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High efficiency motors are being gradually exerted in many industrial applications 

because of their positive impacts on the environment by reducing energy consumption 

and CO2 emission. In this regard, Line Start Permanent Magnet Synchronous Motors 

(LS-PMSMs) have been introduced to the market recently. Due to the unique 

configuration, LS-PMSMs are allowed to reach Super Premium Efficiency levels 

accompanied with high torque and power factor. However, since the use of LS-

PMSMs in industry is in its infancy, no efficient scheme has been reported for faults 

detection in this type of motor. Online monitoring and setting of preventive 

maintenance programs in the industries is one of the important issues. Therefore, in 

order to classify different indices of motor under fault condition, the electrical behavior 

of LS-PMSMs motor under broken rotor bar should be considered and the electrical 

parameters should be characterized. The main aim of this research is to investigate the 

effects of broken rotor bar fault on LS-PMSMs performance, and also to find reliable 

fault-related feature for this fault. The proposed detection strategy for broken rotor bar 

in LS-PMSM is based on monitoring of startup current signal.  In this regard, a 

simulation model and experimental setup for investigation of broken rotor bar in LS-

PMSM is obtained. The current signal is used to extract the fault-related features using 

three different signal processing method. Finally, the ability of these features is 

validated for detection of broken rotor bar in LS-PMSM through statistical analysis. 

This study can be beneficial for the industry by using the online monitoring systems 

where the motor fault can be detected during its operation. Therefore, the proposed 

method can be used in the preventive maintenance programs. 

 

 

This research indicates the importance of load effects on broken bar detection in LS-

PMSMs. The current signal is collected at different load levels of starting torque within 

four steps, which increases from 0% to 65%. The experimental and simulation results 

substantiate that increasing the load, will also increase the starting time duration. The 

time duration of machine with one broken rotor bar also increases compared to healthy 
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condition. The value of starting torque drops in the presence of broken rotor bar fault. 

In the time domain analysis, three features, namely peak to peak, shape factor and 

impulse factor cannot distinguish faulty state of motor from healthy state based on 

upward or downward trend. Skewness also fails to detect broken bar when the starting 

torque is high. In time domain analysis using of envelop signal, four features, namely 

RMS, RSSQ, Energy and Variance cannot distinguish faulty state of motor from 

healthy state at low level load. The variance feature also fails to detect the fault based 

on upward or downward trend. When the starting torque is high, Kurtosis feature is 

not a suitable feature to detect broken rotor bar. In the time-frequency domain analysis, 

Log Energy Entropy feature has satisfactory performances for broken rotor bar 

detection compare to Shannon Entropy feature. The result also presents that the most 

effective sub-band frequency is Detail of level 7 that includes the frequency band 

ranges of [39.06-19.53]Hz. The simulation results were validated with an experimental 

work to confirm the effectiveness of proposed methods. 
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Motor kecekapan tinggi sedang digunapakai secara berperingkat dalam pelbagai 

aplikasi industri kerana kesan positifnya terhadap alam sekitar dengan mengurangkan 

penggunaan tenaga dan pelepasan CO2. Dengan itu, Motor Segerak Magnet Kekal 

Mula Talian (LS-PMSMs) telah diperkenalkan baru-baru ini. Oleh kerana 

konfigurasinya yang unik, LS-PMSMs membolehkan motor untuk mencapai tahap 

kecekapan super premium dengan disertai  tork dan faktor kuasa yang tinggi. Walau 

bagaimanapun, sejak penggunaan LS-PMSMs dalam industri di peringkat awal, tidak 

ada lagi sistem cekap yang dilaporkan untuk mengesan kerosakan motor ini. 

Pemantauan dalam talian dan penetapan program penyelenggaraan pencegahan dalam 

industri adalah salah satu isu penting. Oleh itu, untuk mengelaskan indeks motor yang 

berbeza dalam keadaan rosak, tingkah laku elektrik motor LS-PMSMs di bawah bar 

rotor pecah perlu dipertimbangkan dan parameter elektrik harus dicirikan. Matlamat 

utama kajian ini adalah untuk mengkaji kesan kerosakan bar rotor pecah pada prestasi 

LS-PMSMs, dan untuk mencari ciri-ciri kaitan kerosakan ini. Strategi pengesanan 

untuk bar rotor pecah pada LS-PMSM dicadangkan di sini di mana ianya adalah 

berdasarkan pemantauan isyarat semasa permulaan. Dalam hal ini, model simulasi dan 

persediaan eksperimen untuk siasatan bar rotor pecah dalam LS-PMSM diperolehi. 

Isyarat semasa digunakan untuk mengekstrak ciri yang berkaitan dengan kerosakan 

menggunakan tiga kaedah pemprosesan isyarat yang berbeza. Akhir sekali, keupayaan 

ciri-ciri ini disahkan untuk mengesan bar rotor pecah dalam LS-PMS motor melalui 

analisis statistik. Kajian ini boleh memberi manfaat kepada industri dengan 

menggunakan sistem pemantauan dalam talian di mana kerosakan motor boleh dikesan 

semasa operasinya. Oleh itu, kaedah yang dicadangkan boleh digunakan dalam 

program-program penyelenggaraan pencegahan. 

 

 

Kajian ini menunjukkan betapa pentingnya kesan beban pada pengesanan bar rotor 

pecah dalam LS-PMSMs.  Isyarat semasa dikumpulkan dalam tahap beban yang 

berbeza pada tork yang bermula dalam empat langkah, yang meningkat dari 0% hingga 
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65%. Keputusan eksperimen dan simulasi mengesahkan bahawa peningkatan beban 

akan juga meningkatkan tempoh masa permulaan. Tempoh masa mesin dengan satu 

bar rotor pecah juga meningkat jika berbanding keadaan normal. Selain itu, bar rotor 

pecah juga memberi kesan pada kejatuhkan nilai permulaan tork. Dalam analisis 

domain masa, tiga ciri, iaitu puncak ke puncak, faktor bentuk dan faktor dorongan 

tidak dapat membezakan kerosakan nyata motor dalam keadaan normal berdasarkan 

trend ke atas atau ke bawah. Kepencongan juga gagal untuk mengesan bar rotor pecah 

apabila permulaan tork tinggi. Dalam analisis domain masa menggunakan isyarat 

envelop, empat ciri, iaitu RMS, RSSQ, Tenaga dan Varians tidak dapat membezakan 

kerosakan nyata motor pada keadaan normal yang berada pada tahap rendah beban. 

Ciri varians juga gagal untuk mengesan kerosakan berdasarkan trend ke atas atau ke 

bawah. Apabila tork permulaan yang tinggi, ciri Kurtosis adalah tidak sesuai untuk 

mengesan bar rotor pecah. Dalam analisis domain masa-frekuensi, ciri Log Tenaga 

Entropy mempunyai prestasi yang memuaskan bagi pengesanan bar rotor pecah jika 

dibandingkan dengan ciri Shannon Entropi. Keputusan juga menunjukkan sub-band 

frekuensi yang berkesan adalah Perincian Tahap 7 yang merangkumi julat jalur 

frekuensi bagi [39,06-19,53] Hz. Oleh itu, keputusan eksperimen dan simulasi 

menyokong antara satu sama lain dan mengesahkan kerja-kerja secara keseluruhan. 
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CHAPTER 1 

 

INTRODUCTION 

 

In this chapter, after presenting the research problem statement, the aim and 

objectives and scopes of this dissertation are presented. A short background about the 

extent of this research work is discussed and the contribution to the knowledge is 

specified. This chapter ends with the layout of the thesis. 

 

1.1  General Background 

 

Electrical machines facilitate and expedite production processes and related services 

leading to immense changes in the human life style. They are extensively employed 

in the entire aspects of domestic, industrial, commercial, utility and special-purpose 

commercial markets. The rugged configuration of squirrel-cage electrical machines 

(induction machine) with reasonable price and size make them suitable for all these 

applications. The other desired characteristics of squirrel-cage electrical machines 

are their adaptability and operation with an easily available power supply because of 

using squirrel-cage bars. However, induction machines suffer from low efficiency 

and low power factor that means the loss of energy is high. This issue is viewed as an 

important disadvantage because of the energy cost and global energy concerns.  

 

The improvement of induction machine efficiency was examined through an optimal 

design of these motors. However, due to several inherent limitations, it is difficult to 

improve the efficiency of its significantly. An option is to substitute induction 

machine by high efficiency permanent magnet Synchronous motors (PMSMs). An 

important obstacle for ordinary PMSMs is they need inverter to start, which is not 

economical for single speed applications. To overcome this problem, the permanent 

magnet motors equipped with squirrel-cage bars, called Line Start Permanent Magnet 

Synchronous motors (LS-PMSMs), have been introduced. LS-PMSMs also allow 

reaching Super Premium Efficiency levels [1,2]. A LS-PMSM consists of a stator 

(single or poly-phase) and a hybrid rotor comprising electricity conducting squirrel 

cage and pairs of permanent magnet poles. Squirrel-cage bars in electrical machine 

produce adequate high starting torque when the motor is run from standstill. Similar 

to asynchronous motors, squirrel-cage bars in LS-PMSM develop the startup 

performance during motor run up by enabling the rotor to have direct-on-line 

movement. When the load situation is unbalanced or the rotation speed is fluctuated, 

an important role of squirrel-cage bars is to lessen the counter-rotating fields of the 

air gap, which otherwise would lead to significant losses [3]. 

 

In the practical applications, LS-PMSMs are subjected to unavoidable stresses, such 

as electrical, environmental, mechanical and thermal stresses. These stresses produce 

some failures and imperfections in different parts of the LS-PMSMs. The created 

faults disturb the safe operation of the LS-PMSMs, threaten the normal 

manufacturing, and therefore result in the substantial cost penalties. An efficient fault 
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detection technique can reduce the maintenance costs by preventing the high expense 

failures and unscheduled downtimes.  

 

Breakage of the rotor bars is usually the serious failure in the squirrel cage motors, 

because it progressively increase different stresses and also brings possible 

secondary failures in machine. These failures will also reduce the motor efficiency, 

threaten its safe operation, shorten its lifetime and thus increase the operational cost. 

Broken rotor bar generates unbalanced currents and torque pulsation, and as a result 

reduces the developed torque and increases the speed fluctuations of the motor [4]. 

Changes in the rotor current distribution due to bar breakage progressively 

deteriorates the condition of the neighboring bars. For instance, once a bar breaks, 

the current in the neighboring bars increases up to 50% of rated current and overheat 

them [5,6]. The overheated bars bow and cause the rotor bends over that results an 

eccentricity, which causes basic rotor unbalance and a greater unbalanced magnetic 

pull [7]. Broken rotor bar may also cause a shaft vibration that results failures in 

bearing and eccentricity in the air gap [8]. In permanent magnet motor, the extra heat 

can also demagnetize the permanent magnets [9]. During operation of the motor, the 

broken rotor bar may rise out itself, or broken pieces of the rotor bar may exit the slot 

due to the centrifugal force and damage the stator windings or laminations [10]. 

Broken rotor bar is mainly accounted for noise during the motor start-up as well as 

destructive sparking that threatens the operation safety [11]. Accordingly, diagnosis 

of broken bars in electrical machine can preserve its good performance and its 

normal lifetime [12]. As the LS-PMSMs have a hybrid rotor with squirrel-cage bars 

and permanent magnets, it is not distinct from this part, broken rotor bars can also 

occur in this motor.    
 

Manufacturing companies are making great efforts to ensure proper condition of the 

motors by predicting motors imperfection and failures using machinery maintenance 

plan. The maintenance plans are relied on observation of the machines operating 

condition for diagnosing the existent failure at an early stage, i.e. before it causes the 

machines to stop. An operative condition monitoring technique that can manifest the 

situation of electrical machine in order to detect the fault is a key requirement of 

maintenance. This system should be able to detect any change in the machine 

quantities to predict the necessity of maintenance before major breakdown occurs. 

Hitherto, a variety of condition monitoring techniques, which monitor a certain 

parameter of the electrical machines allowing its health to be determined, have been 

developed [13].  

 

1.2  Problem statement 

 

The most recent global motor market survey and forecast assumes that the number of 

low voltage motors sold between 2014 and 2019 will increase by 11% and IE4 

appears on the horizon with 1.5% of the global market share of motors by 2019 [14]. 

The LS-PMSMs are the latest electrical machine selection of researchers owing to 

their high efficiency and power density, quiet operation and compact size. The LS-

PMSMs provide efficiency close to NEMA Super Premium Efficiency standard 
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(IE4). As the number of LS-PMSMs used in different fields is increasing, presence of 

maintenance scheme for fault detection in this type of motor becomes important and 

vital. 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 unexpected downtimes that cease the production and 

cause loss of financial income. Since, the productivity of LS-PMSM for various 

applications is in its infancy; the lack of an accurate broken rotor bar fault detection 

technique does not exist and also no research work is reported in this case. 

Accordingly, this research intends to investigate the ability of fault-related features 

for broken rotor bars fault in LS-PMSMs in different signal processing methods.  

 

1.3  Aim and Objectives 

 

The main aim of this dissertation is to study the effects of broken bars that may occur 

in LS-PMSMs on motor performance and propose a fault-related feature indicative of 

this failure in LS-PMSMs. In this respect, relevant papers were accurately surveyed 

and studied to select suitable methods for condition monitoring and signal 

processing. Research methodology was then designed and conducted according to 

the objectives of this dissertation. This study embarks on the following objectives: 

 

 to obtain and simulate a three-phase, 4-pole LS-PMSM with different 

starting torque of case study machine using finite element method in order 

to procure the stator current signal for both healthy and faulty conditions, 

 to investigate the machine performance in the presence of fault, 

 to investigate and validate the statistical fault-related features extracted 

from startup current signal using time domain analysis in order to identify 

the broken rotor bars fault in simulation and experimental study, 

 to investigate and validate the statistical fault-related features extracted 

from the startup current signals using time domain envelope analysis in 

order to identify the broken rotor bars fault in simulation and 

experimental study, and 

 to investigate and validate the features extracted from the startup current 

signals using Wavelet analysis (Time-frequency domain analysis) in order 

to identify the broken rotor bars fault in simulation and experimental 

study. 

 

1.4  Thesis Scope 

 

This dissertation provides a comprehensive study on broken rotor bars fault condition 

monitoring in electrical machine. The main focus is given to introduce features for 

detection of broken rotor bars fault in three-phase, 4-pole LS-PMSM during the 

startup operation condition. Accordingly, the effect of broken rotor bars in case study 

motor is investigated. The accuracy of research outcomes are examined through a 

professional laboratory examination in addition to a simulation performance. The 

influence of starting load on fault-related features is investigated and data acquisition 

has been collected while the motor running at 0%, 21.7%, 43.47% and 65.21% of its 

rated starting torque. Motor current signature analysis has been selected for condition 
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monitoring of the motor during its startup operation. The signals acquired through 

this method are processed using Time and Time-frequency domain to find the feature 

related to the fault detection in LS-PMSM. At the last stage, statistical analysis is 

used to validate the method that proposed for fault detection. 

 

A three-phase, 4-pole LS-PMSM is simulated based on finite element method (FEM) 

using Maxwell 2-D software. The specifications of simulated LS-PMSM and the 

motor used in the laboratory test exactly match. Three phase sinusoidal voltages are 

applied to the motor terminals as windings excitation. To obtain the  startup current 

signal of LS-PMSM, a  transient  solver  with  time  integration  method  based  on  

backward  Euler  is employed. In the simulation method, starting loads are obtained 

and set equal to the load percentages implemented in the experimental activities. 

Either the current signals of stator obtained through simulation or experiment is then 

analyzed to extract the fault-related features for fault detection. The obtained features 

are compared to validate the results and determine the most reliable fault-related 

features.  

 

The area of current research is limited to the objectives mentioned above in order to 

investigate the effect of broken rotor bar in three-phase, 4-pole LS-PMSM. 

Accordingly, investigation on other types of faults, application of further condition 

monitoring methods and other signal processing techniques are beyond the objectives 

of this thesis. 

 

1.5  Contribution of the Thesis 

 

 This work is a new research in broken rotor bar detection in LS-PMSM and 

none of the previous researches published has attempted to detect this fault. 

The reason is LS-PMSM was launched to the market recently, and its 

application is growing gradually. The other reason may be the complexity of 

broken rotor bar detection in LS-PMSM. Detection of broken rotor bar in LS-

PMSM is one of the major contributions of this dissertation.  

 This research attempts to investigate the effects of broken bar on the 

performance of machine through simulation and experimental analyses. 

 The reliable features are proposed for broken rotor bar detection in three-

phase 4-pole LS-PMSM based analysis of transient current signal. The reason 

for monitoring of stator current is its accessibility, being cost effective and 

having noninvasive characteristics.  

 Finally, this research provides remarkable outcomes for further research in 

the area of fault detection techniques in LS-PMSMs. 

 

1.6  Thesis Layout  

 

Chapter one presents a brief introduction on the research background of current 

study. The  research  requirements  are  stated  as  the  problem  statement  to  define  

the  key research aspects used. The aim and objectives of the study are listed to 
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present the focus of the research. Afterward, the scope of research work and relevant 

contributions are highlighted.  

 

Chapter Two provides an extensive literature review related to the dissertation topic. 

The general structure of LS-PMSM is described. The broken rotor bars fault and its 

effects on Squirrel-cage electrical machine are described. Different methods for 

signal acquisition and signal processing with the purpose of fault detection in 

electrical machines are comprehensively documented. The chapter ends with 

research trends in broken rotor bar detection for LS-PMSM. 

 

Chapter three presents the research methodology designed and conducted according 

to the objectives of this dissertation. In the first section of Chapter three, the 

simulation of LS-PMSM with finite element method software is introduced. In the 

second section, full demonstration of experimental set up, devices, instruments is 

explained. In the final section of this chapter, signal-processing methods 

implemented in this case study and features used as fault signature are introduced. At 

the end of chapter, statistical analysis is explained for features validation. 

 

Chapter  four  presents  the  results  and  discussions  on the  effect  of  broken rotor 

bar on startup current captured from LS-PMSM. Different features with three 

methods of signal processing are discussed and statistical analysis is used to validate 

the ability of each methods. The relevant explanations and interpretations on the 

results and observations presented provide a promising conclusion. 

 

Chapter Five finally presents conclusion drawn from this research for broken rotor 

bar detection in three-phase, 4-pole LS-PMSM, as well as recommendations for 

future study that can be implemented in the field of fault detection in LS-PMSM. 
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