC stator resistance.  

Table 4.1 DC test results 

VDC (V) IDC (A) Rs (Ω) 

5.3 0.495 5.35 

6.61 0.62 5.33 

7.56 0.71 5.32 

8.443 0.8 5.28 

9.53 0.89 5.35 

10.96 1.03 5.32 

11.94 1.14 5.24 

12.72 1.19 5.34 

13.91 1.293 5.38 

14.93 1.394 5.36 

Average Value 5.33 

 

It should be noted that the value of the stator resistance in the DC test is not the same 

value used in AC simulation. Hence in DC test, the skin effect that occurs when an AC 

voltage is applied to the windings is neglected [196, 197]. Therefore, more details 

concerning the correction of stator resistance can be found in the single-phase without 

rotor test proposed further in this study. Stator resistance value of DC test is used later in 

the step DC test (section 4.5). 
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4.3 Single Phase AC Test (Rotor not Included)  

 

The goal of this test is to measure the stator phase AC resistance (rs) and leakage 

inductance (Lls) [198]. In this test, a variable AC voltage is applied to a phase of the 

stator, when the rotor is pulled out. Figure 4.4 shows the circuit diagram of the test. 

Based on circuit analysis, the resistance rs and the inductance Lls can be calculated by 

using equation (4.2) and (4.3) respectively as follow:  

coss

V
r

I





=                                                   (4.2) 

1
( )*( sin )
2

ls

V
L

f I








=                                              (4.3)      

 

Figure 4.4 circuit diagram of single phase AC without rotor test 

Using equation (4.2) and (4.3), the applied phase voltage (V ), the corresponding current 

( I ) and the phase shift ( ) between them are required to calculate stator resistance and 

leakage inductance. Therefore, an AC power supply, ammeter, voltmeter, CASSY unit 

and a computer were used to perform the test as shown in Figure 4.5. Figure 4.6 shows a 
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sample of the voltage and current waveforms acquired with a CASSY and from which the 

angle between the voltage and current is measured.  

 

Figure 4.5  Experimental set-up for single phase AC test without rotor 

 

Figure 4.6  Voltage and current waveforms using CASSY unit  

The results of the test are listed in Table 4.2. The values of AC stator resistance and 

leakage inductance are 5.55Ω and 22.27mH, respectively. it is worth mentioning that 

these values are close to the measured by the CPC 100 device (Multi function primary 

test system for power transformers, current transformers, voltage transformers, rotating 
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machines, grounding systems, lines and cables, and circuit breakers) when the rotor was 

pulled out ( rs=5.46 Ω and Lls=22.55 mH).  

Table 4.2 Single phase AC without rotor test Results 

V  (V) I  (A)   (Deg) sr  (Ω) lsL  (H) 

15.31 1.529 56.63 5.51 0.022 

17.71 1.7687 56.63 5.51 0.022 

21.154 2.108 56.63 5.52 0.022 

23.811 2.363 56.63 5.54 0.022 

26.98 2.671 56.63 5.56 0.022 

29.44 2.9 55.94 5.68 0.022 

Average Value           5.55          0.022 

 

4.4 Blocked Rotor Test  

 

In the blocked rotor test, both resistance and leakage inductance of the rotor can be 

measured [199, 200]. To perform the test on a LSPMSM, a set of low three-phase 

voltages are applied at the stator phases, while the rotor is blocked ( 0r = ), Figure 4.7. 

Under the condition that the three-phase voltages applied to the tested machine are much 

lower compared to the rated voltages, the magnetizing branches ( mqL  and mdL ) can be 

considered as open circuit. In addition, because the rotor is blocked ( 0r = ), all 

dependent sources are shorted. Therefore, the q-axis equivalent circuit of LSPMSM is 

reduced to a series circuit that consists of stator resistance, stator leakage inductance, 

rotor resistance in q-axis (
'

rqr ) and rotor leakage reactance in q-axis (
'

lrqL ), as shown in 

Figure 4.8.a. Also, the d-axis circuit is reduced to a series circuit which consists of four 
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elements: stator resistance, stator leakage inductance, rotor resistance in d-axis ( '

rdr ) and 

rotor leakage reactance in d-axis ( '

lrdL ), as shown in Figure 4.8.b. 

 

Figure 4.7 schematic diagram of locked rotor test 

 

Figure 4.8 LSPMSM circuit under blocked rotor conditions (a) q-circuit (b) d-circuit 

To calculate the d and q axis rotor parameters, the test is done for two different locked 

rotor positions; first the d-axis is aligned with phase a, and secondly the q-axis is aligned 

with phase a. The motor d-axis parameters ( '

rdr and '

lrdL ) can be calculated when the rotor 

d-axis is aligned with phase-a. To place the rotor in the first locked rotor position, phase 
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a of the motor is connected to the positive terminal of a DC supply while phases b and c 

are connected to the negative terminal of that supply. A three-phase low voltage is 

subsequently applied at the stator phases, where the phase voltage (V ), phase current ( I

) and the angle (  ) between them are measured. Figure 4.9 shows the laboratory 

experimental setup of the blocked rotor test. The results of the test are displayed in Table 

4.3. By using these results, the d-axis equivalent resistance (Rid) and reactance (Xid) 

referred to the stator side are calculated using equation (4.4) and (4.5). The results are 

shown in Table 4.3. 

'cosid s rd

V
R r r

I





= = +           (4.4) 

'sinid ls lrd

V
X X X

I





= = +       (4.5) 

 

Figure 4.9 Blocked rotor test experimental set-up 
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 Table 4.3 locked rotor test result (rotor d-axis aligned with phase a) 

I (A) V (V)    (deg) idR (Ω) idX  (Ω) 
'

rdr (Ω) '

lrdL (H) 

0.72 13.59 50.21 12.05 14.47 6.50 0.016 

1.04 20.19 50.21 12.46 14.96 6.91 0.017 

1.49 29.17 50.21 12.50 15.01 6.95 0.018 

1.79 36.18 50.21 12.92 15.51 7.36 0.019 

2.56 45.00 50.21 12.27 14.74 6.72 0.017 

Average value 6.89 0.017 

 

To place the rotor in the second locked rotor position (rotor q-axis aligned with phase-a), 

phase b of the motor is connected to the positive terminal of a DC supply while phase c is 

connected to the negative terminal of that supply but phase-a is kept floating. The same 

measurements done for the first locked rotor position are repeated. The voltage and 

current wave forms for the both locked rotor positions are plotted as shown in Figure 

4.10. Where figure 4.10-a corresponds to d-axis alignment and figure 4.10-b corresponds 

to q-axis alignment. The results of this test are given in Table 4.4. Equations (4.4) and 

(4.5) are modified by replacing subscript “d” with “q” to calculate the q-axis equivalent 

resistance (Riq) and reactance (Xiq) referred to the stator side. It is clear from these results 

that the q and d rotor leakage inductances are very close to each other.  
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Figure 4.10  Locked rotor test current and voltage wave form (a) d-axis (b) q-axis 

 

Table 4.4  locked rotor test result (rotor q-axis aligned with phase a) 

I (A) V (V)    (deg) iqR (Ω) iqX  (Ω) '

rqr (Ω) 
'

lrqL (H) 

0.748 15.98 45.41 14.99 15.21 9.44 0.018 

1.055 22.52 45.41 14.98 15.20 9.43 0.018 

1.5 33.38 45.41 15.62 15.85 10.07 0.020 

2.11 41.86 45.41 13.93 14.13 8.37 0.015 

2.51 50.69 45.41 14.18 14.38 8.62 0.016 

Average value 9.19 0.017 

 

It is worth mentioning that the result obtained from the blocked rotor test are close to the 

those measured by CPC100 ( ' 7.12rdr =  , ' 16.71lrdL mH= , 
' 8.92rqr =   and 

' 18.12lrqL mH= ). 
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4.5 DC Step Test  

 

The goal of DC step response test is to measure the d- and q-axis synchronous 

inductances (Ld and Lq) [201, 202]. In this test, the rotor of tested machine is locked in two 

distinct positions, where in the first the d-axis is aligned with phase-a to measure Ld, and 

in the second the q-axis is aligned with phase-a to measure Lq. Figure 4.11 shows the 

schematic diagram of the DC step test conducted for the case when d-axis is aligned with 

stator phase-a.  

 

Figure 4.11  Schematic diagram of step DC test 

Based on circuit theory, the equivalent circuit of the tested motor during the test is a 

resistance- inductance circuit, as shown in Figure 4.12. Therefore, the current in the 

circuit can be described by equation (4.6): 

( ) (1 ) 0
t

t

V
i t e t

R

L

R





−

= − 

=

                                              (4.6) 
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Where V is the DC source voltage,   is the time constant, R is the equivalent resistance 

seen by the source which is equal to 1.5 sR , tL  is the equivalent inductance seen by the 

source which is equal to 1.5L , sR  is the DC resistance value measured in section 4.2. L is 

the inductance of the motor which is a function of the rotor position. L can be replaced by 

Ld if the rotor d-axis is aligned with phase-a, or Lq if the rotor d-axis is aligned with 

phase-a.  

 

Figure 4.12 Equivalent circuit of tested machine under step DC test 

Figure 4.13 shows the step response of the tested machine for the two locked rotor 

positions. The test was repeated for a set of DC voltages, whereby the time constant was 

calculated from the plots. The calculated values of Ld and Lq are listed in Table 4.5 and 

4.6.  
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Figure 4.13 Step response of the tested motor  

Table 4.5 Step DC test result- rotor d-axis aligned with phase-a 

V (volt)  (s) R(Ω) Ld(H) 

1.4 0.0163  

 

 

7.99 

0.0868 

3.2 0.0171 0.0911 

5.07 0.0188 0.1002 

7.15 0.0172 0.0916 

9.43 0.0166 0.0884 

10 0.0178 0.0948 

10.5 0.0181 0.0965 

11 0.0189 0.1006 

Average value 0.0937 
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Table 4.6 Step DC test result- rotor q-axis aligned with phase-a 

V (volt)  (s) R(Ω) Lq (H) 

1.76 0.0524  

 

 

7.99 

0.2792 

3.44 0.0515 0.2743 

5.6 0.0513 0.2733 

7.2 0.0529 0.2818 

9.02 0.0572 0.3047 

9.7 0.056 0.2983 

10.3 0.0501 0.2669 

10.8 0.053 0.2823 

Average value 0.2826 

 

The magnetizing inductances (Lmd and Lmq) can be calculated using equation (4.7) as 

follows: 

0.0938 0.0223 71.5

0.2826 0.0223 260.3

md d ls

mq q ls

L L L

L

m

HL mL

H=

=

= − = −

= − = −
                      (4.7) 

4.6 Open Circuit Test 

 

The flux linkage ( '

m  ) created by the permanent magnets (PMs) on the stator side can be 

measured by using the open circuit test [163, 203]. In this test, the tested motor is derived 

by a DC motor as a prime mover, whereby the tested motor phases are kept open (no 

supply is connected to the motor). Figures 4.14 and 4.15 show the schematic and 

experimental setup, respectively.  
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Figure 4.14 Open circuit test diagram 

 

Figure 4.15 Experimental set-up of the open circuit test 

Since the stator is kept open, there is no current through the stator windings. Besides, an 

induced voltage is generated in the stator of the tested machine. Therefore, there is no 

induced current through the rotor bars. Accordingly, under these conditions the d- and q-

axis stator voltages and flux-current are represented in equations (4.8) and (4.9): 

' '

( ) ( )0 0

( ) ( )0 0

s s r s

q ls mq q mq q q ls mq mq

s s r s

d ls md d md d m d ls md md m

L L i L i L L L

L L i L i L L L

 

   

= + + → = + +

= + + + → = + + +
       (4.8) 

'0 0

0 0 0 0

s s s s s

q q s q r d q s r m

s s s s s

d d s d r q d s r

d
v r i v r

dt

d
v r i v r

dt

    

   

= + + → = + +

= + − → = + − =

                    (4.9) 
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Therefore, form equation 4.9   

                           
' 2 2 2 60 2

23 33 3 ( )
2 2 60

s

q ab ab ab ab

m
mr r m

m

v V V V V

P nP P n


  

= = = = =              (4.10) 

The test has been done for a set of different rotor speeds (nm), from which the line voltage 

Vab was measured and the results are listed in Table 4.7. Equation 4.10 is used to 

calculate the flux. Also, Figure 4.17 (a) shows the induced voltage waveform in stator 

winding at 1060 rpm rotor speed, while Figure 4.17 (b) shows the relationship between 

the rotor speed and the induced voltage in the stator during open circuit. It is clear from 

the figure that the relation between the speed and induced voltage almost linear.  

Table 4.7 Open circuit test results 

nm(rpm) Vab (V) '

m  (Wb) 

418 63.1 0.5885 

494 74.5 0.5879 

536 81.2 0.5905 

630 95.7 0.5921 

697 106 0.5928 

1308 199 0.5931 

1404 213.4 0.5925 

1506 228.8 0.5922 

1601 243.4 0.5926 

1701 258.3 0.5919 

1800 272.8 0.5908 

1847 280.9 0.5928 

Average value 0.5915 
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Figure 4.16 (a). Induced line voltage at 1060rpm rotor speed (b) relation between rotor speed and induced line 

voltage 

4.7 Parameters Identification Summary  

 

Using the above described experimental tests, the measured values are listed in Table 4.8. 

However, the listed parameters are approximate values due to human errors, 

instrumentation errors and environmental condition. The measured parameters are used in 

the simulation of the developed mathematical model in the following chapters. 

Table 4.8  Tested motor measured parameters 

Parameters value Parameters value 

sr  (Ω)   5.55 
'

lrqL (H) 0.0174 

lsL  (H)   0.0223 mdL  (mH) 71.5 

'

rdr (Ω) 6.89 mqL  (mH) 260.36 

'

lrdL (H) 0.0174 
'

m (Wb) 0.5915 

'

rqr (Ω) 9.19  
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5 CHAPTER 5 

TESTING AND VALIDATION OF THE DEVELOPED 

MODELS 

5.1 Overview 

 

The aim of the work presented in this chapter is to test and validate the developed 

Mathematical models of LSPMSM under healthy, asymmetric stator winding and inter-

turn fault. MATLAB and finite element simulation analysis as well as experimental tests 

are done. The simulation and experimental tests are carried out for the 1 hp interior-

mount LSPMSM with parameters given in table 5.1. The implemented model has been 

simulated under different loading conditions for balanced three phase source. The Cassy 

system (Software, sensor and Profi-Cassy) and the isolation amplifier are used for 

acquiring motor speed, voltage and the current response as displayed in the experimental 

setup of Figure 5.1. It is worth mentioning that the resolution of the analog to digital 

converter in cassy system is 12 bits. 

Table 5.1 Tested motor parameters 

Parameter Value Parameter Value Parameter Value Parameter Value 

N (rpm) 1800 𝑟𝑟𝑑
′ (Ω) 6.887 𝐿𝑙𝑟𝑞

′ (mH) 17 𝐿𝑑
𝑟′(mH) 88.796 

F(Hz) 60 𝑚
′

 (Wb) 0.591 𝐿𝑙𝑟𝑑
′ (mH) 17.3 power 1 hp 

Ns(turns) 344  𝐿𝑚𝑑(mH) 71.496 𝑟𝑟𝑞
′ (Ω) 9.187 𝑃 4 

rs (Ω) 5.55 𝐿𝑚𝑞(mH) 260.355 𝐿𝑑
𝑠 (mH) 93.496 PF 0.94 

Lls (mH) 22 𝐿𝑞
𝑠 (mH) 282.355 𝐿𝑞

𝑟′(mH) 277.355 Torque 4 N.m 
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Figure 5.1 Experimental set-up 

 

5.2 Testing of the Healthy LSPMSM   

 

To test the principle of operation of the LSPMSM, the developed MATLAB and JMAG 

models have been simulated under the healthy condition of the motor with different 

loading levels. The stator current and the motor speed obtained from MATLAB model, 

JMAG software and the experimental setup, under no load, 2 N.m load and full load 

conditions are shown in Figures 5.2 to 5.4, respectively. It is clear that the MATLAB 

simulation results obtained from the derived mathematical model are in good agreement 

with the results obtained using JMAG software and experimental set-up.  
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Figure 5.2 Healthy motor at no load (a) Stator phase-a current (b) speed 
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Figure 5.3 Healthy motor at 2 N.m load (a) Stator phase-a current (b) speed 
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Figure 5.4   Healthy motor at full load (a) Stator phase-a current (b) speed 

In addition, the figures show that the starting current of LSPMSM is similar to that of an 

induction motor, which is around 5 to 7 times the steady state current. It is worth 

mentioning that at the starting of the motor, the current is the sum of both the stator and 

rotor winding currents while at steady state it is only the current in the stator winding. 

Hence, no current will be induced in the rotor bars. Figure 5.5 shows three phase rotor 

current at full load for MATLAB. 
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Figure 5.5 Rotor three phase current at full load 

 

 Additionally, it is clear from the figures 5.2-5.4 that at steady state, the motor runs at a 

synchronous speed (1800 rpm). Therefore, there is no relative speed between the 

rotational magnetic field of the stator and the rotor. Hence, there is no induction torque 

during this state. Both the excitation torque and reluctance torque (in salient pole 

machine) are driving the motor shaft at steady state. At starting, the main torque 

component which forces the motor to rotate is the induction torque whereas the excitation 

torque is considered as a braking toque. Although the excitation torque (braking torque) 

is out of phase of the induction torque during starting, the induction torque is larger and 

hence the machine is self-starting. Figure 5.6 shows the electromechanical torque of the 

motor and it is components at full load for MATLAB simulation. 
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Figure 5.6 Motor torque components at full load (a) reluctance torque (b) induction torque (c) excitation torque 

(d) electromechanical torque 
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Based on the presented experimental and simulation results for both no load and loading 

cases, the discrepancy between the experimental and simulation responses is acceptable 

for the following reasons: First, the motor used in the experimental test has small 

differences in the stator resistance. Secondly, the three-phase power source used in the 

simulation test is exactly balanced while that the one in the experimental test some slight 

differences between phase voltages exist. Thirdly, in the simulation test, the starting 

angle of the rotor can be exactly adjusted while in the experimental test, the starting angle 

can be approximately adjusted. Fourthly, the positions of the bars, permanent magnets 

and windings in the slots were not considered in the mathematical modeling. Finally, the 

four assumptions previously mentioned were considered when the mathematical model 

was derived. Moreover, the oscillatory nature of the speed response at steady state is due 

to the interaction between the rotor magnets and the stator supply current as well as the 

cogging torque [26-28]. 

5.3 Testing of LSPMSM under Asymmetrical Stator Winding  

 

The performance of the motor under asymmetrical stator winding conditions, with 

specifications listed in Table 5.1, is investigated by using the implemented MATLAB 

mathematical model which is based on the derived equations (3.40), (3.41), (2.9) and 

(2.10). In order to validate the results of the developed mathematical model, the 

performance of the motor has been simulated using the developed finite element model 

with the help of the JMAGTM software. Both models have been simulated and analyzed 

for the three different asymmetrical cases listed in Table 5.2. Simulation results obtained 

for current, speed and torque from MATLAB and JMAG are in very good agreement. 
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Figure 5.7 indicates the stator phase-a current under full load condition for the three 

asymmetric cases. It is demonstrated that the current response of phase-a is affected by 

having a different number of turns for phase-a compared to the number of turns in 

phases-b and c. Additionally, the amplitude of the current increases with the increase of 

asymmetry in turns number among the phases. 

Table 5.2 The simulated asymmetrical cases 

Case# 
Asymmetric coefficient 

values 

Case I 1a b c  = = =  

Case II 0.971, 1a b c  = = =  

Case III 0 9128 1a b c. ,  = = =  

 

 

Figure 5.7 Stator phase-a current at full load 
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Figures 5.8 to 5.10 show the current, speed and torque responses of MATLAB and 

JMAG for the three simulation cases of the tested motor at full load, respectively. Figure 

5.8 illustrates that the current for both models increases during steady state as the 

asymmetry between phases is increased. Also, it is clear from the figures 5.9 and 5.10 

that the asymmetric condition affects the speed and torque. Based on the above results, it 

is confirmed that the asymmetric fault in stator winding introduces oscillation 

components in the speed and torque response of the motor during steady state as shown 

in Figure 5.7 and Figure 5.8. The oscillation increases as the asymmetry between phases 

increases.  

 

Figure 5.8 Stator phase-a current at full load (a) Case I (b) Case II (c) Case III 
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Figure 5.9  Rotor speed at full load (a) Case I (b) Case II (c) Case III 
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Figure 5.10 Motor torque at full load (a) Case I (b) Case II (c) Case III 
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5.4 Testing of LSPMSM under Stator Inter-Turn Fault  

 

To verify effectiveness of the developed mathematical model under inter-turn short 

circuit fault, experimental, MATLAB and Finite element tests on the 1-hp motor were 

conducted. The parameters of the used motor are listed in table 5.1. The motor stator has 

24 slots, with a single-layer winding and four coils per phase. Each coil consists of 86 

turns, therefore, there are 344 turns per phase. To create the inter-turn fault via a low and 

high number of shorted turns, the motor was dismantled, and 6 access points were 

inserted into phase-a, as shown in Figure 5.11. It is clearly shown that the four access 

points (a1, a2, a3 and a4) are added to a coil, while the other two access points (a5 and a6) 

are added to another coil. Therefore, 8 inter-turn fault cases can be created. Table 5.3 

indicates the access point combinations, with their respective number of turns and shorted 

turn percentages (  ). The access points inserted in the motor were at the level of 4, 9, 

26, 40, 44, 66, 70, and 77 turns on phase-a. 

 

Figure 5.11 Configuration of the stator windings of the LSPMSM with center taps added in phase-a. 
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Table 5.3  The shorted-turn cases for the faulty LSPMSM 

Tap cases 
Nsh µ (%) Tap cases Nsh µ (%) 

a1-a2 26 7.6 a2-a4 44 12.8 

a1-a3 66 19.2 a3-a4 4 1.2 

a1-a4 70 20.3 a4-a5 77 22.4 

a2-a3 40 11.6 a5-a6 9 2.6 

 

To perform the experimental tests, the experimental setup shown in Figure 5.12 was used. 

During the experimental tests, an external adjustable resistor was used to limit the fault 

current in the shorted turns of the motor stator windings to avoid damaging of the motor 

winding. 

 

Figure 5.12  Experimental setup 

The simulation and experimental results are presented in this section. The results were 

taken during acceleration after the system has been started to the synchronous speed 
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(1800 rpm) under a balanced three-phase voltage supply of 400 Vrms line-to-line. The 

simulation and experimental tests were conducted for 0.8 sec to avoid overheating and 

damage of the motor windings. For a fair comparison, both the simulation and 

experimental step times were 0.1 msec. To study the effect of the inter-turn fault on the 

motor performance, both simulations and experiments with 8 different inter-turn fault 

cases under no load and full load were carried out. Figures 5.13 and 5.14 present the 

experimental and the simulation current and speed used to test the motor under no load 

for three different cases (healthy condition, 26 shorted turns and 40 shorted turns). The 

tests were carried out experimentally with a fault resistance of 0.8 Ω. On the other hand, 

for the simulation test, a 0.2 Ω extra resistance was added to the fault resistance to 

account for the wires used at the access points and their soldering connections. 

Figures 5.13 and 5.14 show that both the experimental and simulation results are in good 

agreement. Figure 5.13 depicts that under all cases (healthy, 26 shorted turns and 40 

shorted turns), the simulation stator phase-a current behaves like the experimental phase-

a current in the transient and steady states, with small mismatches occurring especially 

during the transient period. The same is true for the speed in Figure 5.14. 
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Figure 5.13 Stator phase-a current under no load: (a) healthy conditions, (b) 26 shorted turns, (c) 40 

shorted turns 
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Figure 5.14  Rotor speed under no load: (a) healthy conditions, (b) 26 shorted turns, (c) 40 shorted 

turns 

 

Figure 5.15 shows the stator current, speed and fault current results for the LSPMSM 

with 26 turns shorted under full load for both the simulation and experimental tests. The 
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tests were conducted with fault resistance of 0.8 Ω. The figure shows that the simulation 

and experimental results are in good agreement. 

 

Figure 5.15  Motor testing results under full load with 26 shorted turns: (a) stator phase-a, (b) rotor 

speed, (c) fault current 

To investigate the relationship between the fault current and the fault resistance/fault 

severity, both experimental and MATLAB simulation tests under no load were conducted 

for the possible inter-turn short circuit cases listed in Table 5.3. Figure 5.16 (a) shows the 
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relationship between the fault current and fault resistance for the three cases of shorted 

turns (9, 26 and 40 shorted turns). The figure clearly shows that the relationship is not 

linear and that the fault current increases as the fault resistance decreases. On the other 

hand, the relationship between the fault current and the fault severity at a constant fault 

resistance of 0.9 Ω is indicated in Figure 5.16 (b). It is observed that as the severity of the 

fault increases, the fault current increases. These findings prove that the developed model 

is in agreement with the experimental results. 

 

Figure 5.16   Experimental and MATLAB simulation results under no load: (a) fault current as a 

function of fault resistance, (b) fault current as a function of fault severity 
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Figures 5.17 and 5.18 show that the inter-turn fault will affect the current in the faulted 

phase more than that in the other phases.  

 

Figure 5.17  Experimental results under 26 shorted turns occurring at 0.44 sec (a) stator phase-a current and 

fault (b) three phase current (c) speed 
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Figure 5.17-a shows the experimental transient response of the motor (three-phase 

current, speed and fault current) from system standstill to the synchronous speed for 0.6 

sec, with the motor initially operated under healthy conditions and then subjected to a 

fault with 26 shorted turns and a 0.4-Ω fault resistance at 0.44 sec. Figure 17.b clearly 

shows that the current of phase-a is affected, while the other phase currents remain the 

same. On the other hand, figure 5.18 shows the three-phase current and speed when the 

motor is subjected to a fault of 9 shorted turns with a 0.35-Ω fault resistance. Figure 18.a 

clearly reveals that during the fault, the magnitude and time response of the phase-a 

(faulted-phase) current are affected much more than those of the other two phase 

currents. With this observation in mind, the developed model can be used to detect the 

possibility and location of the stator inter-turn fault in an LSPMSM. 

 

Figure 5.18  MATLAB simulation results under no load with 9 shorted turns (a) Three-phase stator 

current (b) speed 
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To investigate the size of inter-turn faults on both current and the speed of the motor, 

MATLAB simulations for the motor under three different inter-turn cases (healthy, 26 

shorted turns and 40 shorted turns) have been done. The results are depicted in both 

Figure 5.19, 5.20, 5.21 and 5.22. Figure 5.19 and 5.20 highlight that the magnitude of the 

current increases as the size of the fault increases. While Figure 5.21 and 5.22 shows that 

the oscillation in speed response at steady state increases with increase in the size of the 

fault. 

 

Figure 5.19 Phase-a current under no load for MATLAB simulation 
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Figure 5.20 Phase-a current under no load for experimental testing 

 

 

Figure 5.21  Speed under no load for MATLAB simulation 
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Figure 5.22  Speed under no load for experimental testing 

In conclusion, the results presented in this chapter clearly show that the mathematical 

simulation results of the developed models are in very good agreement with the JMAG 

commercial software results and experimental findings. 
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6 CHAPTER 6 

DIAGNOSTIC TOOL DESIGN FOR DETECTING 

STATOR WINDING ABNORMALITIES 

6.1 Overview  

 

In this chapter, a neural network-based diagnosing tool that can predict stator winding 

abnormalities was developed. The developed mathematical models have been simulated 

using MATLAB under different loadings, abnormality types, and severity conditions. 

Since the stator currents and voltages are easily accessible without extra hardware, it has 

been decided to be used as the key signatures for developing the diagnostic tool. Several 

time and frequency based features have been extracted using motor current and voltage 

waveforms. The developed tool has been designed to correlate the extracted features with 

its corresponding type and severity of stator abnormalities. Finally, the designed tool has 

been tested using different unseen abnormality cases.  

6.2 Features Extraction 
 

Extracting the fault representative features is a major step in the design of any fault 

diagnostic tool. In this section, time-based and frequency-based features were extracted from 

the stator steady state current response for stator winding abnormalities. The extracted 
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features were investigated to select the most distinct features of the faults. The following 

subsections show the feature extraction process. 

6.2.1 Features Extraction for Inter-turn Fault 

 

MATLAB comprehensive investigations of the motor performance under stator inter-turn 

fault has been done to select the most distinct and representative features. The shorted 

turn cases of 0, 9, 26 and 40 at phase-a are studied. In addition, experimental 

investigation for the same number of shorted turns has been done. Figure 6.1 shows the 

experimental and MATLAB phase-a (faulted phase) steady state stator current under no 

load condition.  

 

Figure 6.1 Phase-a steady state current under no load (a) 0 shorted turns (b) 9 shorted turns (c) 26 shorted turns 

(d) 40 shorted turns 
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It can be observed that both experimental and MATLAB results are in good agreements. 

Also, it can be noted that the current response of the faulted phase and its amplitude are 

affected with the size of inter-turn fault during steady state. As shown in chapter 5, the 

currents in the unfaulted phases have been slightly affected and hence are not shown. 

Using the stator currents and supply voltages for the above studied cases, several features 

have been extracted and compared in order to determine their effectiveness in detecting 

the stator inter-turn fault. Among these feature; four time-based (Variance, Kurtosis, 

Maximum and RMS value) are extracted from the current of the faulted phase during 

steady state. In addition, two frequency-based features (the fundamental current 

magnitude and the fundamental power factor angle) are also extracted from the frequency 

response of the voltage and current of the faulted phase. Moreover, the power factor of 

the faulted phase and the stator current symmetrical components (positive, negative and 

zero) have also been extracted. Figures 6.2 to 6.3 show the extracted features under no 

load for the 1Ω fault resistor. 
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Figure 6.2 Experimental and MATLAB extracted features at no load for 1Ω fault resistance: (a) variance (b) 

kurtosis (c) Maximum (d) RMS 

The results showed that the time based-extracted features (variance, kurtosis, maximum 

and RMS) increases as the number of shorted turns increases as shown in Figure 6.2. The 

fundamental current magnitude, the fundamental power factor angle as well as the power 

factor of the faulted phase are shown in figure 6.3, where it is proved that both the 

fundamental current component and the power factor increase as the number of shorted 

turns increases, while the fundamental power factor angle decreases as the shorted turns 

number increases. In addition, it is clear from Figure 6.2 and 6.3 that both experimental 

and MATLAB based extracted features are in good agreement. 
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Figure 6.3 Experimental and MATLAB extracted features at no load for 1 Ω fault resistance: (a) Fundamental 

current Magnitude (b) Fundamental power factor angle (c) Power factor 

Figure 6.4 shows the symmetrical current components, where the positive sequence 

component for both MATLAB and experimental results are in good agreement for the 

four shorted turn cases.  
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Figure 6.4 Experimental and MATLAB extracted features at no load for 1Ω fault resistance: (a) positive 

sequence component magnitude (b) negative sequence component magnitude (c) zero sequence component 

magnitude 

 

6.2.1.1 Features under Fixed Fault Resistance and Variable Loading 

Levels 

To study the effect of load variation on the extracted feature patterns at fixed fault 

resistor, the developed mathematical model was simulated for 14 cases of shorted turns 

conditions (0, 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 55, 60, and 65) and 9 loading 
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conditions (0 N.m, 0.5 N.m, 1 N.m,  1.5 N.m, 2 N.m,  2.5 N.m,  3 N.m,  3.5 N.m and 4 

N.m ). Hence, the model was used to simulate 126 shorted turns/load combinations at the 

same fault resistor of 1 Ω. Figure 6.5 to 6.7 show the extracted features for the 126 

simulated cases. Figure 6.5 reveals that the features such as variance, kurtosis, Maximum 

and RMS are load dependent and their values increase as the number of shorted turns 

increases. Also, it is clear that the variance, maximum and RMS features follow almost 

the same curve pattern for different loading conditions, but the feature curves are shifted 

up when the load is increased. However, for the Kurtosis, the curves are shifted down as 

the load is increased, Figure 6.5 (b).  

 

Figure 6.5 MATLAB extracted features at different loading condition for 1 Ω fault resistance (a) variance (b) 

kurtosis (c) Maximum (d) RMS 
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On the other hand, Figure 6.6 shows the fundamental current magnitude, the fundamental 

power factor angle and the power factor for the faulted phase at different loading 

conditions. It is evident from Figure 6.6(a) that the fundamental current magnitude 

increased with the increase in the number of shorted turns for a particular load size.  

 

Figure 6.6 MATLAB extracted features at different loading condition for 1 Ω fault resistance (a) Fundamental 

current Magnitude (b) Fundamental power factor angle (c) power factor 
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Figure 6.6 (b) shows that the fundamental power factor angle decreases as the number of 

shorted turns increases at no load and 25% loading, while at a load of 50%, 75% and full 

load the feature value is slightly changed (increases slightly) as the number of shorted 

turns is increased. Figure 6.6(c) shows that the power factors are load dependent whereby 

the values are increased as the number of shorted turns increases for loads less than 50%, 

while the power factor is almost constant regardless of the number of shorted turns for 

the other load conditions (75% and 100% loading). The magnitudes of symmetrical 

components of the stator current are displayed in figure 6.7.  

 
Figure 6.7 MATLAB extracted features at different loading condition for 1 Ω fault resistance (a) positive 

sequence faulted current magnitude (b) negative sequence faulted current magnitude (c) zero sequence faulted 

current magnitude 
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It is clear from figure 6.18 (a) that the positive sequence component feature is load 

dependent, while Figure 6.18 (b) and (c) confirms that the negative and zero sequence 

feature components are almost load independent. Therefore, the symmetrical current 

components could be good indicators for inter-turn fault under variable loading condition.  

Therefore, one can conclude that the above analyzed features are distinct and follow a 

certain pattern that makes them very useful in designing a diagnostic tool. Moreover, the 

variation in each of the variance, maximum, RMS, fundamental current magnitude and 

positive sequence component values with respect to the number of shorted turns is 

approximately the same at different loading conditions.  

6.2.1.2 Features under variable Fault Resistance and fixed Loading 

Condition 

 

To investigate the effect of inter-turn fault on the stator current signatures at different 

fault resistor values, the developed mathematical model was simulated at the case of 26-

shorted turns in phase-a for four fault resistor values (0.4 Ω, 0.8 Ω, 1 Ω, and 1.2 Ω). The 

MATLAB results are validated experimentally.  MATLAB and experimental results for 

the current are shown in figure 6.8 where they are in good agreement. It is also clear that 

the magnitude of the faulted phase current increases as the fault resistance decreases as 

well as a notable effect on the time response of the current.   
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Figure 6.8 Phase-a steady state current under no load for 26-shorted turns (a) 𝐑𝐟=1.2 Ω (b) 𝐑𝐟=1 Ω (c) 𝐑𝐟=0.8 

(d) 𝐑𝐟=0.4 Ω 

The effect of inter turn fault on the extracted features patterns at fixed load and variable 

fault resistor is studied for 14 cases of shorted turns (0, 5, 10, 15, 20, 25, 30, 35, 40, 45, 

50, 55, 60, and 65) and five fault resistor values (0 Ω, 0.4 Ω, 0.8 Ω, 1 Ω, and 1.2 Ω) at no 

load. In other words, the model was used to simulate 70 shorted turns/fault resistance 

values at no load condition. Figures 6.9 to 6.11 exhibit the extracted features for the 70 

simulated cases. It is clear from the figures that the extracted features increase as the fault 

resistance decreases for a particular number of shorted turns, except the fundamental 

power factor angle in Figure 6.10 (b). Moreover, the features are distinct and follow 

certain patterns that make them very useful in designing a diagnostic tool. In addition, the 

effectiveness of the features increases as the fault resistance decreases. The same pattern 
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of distinct features has been observed under different loading condition while changing 

the fault resistance. 

 

 

Figure 6.9 MATLAB extracted features for different fault resistor values at no load (a) variance (b) kurtosis (c) 

Maximum (d) RMS 
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Figure 6.10 MATLAB extracted features for different fault resistor values at no load (a) Fundamental current 

Magnitude (b) Fundamental power factor angle (c) power factor 
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Figure 6.11 MATLAB extracted features for different fault resistor values at no load (a) positive sequence 

component magnitude (b) negative sequence component magnitude (c) zero sequence component magnitude 

 

6.2.2 Features Extraction for the Asymmetry Condition 

In this section, the same time and frequency-based features which are considered under inter-

turn fault are investigated for the case of asymmetry condition under different load levels. 
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For the feature extraction, the developed mathematical model under asymmetry condition 

was simulated for 126 cases with different number of asymmetry turns in phase-a and 

different loading levels. For demonstration purposes, Figures 6.12-6.14 show the extracted 

features for the 126 simulated cases. Figures 6.12 to 6.14 show that the extracted features 

follow almost a certain pattern regardless of the load, also part of the features are less non-

linear compare with the result under inter turn fault. In addition, for some of the features such 

as the zero sequence component, it values under inter-turn fault is less than for asymmetric 

condition at the same fault severity. Therefore, the extracted features will help in 

discriminating between the stator abnormalities and also in determining the size of the 

abnormalities. 

 

Figure 6.12 MATLAB extracted features under asymmetric condition in phase-a (a) variance (b) kurtosis (c) 

Maximum (d) RMS 
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Figure 6.13 MATLAB extracted features under asymmetric condition in phase-a (a) Fundamental current 

Magnitude (b) Fundamental power factor angle (c) power factor 
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Figure 6.14 MATLAB extracted features under asymmetric condition in phase-a (a) positive sequence 

component magnitude (b) negative sequence component magnitude (c) zero sequence component magnitude 
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6.3 Neural Network Design  

 
The most commonly used neural network for classification purposes is the multi-layer 

feed-forward neural network (MFNN). The feed-forward NN has the ability to learn 

various types of complex linear and nonlinear functions. Therefore, it can be utilized to 

learn different types of motor faults to accurately predict the type and severity of the 

fault. This type of detection is considered to be inexpensive and noninvasive. This section 

describes the design of ANN used as a tool for detecting the inter-turn fault and 

asymmetric condition in stator winding of LSPMSMs. The neural network has two 

outputs which represent the number of shorted turns and the number of asymmetry turns 

whereas 10 inputs were specified, including; Variance, Kurtosis, Maximum, RMS, 

fundamental current magnitude, fundamental power factor angle and power factor of the 

tested phase as well as the stator current symmetrical components (positive, negative and 

zero). 

Different topologies of the feed-forward neural network with different number of hidden 

layers and hidden neurons have been tried to create suboptimal networks that correlate 

the extracted features with the corresponding abnormality type and severity. Figure 6.15 

shows the topology of the designed neural network. The ANN consists of two hidden 

layers with 10 and 4 neurons, respectively. The activation function of all the neurons is 

‘tansig’. During the training of the ANN, 756 simulation cases have been used. These 

represent inter-turn faults and asymmetry conditions at different loading levels. For 

training, 14 sets of shorted turns (0, 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 55, 60 and 65) 

and 9 loading conditions (no load, 0.5N.m, 1N.m, 1.5N.m, 2N.m, 2.5N.m, 3N.m, 3.5N.m 

and 4N.m) as well as 5 fault resistance values (0 Ω, 0.4 Ω, 0.8 Ω, 1 Ω, and 1.2 Ω) have 
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been considered. In addition, 14 sets of asymmetry condition and 9 loading levels have 

also been considered. It is worth mentioning that the number of shorted and asymmetry 

turns and loading values during testing are different from those for the training process. 

Table 6.1 shows a sample of the 100 testing cases.  

 

Figure 6.15 Neural network topology 

The criterion of assuming a true (T) detection of abnormality is as follows: the detection 

is true if the difference between the predicted and the actual number of turns is less or 

equal to 2 turns. Otherwise, it is false (F). Based on this criterion, and for abnormalities 

that have never been seen by the trained neural network, the proposed diagnostic tool is 

found to have an accuracy of 96% in detecting the stator winding abnormalities, where 

only 4 cases out of 100 are identified to be wrongly detected. This reveals high accuracy 

of the developed diagnostic tool. 
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Table 6.1 Sample of the testing results 

Case 

# 

Load 

(N.m) 

Rf 

(Ohm) 

Actual 

shorted 

turns 

Actual 

asymmetry 

turns 

Detected 

shorted 

turns 

Detected 

asymmetry 

turns 

T/F 

detection 

1 0 0 3 0 0 0 F 

2 0.25 0.1 6 0 4 0 T 

3 0.5 0.2 9 0 9 0 T 

4 0.75 0.3 12 0 12 0 T 

5 1 0.4 15 0 15 0 T 

6 1.25 0.5 18 0 18 0 T 

7 1.5 0.6 21 0 21 0 T 

8 1.75 0.7 24 0 24 0 T 

9 2 0.8 27 0 27 0 T 

10 2.25 0.9 30 0 30 0 T 

11 2.5 1 33 0 33 0 T 

12 2.75 1.1 36 0 36 0 T 

13 3 1.2 39 0 39 0 T 

14 3.25 0 42 0 42 0 T 

15 3.5 0.1 45 0 45 0 T 

16 0 0 0 3 0 0 F 

17 0.25 0 0 6 0 6 T 

18 0.5 0 0 9 0 9 T 

19 0.75 0 0 12 0 12 T 

20 1 0 0 15 0 15 T 

21 1.25 0 0 18 0 18 T 

22 1.5 0 0 21 0 21 T 

23 1.75 0 0 24 0 24 T 

24 2 0 0 27 0 27 T 

25 2.25 0 0 30 0 30 T 

26 2.5 0 0 33 0 33 T 

27 2.75 0 0 36 0 36 T 

28 3 0 0 39 0 39 T 

29 3.25 0 0 42 0 42 T 

30 3.5 0 0 45 0 45 T 

 

6.4 Robustness of the developed Diagnostic Tool 

 

The robustness of the proposed diagnostic tool against motor parameter variations 

(permanent magnet linkage flux, motor inertia, stator resistance and supply voltages) has 

been tested. In this section, the tool has been examined under five cases. In the first case 

the supply voltages were varied within ±3%. In the second case the motor inertia was 
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varied within +3%. In the third case the stator resistance was varied within +3%. In the 

forth case the flux linkage of the permanent magnet was varied within -3%. In the last 

case both supply voltages and motor inertia were varied by ±3% and +3%, respectively.    

Tables 6.2 – 6.6 show samples of the testing result (30 pattern of the 100 testing pattern) 

for each of the five cases. It has been found that the abnormality detection accuracy 

decreased by no more than 3%. 

Table 6.2 Sample of the testing results under variation in the supply voltages 

Case 

# 

Voltage 

(v) 

Actual 

shorted 

turns 

Actual 

asymmetry 

turns 

Detected 

shorted 

turns 

Detected 

asymmetry 

turns 

T/F 

detection 

1 388.0 3 0 0 0 F 

2 389.0 6 0 2 0 F 

3 390.0 9 0 6 0 F 

4 391.0 12 0 10 0 T 

5 392.0 15 0 15 0 T 

6 393.0 18 0 19 0 T 

7 394.0 21 0 21 0 T 

8 395.0 24 0 24 0 T 

9 396.0 27 0 27 0 T 

10 397.0 30 0 30 0 T 

11 398.0 33 0 33 0 T 

12 399.0 36 0 36 0 T 

13 400.0 39 0 39 0 T 

14 401.0 42 0 42 0 T 

15 402.0 45 0 45 0 T 

16 388.0 0 3 0 6 F 

17 389.0 0 6 0 7 T 

18 390.0 0 9 0 10 T 

19 391.0 0 12 0 12 T 

20 392.0 0 15 0 15 T 

21 393.0 0 18 0 18 T 

22 394.0 0 21 0 21 T 

23 395.0 0 24 0 24 T 

24 396.0 0 27 0 27 T 

25 397.0 0 30 0 30 T 

26 398.0 0 33 0 33 T 

27 399.0 0 36 0 36 T 

28 400.0 0 39 0 39 T 

29 401.0 0 42 0 42 T 

30 402.0 0 45 0 45 T 
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Table 6.3 Sample of the testing results  under variation in the motor inertia  

Case 

# 

Inertia   

(J) 

Actual 

shorted 

turns 

Actual 

asymmetry 

turns 

Detected 

shorted 

turns 

Detected 

asymmetry 

turns 

T/F 

detection 

1 0.0007019 3 0 0 0 F 

2 0.0007027 6 0 4 0 T 

3 0.0007034 9 0 9 0 T 

4 0.0007042 12 0 12 0 T 

5 0.0007049 15 0 15 0 T 

6 0.0007057 18 0 18 0 T 

7 0.0007065 21 0 21 0 T 

8 0.0007072 24 0 24 0 T 

9 0.0007080 27 0 27 0 T 

10 0.0007087 30 0 30 0 T 

11 0.0007095 33 0 33 0 T 

12 0.0007102 36 0 36 0 T 

13 0.0007110 39 0 39 0 T 

14 0.0007117 42 0 42 0 T 

15 0.0007125 45 0 45 0 T 

16 0.0007019 0 3 0 0 F 

17 0.0007029 0 6 0 6 T 

18 0.0007039 0 9 0 9 T 

19 0.0007049 0 12 0 12 T 

20 0.0007060 0 15 0 15 T 

21 0.0007070 0 18 0 18 T 

22 0.0007080 0 21 0 21 T 

23 0.0007090 0 24 0 24 T 

24 0.0007100 0 27 0 27 T 

25 0.0007110 0 30 0 30 T 

26 0.0007120 0 33 0 33 T 

27 0.0007130 0 36 0 36 T 

28 0.0007140 0 39 0 39 T 

29 0.0007150 0 42 0 42 T 

30 0.0007160 0 45 0 45 T 
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Table 6.4 Sample of the testing results under variation in stator resistance  

Case 

# 

Rs  

(Ohm) 

Actual 

shorted 

turns 

Actual 

asymmetry 

turns 

Detected 

shorted 

turns 

Detected 

asymmetry 

turns 

T/F 

detection 

1 5.5527 3 0 0 0 F 

2 5.5587 6 0 3 0 F 

3 5.5646 9 0 8 0 T 

4 5.5706 12 0 11 0 T 

5 5.5765 15 0 15 0 T 

6 5.5825 18 0 18 0 T 

7 5.5884 21 0 21 0 T 

8 5.5944 24 0 24 0 T 

9 5.6003 27 0 27 0 T 

10 5.6063 30 0 30 0 T 

11 5.6122 33 0 33 0 T 

12 5.6182 36 0 36 0 T 

13 5.6241 39 0 39 0 T 

14 5.6301 42 0 42 0 T 

15 5.6360 45 0 45 0 T 

16 5.5527 0 3 0 1 T 

17 5.5607 0 6 0 5 T 

18 5.5686 0 9 0 9 T 

19 5.5765 0 12 0 12 T 

20 5.5845 0 15 0 15 T 

21 5.5924 0 18 0 18 T 

22 5.6003 0 21 0 21 T 

23 5.6083 0 24 0 24 T 

24 5.6162 0 27 0 27 T 

25 5.6241 0 30 0 30 T 

26 5.6320 0 33 0 33 T 

27 5.6400 0 36 0 36 T 

28 5.6479 0 39 0 39 T 

29 5.6558 0 42 0 42 T 

30 5.6638 0 45 0 45 T 
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Table 6.5 Sample of the testing results under variation in PM flux linkage 

Case 

# 

Flux 

linkage 

Actual 

shorted 

turns 

Actual 

asymmetry 

turns 

Detected 

shorted 

turns 

Detected 

asymmetry 

turns 

T/F 

detection 

1 0.5797 3 0 0 0 F 

2 0.5799 6 0 2 0 F 

3 0.5801 9 0 7 0 T 

4 0.5803 12 0 11 0 T 

5 0.5806 15 0 14 0 T 

6 0.5808 18 0 17 0 T 

7 0.5810 21 0 20 0 T 

8 0.5812 24 0 23 0 T 

9 0.5814 27 0 26 0 T 

10 0.5816 30 0 29 0 T 

11 0.5818 33 0 33 0 T 

12 0.5820 36 0 36 0 T 

13 0.5822 39 0 39 0 T 

14 0.5825 42 0 42 0 T 

15 0.5827 45 0 45 0 T 

16 0.5797 0 3 0 0 F 

17 0.5800 0 6 0 4 T 

18 0.5803 0 9 0 7 T 

19 0.5806 0 12 0 11 T 

20 0.5808 0 15 0 14 T 

21 0.5811 0 18 0 17 T 

22 0.5814 0 21 0 20 T 

23 0.5817 0 24 0 24 T 

24 0.5820 0 27 0 27 T 

25 0.5822 0 30 0 30 T 

26 0.5825 0 33 0 33 T 

27 0.5828 0 36 0 36 T 

28 0.5831 0 39 0 39 T 

29 0.5834 0 42 0 42 T 

30 0.5837 0 45 0 45 T 
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Table 6.6  Sample of the testing results under variation in both supply voltages and motor inertia  

case 

# 

Voltage 

(v) 

Inertia    

(J) 

Actual 

shorted 

turns 

Actual 

asymmetry 

turns 

Detected 

shorted 

turns 

Detected 

asymmetry 

turns 

T/F 

detection 

1 388.0 0.0007019 3 0 0 0 F 

2 389.0 0.0007027 6 0 2 0 F 

3 390.0 0.0007034 9 0 6 0 F 

4 391.0 0.0007042 12 0 10 0 T 

5 392.0 0.0007049 15 0 14 0 T 

6 393.0 0.0007057 18 0 19 0 T 

7 394.0 0.0007065 21 0 21 0 T 

8 395.0 0.0007072 24 0 24 0 T 

9 396.0 0.0007080 27 0 27 0 T 

10 397.0 0.0007087 30 0 30 0 T 

11 398.0 0.0007095 33 0 33 0 T 

12 399.0 0.0007102 36 0 36 0 T 

13 400.0 0.0007110 39 0 39 0 T 

14 401.0 0.0007117 42 0 42 0 T 

15 402.0 0.0007125 45 0 45 0 T 

16 388.0 0.0007019 0 3 0 6 F 

17 389.0 0.0007029 0 6 0 9 F 

18 390.0 0.0007039 0 9 0 11 T 

19 391.0 0.0007049 0 12 0 12 T 

20 392.0 0.0007060 0 15 0 15 T 

21 393.0 0.0007070 0 18 0 18 T 

22 394.0 0.0007080 0 21 0 21 T 

23 395.0 0.0007090 0 24 0 24 T 

24 396.0 0.0007100 0 27 0 27 T 

25 397.0 0.0007110 0 30 0 30 T 

26 398.0 0.0007120 0 33 0 33 T 

27 399.0 0.0007130 0 36 0 36 T 

28 400.0 0.0007140 0 39 0 39 T 

29 401.0 0.0007150 0 42 0 42 T 

30 402.0 0.0007160 0 45 0 45 T 
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6.5 Diagnostic Tool Deployment 

 

The deployment of the diagnostic tool in reality could be realized as shown in Figure 

6.16. The proposed fault detection tool starts by measuring the three phase currents and 

voltages signals using current and voltages sensors, respectively, which are connected to 

a computer through a data acquisition system. In the computer, the captured currents and 

voltages signals undergoes time and frequency domain analysis to extract the desired 

time- and frequency-based features. The extracted features are applied to the trained 

neural network, which gives the type and severity of the abnormality.  

 

 

Figure 6.16 Diagnostic tool deployment. 
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CHAPTER 7 

CONCLUSION AND FUTURE WORK 

7.1    Conclusion 

 

This research work presents novel mathematical models for LSPMSM under stator under 

asymmetrical stator winding and inter-turn fault. In addition, a diagnostic tool for 

detecting the type and severity of these abnormalities was developed. The developed tool 

is based on a combination of signal processing technique and artificial neural network. 

The main achievements of this dissertation can be summarized as follows: 

• A QD0-mathematical and JMAGTM finite-element based models for interior-

mount LSPMSM under asymmetrical stator phases winding have been developed. 

The developed QD0-mathematical model has been implemented and simulated 

using MATLAB software.  Under asymmetrical stator phases winding conditions, 

MATLAB and JMAGTM simulation results show good agreement. In addition, the 

results revealed that under different asymmetric percentage between stator phases, 

different levels of oscillations are present in the motor speed and torque responses 

where oscillations increase as the asymmetry between stator phase winding 

increases. 

 

• A QD0-mathematical and JMAGTM finite-element based models for interior-

mount LSPMSM under stator inter-turn faults have been developed. The 
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developed mathematical model has been implemented using MATLAB, simulated 

and experimentally tested using a 1-hp interior-mount LSPMSM. The accuracy of 

the mathematical model was verified by comparing the results obtained from the 

MATLAB simulation and experimental tests as well as JMAG model under 

different numbers of shorted turns and fault resistance at different loading levels. 

Additionally, the simulation and experimental results show that the inter-turn fault 

affects the current (magnitude and time response profile) in the phase that 

contains the shorted turns. The effect increases as the number of shorted turns 

increases under the same fault resistance. In addition, the results show that the 

inter-turn fault introduces oscillations in the speed response at steady state.  

• A set of experimental tests were conducted in the electric machine laboratory at 

KFUPM on a 1hp Interior-mount LSPMSM to measure the electric circuit 

parameters.  The tests include; DC test to measure the stator DC resistance, AC 

single phase (rotor not included) test to measure stator AC resistance and leakage 

inductance, block rotor test to measure rotor resistance and leakage inductance in 

both d and q-axis, DC step test to measure the magnetizing inductance in d and q-

axis, and the open circuit test to measure the flux linkage from the permanent 

magnets. The measured parameters are used in the developed QD0 mathematical 

models. The simulation and experimental testing confirm the accuracy of the 

measured parameters. 

 

• A neural network based tool for detecting the severity of stator winding 

abnormalities under different loading condition has been developed. The stator 



145 

 

currents and voltages are used as fault indicators. Several time-based and 

frequency-based features (Variance, Kurtosis, Maximum, RMS value, the 

magnitude of the fundamental current component, fundamental power factor 

angle, power factor of the faulted phase and the three phase current symmetrical 

components) were extracted from the fault indicators for the two types of 

abnormalities. These features were found to be distinct and hence are used in 

developing the neural network that is capable of accurately predicting the type 

and severity of stator winding abnormalities. The input to the developed tool are 

the 10 extracted features while the output are two (the size of inter-turn fault and 

the size of asymmetry condition). The accuracy of the developed tool was 

confirmed by testing 100 unseen cases. The overall accuracy of detecting the 

stator winding abnormalities is 96% . 

• Finally, the robustness of the proposed diagnostic tool against motor parameter 

variations (permanent magnet linkage flux, motor inertia, stator resistance and 

supply voltages) has been investigated. It has been found that the abnormality 

detection accuracy decreased by no more than 3%. 
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7.2    Future Work 

 

In order to develop a general-purpose tool for detecting the possible type and size of 

faults associated with LSPMSMs, a number of problems must be solved. These problems 

suggest a variety of research directions that need to be pursued to make such a system 

available. The following presents some suggestion of these research topics. 

• The developed diagnostic tool can be generalized to detect multiple types of 

faults, such as a combination of inter-turn and broken bar and/or inter-turn and 

eccentricity. 

• Developing a mathematical model that investigates the effect of inter-turn fault on 

PM performance (Demagnetization). In addition, the effect of core saturation can 

be considered. 

• Considering the spatial harmonics components in the development of the 

mathematical model. 

• Investigating the use of conventional neural network or neuro-fuzzy system for 

the development of the diagnostic tool.  

• Investigating the use of the developed LSPMSM mathematical model in variable 

frequency drives.  
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