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Abstract 

The interior permanent magnet (IPM) motor drive has evolved as the most energy 

efficient technology for modern motion control applications. Electric submersible pumps 

(ESPs) are electric motor driven fluid recovery systems. ESPs are widely used for 

producing oil and gas from deep downhole reservoirs. Standard ESPs are driven by 

classical squirrel cage induction motors (IMs) due to its self-starting capability from a 

balanced 3-phase ac excitation, ruggedness, simplicity, low cost and wide scale 

availability. Although there has been a tremendous growth in the design and development 

of highly efficient and reliable IPM motors for traction drive systems, application of the 

IPM motor technology in ESPs is still in its infancy due to challenges associated with the 

design and control of IPM motors. In this thesis, a new self-starting, efficient and reliable 

IPM motor drive technology is proposed for ESP systems to extend their efficiency, 

longevity and performance.  

This thesis investigates two different types of self-starting interior permanent magnet 

(IPM) motors: cage-equipped IPM motors known as line-start IPM motors and a new type 

of hybrid self-starting motors called hysteresis IPM motors. The limited synchronization 

capability of line-start IPM motors for high inertial loads is explained in this thesis. To 

overcome the starting and synchronization problems associated with line-start IPM 

motors, a new type of hybrid hysteresis IPM motor is proposed in this thesis. Equivalent 

circuit modeling and finite element analysis of hysteresis IPM motors are carried out in 

this thesis. A prototype 2.5 kW hysteresis IPM motor is constructed and experimentally 

tested in the laboratory. In order to limit the inrush current during starting, a stable soft 
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starter has been designed, simulated and implemented for variable speed operations of the 

motor. The simulation and experimental results are presented and analyzed in this thesis.  

Self-starting IPM motors suffer from hunting induced torsional oscillations. Electric 

submersible pumps are vulnerable against sustained hunting and can experience 

premature failures. In this thesis, a novel stator current signature based diagnostic system 

for detection of torsional oscillations in IPM motor drives is proposed. The diagnostic 

system is non-intrusive, fast and suitable for remote condition monitoring of an ESP drive 

system.  

Finally, a position sensorless control technique is developed for an IPM motor drive 

operated from an offshore power supply. The proposed technique can reliably start and 

stabilize an IPM motor using a back-emf estimation based sensorless controller. The 

efficacy of the developed sensorless control technique is investigated for a prototype 3-

phase, 6-pole, 480V, 10-HP submersible IPM motor drive.  

In summary, this thesis carried out modeling, analysis and control of different types of 

self-starting IPM motors to assess their viability for ESP drive systems. Different designs 

of self-starting IPM motors are presented in this thesis. In future, a fully scalable self-

starting IPM motor drive will be designed and manufactured that can meet the industrial 

demands for high power, highly reliable and super-efficient ESP systems.  
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  Chapter 1

Introduction and Thesis Organization 

Electric submersible pumps (ESPs) are widely used as downhole artificial lift devices 

in both land based and offshore oil and gas production units for improved oil recovery. 

An ESP is a motor/pump configuration comprised of multi-stage impellers driven by 

electric ac motors. ESPs are particularly suitable for low flow/low pressure oil reservoirs 

as they increase the fluid pressure gradually by each pump stage in order to achieve high 

recovery factors. Each stage of the centrifugal pump consists of an impeller driven by the 

motor and a diffuser which directs the flow to the next stage of the pump. Since the 

inception of ESPs, polyphase squirrel-cage rotor induction motor drives have been used 

for ESPs in offshore oil and gas. Induction motors are used in ESPs because of their 

ruggedness, simplicity, relatively good efficiency, low cost and wide scale availability. 

However, induction motors have some inherent limitations. An induction motor is an 

asynchronous motor and always runs in a lagging power factor with a slip. It cannot 

develop any torque at the constant synchronous speed and always runs with a slip power 

loss in the rotor. The speed of the induction motor always varies with changing loading 

conditions and these motors do not operate efficiently at all speeds. It is not always 

possible for an inverter drive to run an induction motor at the command speed as well as 

at the best efficiency point. The cost and the complexity of the control equipment for 

induction motor drives are high.  
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Submersible motors have unique constructional features. The uniqueness lies in their 

long stator and narrow construction.  It is also extremely difficult and unreliable to build 

an induction motor that has an extremely long rotor with a small outer diameter capable 

of meeting the power requirement of an ESP. Thus, a multi-rotor induction motor is used 

for electric submersible pumps. The multi-rotor assembly suffers from frequent failure 

and shaft breakdowns due to extreme mechanical stress. Induction motor driven ESPs 

suffer from relatively higher failure rates and longer downtime than other lift techniques 

in downhole harsh environments. For a harsh offshore environment, the total cost to 

replace or repair an ESP unit is very high. Thus, any improvements in ESP reliability and 

performance can be significant for the offshore oil and gas industries, and the 

requirements for reducing power consumption and efficient energy usage have become 

major issues, especially during the time when oil price is low. 

Figure 1.1 displays a typical power system for oil and gas recovery from downhole 

reservoirs using ESPs. Gas turbines and diesel generators are normally the main sources 

of power generation for offshore and isolated land based oil and gas production units. 

Variable speed drives (VSDs) including filters and step-up transformers are situated on 

the platform. Power is supplied to downhole ESPs through long cables that run down the 

well. Standard ESP cables are rated as 3kV (L-L) and 5kV (L-L). The depth of the well 

can vary from a few hundred feet to several thousands of feet under the surface. For 

offshore applications, the cable length can be extremely long. Thus, a step-up transformer 

is needed at the load side, if the voltage boost capability is not available in the VSD. The 

load side filters are usually passive, designed to reduce the higher harmonics induced by 

the VSD. The percentage of low frequency harmonics also goes up as the length of the 
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cable increases. Thus, special load side filters are also deployed to remove both low and 

high frequency harmonics for improving the power quality of the supply voltage to ESPs. 

 

 

 
Figure 1.1. Offshore power system for ESP drives. 
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Self-starting IPM motors are the class of synchronous motors that have an inherent 

capability of producing starting torque from the rotating magnetic field in the airgap 

created by a balanced 3-phase fixed frequency ac excitation in the stator.  Due to the rotor 

excitation provided by permanent magnets, these motors do not require any external dc 

excitation in the rotor. These motors are highly efficient and belong to the class of NEMA 

premium/super premium motors. Self-starting IPM motors can provide the damping 

torque during any change in the load condition or supply voltage. Thus, self-starting IPM 

motors are suitable for drive applications that cannot have any position sensors such as 

resolvers/encoders. In the case of submersible drives in deep-water downhole 

environments, it is not possible to take instantaneous readings from the position sensors 

confidently as the motor is thousands of feet under the sea. Relying on the signal received 

from a long distance reduces the reliability of the ESP, and can cause possible ESP 

failures. Thus, a self-starting IPM motor is a suitable candidate for ESP drive systems. 
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1.1 Thesis Objectives 

The overall objective of this thesis is to investigate the performance of self-starting 

interior permanent magnet motors for ESP drive applications. It can be divided into the 

following objectives. 

a) The primary objective of this thesis to investigate the application of self-starting 

interior permanent magnet (IPM) motors for fluid pumping applications. A 

standard line-start IPM motor can self-start from a fixed-frequency balanced ac 

supply with the aid of the starting torque produced by the cage windings without 

any rotor position sensing. However, it has limited synchronization capability due 

to the absence of the cage torque at synchronous speed. In a conventional line-

start IPM motor, the motor typically acts as a class D type induction motor. 

Although the cage torque is high during start to accelerate the rotor, it becomes 

lower during the synchronization process as the slip becomes small, and the cage 

torque eventually becomes zero at the point of synchronization. As a result, it is 

essential to investigate the synchronization capability of a cage rotor IPM motor 

for different starting load torques. The initial objective of this thesis is to carry out 

an analysis of the synchronization capability of cage equipped IPM motors for 

fluid pumping type of loads. 

b) A hybrid hysteresis interior permanent magnet motor drive combines the features 

of hysteresis motors and permanent magnet motors. This type of motors can be a 

potential replacement of the induction motors for ESP drives. The second 
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objective of this thesis is to develop an equivalent circuit model to analyze the 

dynamic performance of a self-starting hysteresis IPM motor for ESP loads.   

c) Design of a self-starting IPM motor for high inertial loads is a major objective of 

this thesis. The motor is expected to have smooth starting and high 

synchronization capabilities. The motor must possess inherent damping capability 

against sudden changes to operating conditions. The motor should also be highly 

efficient and reliable. 

d) An ESP drive suffers from significant torsional vibration during starting due to 

high inrush torque and current. The third objective of this thesis is to develop a 

combined electrical and mechanical model of a hysteresis IPM motor driven ESP 

system. The developed model will be used to investigate the torsional dynamics of 

the ESP system during starting. The effects of pump shaft diameters and shaft 

lengths on the torsional vibration of the ESP system will be investigated in this 

thesis. 

e) A major objective of this thesis is to develop a sensorless soft-starter for hysteresis 

IPM motor drives that does not require knowledge of the rotor position. The soft-

starter has to start and synchronize a hysteresis IPM motor drive for various 

loading conditions. It has to be able to compensate for the voltage drop in the line 

resistance and also needs to adjust the command voltage dynamically with the 

changing load conditions. 

f) Hunting induced torsional vibration is an inherent phenomenon in IPM motor 

drives. In ESPs, torsional vibrations are often induced in the drive system due to 

transients in the long cable or time varying transients in the well caused by the 



 

7 

 

presence of gas or solids. Detection of torsional oscillations is traditionally carried 

out using vibration/speed sensors. Vibration sensors are slow and provide noisy 

readings. Speed sensors are not available in a sensorless ESP drive. An important 

objective of this thesis is to detect and diagnose in real time the hunting 

phenomenon in self-starting IPM motor drives, using only the stator current 

signals of the motor. A fast, non-intrusive and remote torsional vibration detection 

system will be extremely useful for health monitoring of an ESP drive system. 

g) Although a sensorless soft-starter can operate an IPM motor drive for ESP 

systems, it is not highly efficient and provides poor dynamic response. The final 

objective of this thesis is to develop a sensorless control strategy for IPM motor 

drives that encompasses both high dynamic response and high efficiency. The 

sensorless control technique has to be able to successfully start an IPM motor 

drive and run it at the operating frequency without any rotor hunting. It should be 

robust and easy to implement. 
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1.2 Scope of Work 

The objectives of this thesis are achieved by carrying out the following steps. 

Step I: The starting and synchronization capabilities of cage-equipped line-start IPM 

motors are carried out using analytical, simulation and experimental investigations for a 

prototype 1-HP 3-phase 4-pole line-start IPM motor. Analytical results are obtained using 

Maple software. Simulations are carried out using Matlab/Simulink software. 

Experimental investigations are performed for a prototype 1-HP IPM motor drive using a 

dSPACE ds1104 data acquisition system. An AC dynamometer is used to emulate the 

pump load. 

Step II: Analytical equivalent circuit models of a hysteresis IPM motor drive are 

developed using elliptical modeling of the hysteresis phenomenon. The equivalent circuit 

models are solved using Matlab/Simulink software. The analytical results are verified 

using finite element simulations and experimental investigations for a 2.5-kW 3-phase 4-

pole hysteresis IPM motor drive. Ansys Maxwell software is used for the finite element 

analysis. A Mawdsley generalized machine setup is used for laboratory testing of the 

prototype motor. 

Step III: A high efficiency self-starting radial flux hysteresis IPM motor is designed 

using a parametric optimization technique. The starting and synchronization capabilities 

of this motor are investigated using Ansys Maxwell. A relative comparison among radial 

flux hysteresis IPM, circumferential flux hysteresis IPM and line-start IPM motors is 

carried out using finite element simulation and experimental investigation.  
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Step IV: Analysis of the mechanical dynamics of a hysteresis IPM motor driven ESP 

system is carried out using bond graph. Standard bond graph software 20sim is used to 

solve the state equations of the system. Experimental investigations are carried out by 

extending the shaft of the prototype hysteresis IPM motor. A dc generator is connected 

with the motor as a loading machine. A torque transducer is used to observe the torsional 

oscillation in the system.   

Step V: The developed soft-starter for a hysteresis IPM motor drive is simulated using 

Matlab/Simulink software. The real time implementation of the soft-starter is carried out 

using a digital signal processing board dS1104. A 3-phase full bridge IGBT inverter 

coupled with the ds1104 controller board is used as the variable speed drive. The 

Mawdsley generalized machine set up is used to emulate the ESP system.  

Step VI: A hunting diagnostic algorithm is developed using advanced signal 

processing techniques. The developed algorithm is simulated using Matlab/Simulink 

software. Real time diagnosis of hunting for a laboratory motor-dyno system is performed 

using a digital signal processing board and a variable speed drive system. 

Step VII: Finally, the sensorless controller for an IPM motor driven ESP system is 

developed using a back-emf estimation algorithm. The performance of the developed 

controller is observed for a 10-HP 3-phase 6-pole ESP drive system.  
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1.4 Thesis Organization 

This thesis is comprised of ten chapters. Chapter one presents the background, 

objectives and technical scopes of work of the thesis.  

Chapter two carries out an analysis of the synchronization process for self-starting 

interior permanent magnet (IPM) motors. This chapter presents a technique for 

determining the critical inertia and critical slip of a cage-rotor self-starting IPM motor for 
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various load torques. The proposed technique is validated with simulation and 

experimental investigations for a 1-HP IPM motor. 

Chapter three deals with the modeling of a circumferential flux hysteresis interior 

permanent magnet motor to investigate its dynamic behaviors. This chapter presents the 

magnetic as well as electric equivalent circuits of the motor. Analytical, finite element 

and experimental test responses for a 2.5-kW circumferential flux hysteresis IPM motor 

are provided and analyzed in this chapter. 

Chapter four introduces a new type of self-starting IPM motor called radial flux 

hysteresis IPM motor. The design of a 1-HP radial flux hysteresis IPM motor is presented 

in this chapter. The performance of the proposed design is investigated using finite 

element simulations. The proposed motor has better self-starting and synchronization 

capabilities than circumferential flux hysteresis and cage-rotor IPM motors. 

An analysis of the torsional dynamics of a hysteresis IPM motor driven electric 

submersible pump (ESP) system is provided in chapter 5. The existence of severe 

torsional oscillations during on-line starting of an ESP system is presented in this chapter. 

The effects of pump shaft geometry on torsional vibration of the electromechanical 

assembly are depicted in this chapter.  

Chapter six is concerned with the development of an autonomous soft-starting 

controller for a hysteresis IPM motor drive. This chapter presents the design and 

experimental implementation of a stable sensorless V/f controller for a hysteresis IPM 

motor drive. The proposed controller is simulated and experimentally tested for a 3-phase 

4-pole 208V 2.5-kW hysteresis IPM motor drive. 
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Chapter seven presents an analysis of the hunting phenomenon in IPM motor drives.  

Hunting in an IPM motor influences the electrical supply and introduces modulation in 

the stator currents, making it nonstationary with time-varying statistical properties. In this 

chapter, signal processing techniques such as short-time Fourier transform and wavelet 

packet decomposition are applied for frequency domain analysis of the nonstationary 

stator current signals for detection of hunting in IPM motor drives. Finite element 

simulations of a prototype 1-HP 3-phase 4-pole 208V line-start IPM motor are carried out 

for various loading conditions to validate the proposed stator current signature of hunting. 

An offline technique for detection of the hunting phenomenon in a laboratory 1-HP line-

start IPM motor drive is provided in this thesis. 

An algorithm for online diagnosis of hunting in self-start IPM motor drives is 

provided in chapter 8. The proposed algorithm can successfully detect the onset of 

hunting in real time. It can also identify the severity of hunting in the drive system. The 

developed algorithm is simulated for 1-HP and 5-kW line-start IPM motor drives. 

Experimental validation of the hunting diagnostic technique is carried out for a 1-HP line-

start IPM motor drive system. 

A novel sensorless controller for submersible IPM motor drives is provided in chapter 

9. The sensorless controller can successfully stabilize a submersible IPM motor drive at 

low speeds. It is also able to operate the ESP system efficiently at variable speeds. The 

performance of the proposed controller is investigated for a 3-phase 6-pole 480V 10-HP 

ESP drive system. The performances of the controller are depicted in this chapter.  

Conclusions of this thesis work are provided in chapter ten. Future works for this 

thesis are summarized at the end of this chapter.  
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  Chapter 2

Synchronization of Self-Starting Interior Permanent Magnet Motors 

2.1 Introduction  

Permanent magnet ac motors are synchronous motors from the operational point of 

view. Thus, permanent magnet synchronous ac motors are generally called PM motors. 

PM motors can be classified in different ways. Depending on the position of the magnets 

on the rotor, PM motors can be broadly classified into three categories: (a) interior type 

PM (IPM) synchronous motors, where the permanent magnets are buried inside the rotor 

core; (b) surface mounted type, where the permanent magnets are mounted on the surface 

of the rotor; and (c) inset type, where the permanent magnets are fully or partially inset 

into the rotor surface [1]-[5]. Depending on the orientation of permanent magnets in the 

rotor, an IPM motor can be classified into three types: (a) radially oriented type, (b) 

circumferential type and (c) axial type [1]-[5]. The stator of an IPM machine is equipped 

with 3-phase distributed or concentrated windings which produces a near sinusoidal 

magneto-motive force distribution in the air gap. In some cases, the stator is skewed to 

minimize the cogging torque generated due to the interaction of the rotor magnets with 

the stator teeth and slots. The rotor of an IPM motor has mechanical reliability equal to 

that of an induction motor and eliminates excitation losses found in induction and 

conventional synchronous motors. IPM motors also provide the highest inherent electrical 

efficiency along with the potential for a life cycle cost (initial cost plus the operating cost) 

equal to or lower than that of induction motors in similar applications. As the permanent 
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magnets are inserted inside the rotor in an IPM motor, it provides a smooth rotor surface 

and a reduced air gap, offering more torque and power density than other PM motors. The 

IPM motor also provides mechanical robustness and good dynamic performances. The 

use of IPM motors saves up to 50 percent of the energy for split type inverter-fed air 

conditioners [1]. The IPM motor technology is the current standard motor drive for hybrid 

electric vehicles and plug-in hybrid electric vehicles [1]-[4]. 

Interior permanent magnet motors can be classified into two types based on their 

operational point of view: (1) self-starting IPM motors and (2) variable speed IPM 

motors. Design of variable speed IPM motors is characteristically different than self-

starting IPM motors. Self-starting IPM motors are capable of producing starting torque 

from a fixed frequency balanced ac supply. These types of IPM motors have squirrel cage 

windings or starting windings in the rotor. The cage or damper windings produce the 

starting cage torque for the motor from a fixed frequency balanced AC supply, works as a 

shield to protect the permanent magnets against demagnetization during sudden increases 

in the stator currents, and acts as a damper to the rotor oscillations during sudden load 

changes to make sure that the motor always stays in synchronism.  

Variable speed IPM motors are generally built with high energy density rare earth 

permanent magnet materials like sintered Nd-B-Fe magnets (>35 MGOe) that can 

withstand a high reverse magnetic field. These motors have no starting windings in the 

rotor and cannot self-start from a fixed frequency AC supply. These motors are inverter- 

fed and operated using a precision rotor position feedback controller. Thus, the squirrel 

cage in the rotor is not required in a variable speed IPM motor. 
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Design of self-starting interior permanent magnet motors have been a topic of interest 

among the researchers since the introduction of permanent magnet machines by Merrill in 

1955 [6]. Douglas, Cahill and Adkins also introduced self-start type IPM motors in 1962 

[7]-[8]. These motors used low grade ferrite magnets such as Alnico. Consequently, these 

motors have lower air-gap flux density, power factor and pull-out torque than an 

induction motor of similar frame size. Due to low energy density magnets, the power and 

torque density of their self-starting IPM motors were significantly lower than equivalent 

induction motors. However, Miller predicted that the availability of high energy density 

magnets will make self-start type permanent magnet motors a feasible alternative solution 

to induction motors [6].  

Designs of high field self-starting IPM motors were first proposed by Binns et. al [9]-

[12]. They proposed different designs of self-starting IPM motors using ceramic or 

metallic magnets in order to increase the efficiency and air-gap flux density. Binns et. al. 

also introduced designs that utilize the reluctance torque component of interior permanent 

magnet motors [9].  Binns and Jabbar introduced the design of a 40-kW self-starting IPM 

motor using the rare earth permanent magnet material Samarium Cobalt (Sm-Co) [12]. 

They recorded a power factor of more than 0.95 for the motor at 50Hz supply frequency. 

Honsinger and Miller proposed radial flux and circumferential flux types of magnet 

orientations inside the rotor for IPM motors using Ferrite and Samarium Cobalt magnets 

[13]-[15]. 

Rahman designed and built the first 45-kW high efficiency (>95%) high power factor 

(>0.98) self-starting IPM motor using high energy density Neodymium Boron Iron (Nd-

B-Fe) magnets [1], [16]-[20]. It opened a new era of high power high efficiency 
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permanent magnet machines utilizing rare earth magnetic materials. Chalmers first 

introduced the flux focusing V-shape magnet orientation for a self-starting IPM motor in 

order to increase the air gap flux density and the reluctance torque [21]. Kurihara and 

Rahman proposed a self-starting IPM motor for high inertia loads using a partial V 

shaped magnet orientation [22]. Since then, due to the advancement in high-energy 

density sintered Neodymium-Boron-Iron magnets, there has been a tremendous growth in 

the development of permanent magnet machines [23].  

The synchronization capability of a synchronous motor depends significantly on the 

inertia and the load torque. Also, the design and the field excitation play an important role 

in the synchronization process of the motor. In the case of an IPM motor, the magnet 

brake torque and the value of the energy product of permanent magnets (PM) have major 

effects on the synchronization capability [24]-[25]. Line starting and synchronization of 

induction-synchronous motors for various load types have been topics of interest in recent 

times [24]-[41]. An early analysis of the asynchronous operation of permanent magnet 

motors is provided by Honsinger [28]. He developed a d-q axis equivalent circuit model 

for IPM motors considering the effects of magnetic saliency in the motor. He also 

presented the effects of magnet brake torque on the starting of an IPM motor. However, 

he did not provide any analysis for determining the synchronization capability of an IPM 

motor for different load torques and load inertias. A relatively simple algebraic criterion 

for determining the pull-in capability of synchronous reluctance motors was presented by 

Lawrenson and Mathur [29]. They separated the total developed electromagnetic torque 

into asynchronous and synchronous torque components. They have determined the 

critical period where the reluctance motor jumps from an asynchronous state to the 
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synchronization process. They have provided an approximation of the slip during the 

critical period. An algebraic algorithm has been developed in their paper for determining 

the criterion for successful synchronization of reluctance motors by balancing the energy 

required for the successful pull-in to synchronization and the energy developed by the 

motor, using the motor’s slip vs. load angle trajectories.  

Miller proposed an energy based method similar to that of Lawrenson and Mathur to 

determine the synchronization criterion of self-starting permanent magnet motors [24]. In 

his paper, a curve fitting approach is used to estimate the average asynchronous torque of 

a permanent magnet motor as a quadratic function of the slip. However, Miller has not 

provided any exact mathematical formulations for the magnet brake torque, the maximum 

brake torque, the average cage torque and the average pulsating torque. There is no 

detailed analysis to determine the critical slip and the critical inertia of an IPM motor for 

different types of loads in his paper. There are no experimental run-up responses in that 

paper.  

An exhaustive but complicated analytical approach for determining the 

synchronization capability of a self-starting permanent magnet motor was presented by 

Osheiba and Rahman [27]. Their method is computationally overburdened to be included 

in the design procedure of line start IPM motors. They also did not consider any dynamic 

loading conditions. There are no experimental run-up responses in their paper.  

Isfahani and Zadeh have studied the capability of start-up and synchronization of IPM 

motors for fluid pumping loads as well as constant loads [25]-[26]. They have provided 

dynamic d-q axes simulation results and finite element analysis results for two different 

designs of an IPM motor. They have considered the starting period and the 
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synchronization stage together as a start-up stage. They have developed a criterion for 

determining the successful start-up of IPM motors based on the maximum brake torque 

and the starting cage torque. They have concluded that the motor will eventually go to 

synchronization if it satisfies the start-up criteria. However, an IPM motor may end up in 

limit-cycles even if it has a successful run-up torque. They did not provide any insights on 

the states of the motor such as load angle, slip, developed torque, etc. when it jumps from 

the asynchronous speed to the synchronization process. Isfahani et. al. have investigated 

the synchronization capability of IPM motors for different load inertias based on a linear 

assumption about the slip coefficient [26]. But their assumption about the slip coefficient 

is limited to a specific interior permanent magnet motor and may not be suitable for 

dynamic and cyclic loads. They have not provided any theoretical or analytical validation 

behind their assumptions. They have not provided any detailed explanation about the 

synchronization process and also, there is no in-depth explanation about how the critical 

slip and pull-in energy of the motor change with the changing of the load torque and 

inertia. There are no experimental results in their paper. Thus, there exists a need to 

develop a simplified appropriate analytical method to determine the critical criteria for 

successful synchronization of self-starting IPM motors for different types of loads 

including dynamic loads. 

This chapter presents an approximate analysis of the synchronization process for 

determining the critical slip and the critical inertia of cage-equipped self-starting IPM 

motors. A synchronization criterion has been established to distinguish between 

successful and unsuccessful synchronizations in IPM motors. An improved simplified 

mathematical formulation has been developed to determine the critical slip and the critical 
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inertia of IPM motors by balancing the energy required for a successful synchronization 

and the energy developed by the motor. The developed method is suitable for both steady 

state and dynamic loads. Analytical results are presented and explained in this chapter. A 

d-q axis equivalent circuit model including the rotor resistance and reactance is presented 

in this chapter. Simulations have been carried out using the equivalent circuit solutions to 

obtain the transient responses of a 1-HP, 3-phase, 4-pole squirrel-cage equipped IPM 

motor for both constant and fluid pumping type loads. Experimental testing of the same 

IPM motor has been also performed for different load torques. Both simulation and 

experimental asynchronous run-up responses of the motor are presented in this chapter. 

The oscillatory nature of the rotor and the effect of the brake torque during starting of an 

IPM motor are depicted and explained in this chapter.  

2.2 Average Torque Analysis 

A self-starting interior permanent magnet (IPM) motor with cage windings is 

generally called line-start IPM motor. A line-start IPM motor equipped with cage 

windings, when connected to a fixed frequency 3-phase balanced ac supply, starts 

asynchronously like an induction motor and runs up toward synchronous speed through 

the process of run-up towards synchronization [24]-[25]. The run-up torque for a line-

start IPM motor has two components: a steady state time averaged component and a 

pulsating component superimposed on the average torque. The average torque is 

responsible for driving the motor towards the synchronous speed while the pulsating 

torque produces noise and vibration during starting. The average torque is comprised of 

two torques namely the magnet brake torque and the starting torque. 
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Figure 2.1. Equivalent circuits: (a) q-axis and (b) d-axis. 

The q-d axis dynamic model of a 3-phase line-start IPM motor is developed with 

respect to the rotor reference frame and depicted in Figures 2.1a and 2.1b. The set of 

stator voltage equations in q-d axes are [28]: 

𝑉𝑞𝑠 =
𝑑𝜆𝑞𝑠

𝑑𝑡
+ 𝑟𝑠𝑖𝑞𝑠 + 𝑝𝜔𝑟𝑚𝜆𝑑𝑠                                                   (2.1) 

𝑉𝑑𝑠 =
𝑑𝜆𝑑𝑠
𝑑𝑡

+ 𝑟𝑠𝑖𝑑𝑠 − 𝑝𝜔𝑟𝑚𝜆𝑞𝑠                                                  (2.2) 
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𝑉𝑞𝑟
′ =

𝑑𝜆𝑞𝑟
′

𝑑𝑡
+ 𝑟𝑞𝑟

′ 𝑖𝑞𝑟
′ = 0                                                              (2.3) 

𝑉𝑑𝑟
′ =

𝑑𝜆𝑑𝑟
′

𝑑𝑡
+ 𝑟𝑑𝑟

′ 𝑖𝑑𝑟
′ = 0                                                             (2.4) 

where 𝑟𝑠 is the phase resistance of the motor, 𝑉𝑞𝑠,𝑉𝑑𝑠, 𝑉𝑞𝑟
′  and 𝑉𝑑𝑟

′  are q-d axes stator 

and rotor voltages. 𝜆𝑞𝑠, 𝜆𝑑𝑠 and 𝜆𝑞𝑟
′ , 𝜆𝑑𝑟

′  are q-d axes flux linkages of the stator and the 

rotor, respectively. The q-d axes rotor and stator currents are expressed as 𝑖𝑞𝑟
′ , 𝑖𝑑𝑟

′  and 

 𝑖𝑞𝑠, 𝑖𝑑𝑠,  respectively. The q-d axes rotor resistances are represented by 𝑟𝑞𝑟
′  and 𝑟𝑑𝑟

′ . 𝜔𝑟𝑚 

is the mechanical speed of the rotor. The stator and rotor flux linkage equations are given 

below [28], 

𝜆𝑞𝑠 = 𝐿𝑞𝑠𝑖𝑞𝑠 + 𝐿𝑚𝑞 𝑖𝑞𝑟
′                                                              (2.5) 

𝜆𝑑𝑠 = 𝐿𝑑𝑠𝑖𝑑𝑠 + 𝐿𝑚𝑑  𝑖𝑑𝑟
′ + 𝜆𝑚

′                                                         (2.6) 

𝜆𝑞𝑟
′ = 𝐿𝑞𝑟

′ 𝑖𝑞𝑟
′ + 𝐿𝑚𝑞𝑖𝑞𝑠                                                                     (2.7)        

 𝜆𝑑𝑟
′ =  𝐿𝑑𝑟

′ 𝑖𝑑𝑟
′ + 𝐿𝑚𝑑  𝑖𝑑𝑠 + 𝜆𝑚

′                                                       (2.8) 

where 𝐿𝑞𝑠, 𝐿𝑑𝑠 are stator q-d axes synchronous inductances. The q-d axes magnetizing 

inductances are presented by 𝐿𝑚𝑞 and 𝐿𝑚𝑑. 𝐿𝑞𝑟
′  and 𝐿𝑑𝑟

′  denote rotor self-inductances, 

referred to the stator side.  𝜆𝑚
′  models the permanent magnet flux. The electromagnetic 

torque, starting torque due to currents flowing in the rotor and brake torque are expressed 

in the following equations [28]: 

Electromagnetic torque,  

𝑇𝑒 =
3

2
𝑝(𝜆𝑑𝑠𝑖𝑞𝑠 − 𝜆𝑞𝑠𝑖𝑑𝑠)                                        (2.9) 
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Starting torque,  

𝑇𝑠𝑡𝑎𝑟𝑡   =  
3

2
𝑝(𝜆𝑑𝑟

′ 𝑖𝑞𝑟
′ − 𝜆𝑞𝑟

′ 𝑖𝑑𝑟
′ )                                (2.10) 

Brake torque, 

𝑇𝑏 =
3

2
𝑝 (𝜆𝑚

′ 𝑖𝑞𝑚 + 𝑖𝑑𝑚𝑖𝑞𝑚(𝐿𝑑𝑠 − 𝐿𝑞𝑠))              (2.11) 

where 𝑖𝑞𝑚 and 𝑖𝑑𝑚 are q-d axes currents due to the magnets.  

Average torque analysis has been performed based on the assumption that the motor 

operates under steady state at each slip point. The values of the time derivative 

components are assumed to be zero and the motor speed is set to a function of motor slip 

as, 

𝑝𝜔𝑟𝑚 = (1 − 𝑠)𝜔𝑒                                                                            (2.12) 

where 𝜔𝑒 = 2𝜋𝑓 is the electrical synchronous speed of the motor and f is the supply 

frequency. 

The rotor currents, 𝑖𝑞𝑟
′  and  𝑖𝑑𝑟

′  are not considered for finding the magnet brake torque 

and are set to zero. 𝑖𝑞𝑠 and 𝑖𝑑𝑠 are replaced by the currents due to the magnets, namely  

𝑖𝑞𝑚 and 𝑖𝑑𝑚. Due to the fixed magnet excitation, the q-d axes stator voltages and the time 

derivatives of the q-d axes stator flux linkages are set to zero. The expression for the 

brake torque becomes [41], 

𝑇𝑏 = −
3𝑝

2𝜔𝑒
[
𝑟𝑠
2 + (1 − 𝑠)2𝑋𝑞𝑠

2

𝑟𝑠2 + (1 − 𝑠)2𝑋𝑑𝑠𝑋𝑞𝑠
] [

𝑟𝑠𝐸0
2(1 − 𝑠)

𝑟𝑠2 + (1 − 𝑠)2𝑋𝑑𝑠𝑋𝑞𝑠
]            (2.13) 

where 𝑋𝑑𝑠 and 𝑋𝑞𝑠 are the d and q axes reactances and E0 is the motor back-emf. The 

maximum brake torque occurs at a certain slip 𝑠𝑇𝑏𝑚𝑎𝑥. The slip at the maximum brake 
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torque is calculated by differentiating (2.13) with respect to the slip and is given below 

[41], 

𝑠𝑇𝑏𝑚𝑎𝑥 = 1 −
𝑟𝑠

𝜔𝑒√𝐿𝑑𝑠𝐿𝑞𝑠
                                                (2.14) 

The maximum brake torque is calculated by substituting the value of 𝑠𝑇𝑏𝑚𝑎𝑥 into 

(2.13) and is expressed in the following equation [41], 

𝑇𝑏𝑚𝑎𝑥 = −
3𝑝

2𝜔𝑒
[
𝑟𝑠
2 (1 +

𝐿𝑞𝑠
𝐿𝑑𝑠
)

2𝑟𝑠2
] [

𝐸0
2𝑟𝑠
2

2𝑟𝑠2𝜔𝑒√𝐿𝑑𝑠𝐿𝑞𝑠
]                      (2.15) 

It is evident from (2.14) and (2.15) that the brake torque is maximum at high slip and 

depends largely on the saliency ratio (𝐿𝑞𝑠/𝐿𝑑𝑠) of the motor and back-emf  𝐸0. That’s 

why, a high saliency permanent magnet motor with large back-emf results in greater 

brake torque. 

In squirrel cage equipped IPM motors, the starting torque is produced due to the 

induced current flowing in the cage and accounts for the successful starting and 

synchronization of line start IPM motors. The cage current 𝐼2 can be expressed in terms of 

voltage and impedances as shown in the following equation [41]: 

|𝐼2| =
𝑉𝑡ℎ

√(𝑟𝑡ℎ +
𝑟𝑟′

𝑠 )
2

+ (𝑋𝑡ℎ + 𝑋𝑙𝑟
′ )2

                               (2.16) 

where Vth, rth and Xth are Thevenin equivalent voltage, resistance and reactance, 

respectively. 𝑟𝑟
′ and 𝑋𝑙𝑟

′  are the rotor resistance and leakage inductance, referred to the 

stator side. The equation for cage torque 𝑇𝑐 is given below [41]: 

𝑇𝑐 = 3
1

𝜔𝑟𝑚
|𝐼2|

2
𝑟𝑟
′

𝑠
                                                             (2.17) 
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or 

𝑇𝑐 =
3

𝜔𝑟𝑚

𝑉𝑡ℎ
2 (
𝑟𝑟
′

𝑠 )

(𝑟𝑡ℎ +
𝑟𝑟′

𝑠 )
2

+ (𝑋𝑡ℎ + 𝑋𝑙𝑟
′ )2
                          (2.18) 

For balanced steady state conditions, the electrical angular velocity of the rotor is 

assumed constant and equal to 𝜔𝑒. The electrical angular velocity of the rotor reference 

frame becomes the angular velocity of the synchronously rotating reference frame. In this 

mode of operation, the rotor windings do not experience a change of flux linkage; hence 

current is not flowing in the short-circuit cage windings. The term 𝑝𝜔𝑟𝑚 in (2.1)-(2.4) is 

replaced by 𝜔𝑒 and the time rate of change of all flux linkages is neglected. As a result, 

the steady state versions of the voltage and flux linkage equations can be written as, 

𝑉𝑞𝑠 = 𝑟𝑠𝑖𝑞𝑠 + 𝜔𝑒𝜆𝑑𝑠                                                                          (2.19) 

𝑉𝑑𝑠 = 𝑟𝑠𝑖𝑑𝑠 − 𝜔𝑒𝜆𝑞𝑠                                                                         (2.20) 

 𝜆𝑞𝑠 = 𝐿𝑞𝑠𝑖𝑞𝑠                                                                                     (2.21) 

 𝜆𝑑𝑠 = 𝐿𝑑𝑠𝑖𝑑𝑠 + 𝜆𝑚 
′                                                                         (2.22) 

The d and q axes voltages 𝑉𝑞𝑠 and 𝑉𝑑𝑠 can be replaced by, 

𝑉𝑞𝑠 = 𝑉cos𝛿                                                                                      (2.23) 

𝑉𝑑𝑠 = −𝑉sin𝛿                                                                                   (2.24) 

where V  is the supply peak voltage and 𝛿 is the load angle between V and no load 

back-emf E0. Now, using (2.23) and (2.24), the stator voltage equations (2.19)-(2.20) can 

be rewritten as 

𝑉cos𝛿 = 𝑟𝑠𝑖𝑞𝑠 + 𝑋𝑑𝑠𝑖𝑑𝑠 + 𝐸0                                                          (2.25) 
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𝑉sin𝛿 = −𝑟𝑠𝑖𝑑𝑠 + 𝑋𝑞𝑠𝑖𝑞𝑠                                                                 (2.26)   

The q-d axes stator currents, 𝑖𝑞𝑠 and 𝑖𝑑𝑠 are calculated using (2.25)-(2.26), 

𝑖𝑞𝑠 =
𝑉(𝑟𝑠cos 𝛿 + 𝑋𝑑𝑠sin𝛿) − 𝐸0𝑟𝑠

𝑟𝑠2 + 𝑋𝑑𝑠𝑋𝑞𝑠
                                             (2.27) 

𝑖𝑑𝑠 =
𝑉(𝑋𝑞𝑠cos 𝛿 − 𝑟𝑠sin𝛿) − 𝐸0𝑋𝑞𝑠

𝑟𝑠2 + 𝑋𝑑𝑠𝑋𝑞𝑠
                                         (2.28) 

The expression for electromagnetic torque 𝑇𝑒 is calculated using (2.9) and (2.21)-

(2.28), and can be written as, 

𝑇𝑒 =
3𝑝

2𝜔𝑠(𝑟𝑠2 + 𝑋𝑑𝑠𝑋𝑞𝑠)
2 

[(𝑋𝑑𝑠 − 𝑋𝑞𝑠) {
𝑉2

2
(𝑋𝑞𝑠𝑟𝑠(1 + cos2𝛿) + 𝑋𝑞𝑠𝑋𝑑𝑠sin2𝛿 − 𝑟𝑠

2sin2𝛿 − 𝑟𝑠𝑋𝑑𝑠(1 − cos2𝛿))

− 𝐸0𝑉𝑟𝑠𝑋𝑞𝑠cos𝛿 + 𝐸0𝑉𝑟𝑠
2sin𝛿 − 𝐸0𝑉𝑋𝑞𝑠𝑟𝑠cos𝛿 − 𝐸0𝑉𝑋𝑞𝑠𝑋𝑑𝑠sin𝛿

+ 𝐸0
2𝑟𝑠𝑋𝑞𝑠} + 𝐸0𝑉𝑟𝑠cos𝛿(𝑟𝑠

2 + 𝑋𝑑𝑠𝑋𝑞𝑠) + 𝐸0𝑉𝑋𝑑𝑠sin𝛿(𝑟𝑠
2 + 𝑋𝑑𝑠𝑋𝑞𝑠)

− 𝐸0
2𝑟𝑠(𝑟𝑠

2 + 𝑋𝑑𝑠𝑋𝑞𝑠)] 

(2.29) 

The electromagnetic torque in (2.29) can be represented as, 

𝑇𝑒 = 𝑇𝑒0 + 𝑇𝑒(𝛿)                                                                         (2.30) 

where 𝑇𝑒0 is the constant or average component and 𝑇𝑒(𝛿) is the periodic component 

superimposed on the constant component. The periodic component is the cause for torque 

pulsation and is called the synchronizing pulsating torque. It can be expressed as [26], 
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𝑇𝑒(𝛿) =  𝑇𝑝1sin𝛿 + 𝑇𝑝2sin2𝛿 + 𝑇𝑝3cos𝛿 + 𝑇𝑝4cos2𝛿                     (2.31) 

 

Now considering the coefficients of sin𝛿, sin2𝛿, cos𝛿 and cos2𝛿 between (2.29) and 

(2.31), 𝑇𝑝1−4   are given by, 

 

𝑇𝑝1 =
3𝑝𝐸0𝑉

2𝜔𝑒(𝑟𝑠
2 + 𝑋𝑑𝑠𝑋𝑞𝑠)

2 [(𝑋𝑑𝑠 − 𝑋𝑞𝑠)(𝑟𝑠
2 − 𝑋𝑑𝑠𝑋𝑞𝑠) + (𝑟𝑠

2 + 𝑋𝑑𝑠𝑋𝑞𝑠)𝑋𝑑𝑠]     (2.32) 

𝑇𝑝2 =
3𝑝𝑉2

4𝜔𝑒(𝑟𝑠2 + 𝑋𝑑𝑠𝑋𝑞𝑠)
2 (𝑋𝑑𝑠 − 𝑋𝑞𝑠)(𝑋𝑞𝑠𝑋𝑑𝑠 − 𝑟𝑠

2)                                                (2.33) 

𝑇𝑝3 =
3𝑝𝐸0𝑉𝑟𝑠

2𝜔𝑒(𝑟𝑠2 + 𝑋𝑑𝑠𝑋𝑞𝑠)
2 [(𝑟𝑠

2 + 𝑋𝑑𝑠𝑋𝑞𝑠) − 2𝑋𝑞𝑠(𝑋𝑑𝑠 − 𝑋𝑞𝑠)]                              (2.34) 

𝑇𝑝4 =
3𝑝𝑉2𝑟𝑠

4𝜔𝑒(𝑟𝑠2 + 𝑋𝑑𝑠𝑋𝑞𝑠)
2 (𝑋𝑑𝑠 − 𝑋𝑞𝑠)(𝑋𝑑𝑠 + 𝑋𝑞𝑠)                                                    (2.35) 

 

When the motor reaches synchronism, it runs under a steady synchronous torque. The 

synchronous torque 𝑇𝑠 is obtained by neglecting the stator resistance and replacing 

𝑇𝑒 = 𝑇𝑠 into (2.31), and is expressed in the following equation, 

𝑇𝑠 = 𝑇𝑚𝑎𝑔 + 𝑇𝑟𝑒𝑙                                                                                     

  =
3𝑝𝐸0𝑉

2𝜔𝑒𝑋𝑑𝑠
sin𝛿 +

3𝑝𝑉2(𝑋𝑑𝑠 − 𝑋𝑞𝑠)

4𝜔𝑒𝑋𝑑𝑠𝑋𝑞𝑠
sin2𝛿                     (2.36) 
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During the period of synchronization, the pulsating torque plays the role of the 

synchronizing torque and becomes the synchronous torque when the rotor is in 

synchronism. The synchronous torque for an IPM motor is the summation of the magnet 

alignment torque 𝑇𝑚𝑎𝑔 and the reluctance torque 𝑇𝑟𝑒𝑙 . 

2.3 Critical Criteria for Successful Synchronization of Line-Start IPM motors 

Figure 2.2 shows average asynchronous torque vs. speed curves of a line-start IPM 

motor. The magnet brake torque becomes maximum at high slip when the motor starts 

from stand-still. It results in a dip in the resultant average asynchronous torque curve. If 

the brake torque is excessive, the resultant torque intersects with the load torque and runs 

at a very low speed, and then eventually fails to synchronize. After passing the torque dip, 

the motor runs towards the synchronous speed and the resultant torque reaches the peak 

value due to the maximum cage torque and also due to the low brake torque at a certain 

speed. The resultant average asynchronous torque intersects with the load curve at a speed 

slightly below the synchronous speed as indicated by point ‘C’. The synchronization 

point is indicated by point ‘D’. The jump from point ‘C’ to point ‘D’ is a dynamic process 

and it is better illustrated in the instantaneous torque curve as shown in Figure 2.3. This 

dynamic process is called the “pull-in” process.  
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Figure 2.2. Average asynchronous torques of a line-start IPM motor. 
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Figure 2.4 illustrates the run-up trajectory of an IPM motor in the s-δ plane based on 

the following equation of motion [24]: 

𝑇𝑎 = −
1

𝑝
𝐽𝜔𝑠

2𝑠
𝑑𝑠

𝑑𝛿
= 𝑇𝑠(𝛿) + 𝑇𝑎𝑣(𝑠) − 𝑇𝐿(𝑠)                         (2.37) 

where Ta is the net accelerating torque, 𝑇𝑎𝑣  is the average asynchronous torque which is 

is the summation of the starting torque and the magnet brake torque, TL is the load torque 

that can be constant or a function of the slip and ωs is the synchronous speed of the motor. 

Fluid pumping loads such as centrifugal pumps have been considered as a dynamic load 

in this analysis. In a centrifugal pump, the volume of the fluid delivered by the pump 

Figure 2.3. Instantaneous torque vs. speed curves of a line-start IPM motor. 
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against a constant pressure head is proportional to the power of the motor. The 

mechanical output power of a centrifugal pump is given below [31], 

𝑃 = 𝜌𝐻𝑄𝑔
1

𝜂
                                                                                (2.38) 

where H is the head , Q is the flow rate, 𝜌 is the density of the fluid and η is the efficiency 

of the pump. Head H varies as he square of the rotating speed and flow rate Q changes 

with the rotating speed.  The output mechanical power is proportional to the cubic of the 

rotating speed. Thus, the required torque for the pump is proportional to the square of the 

motor speed.  The load torque for such types of loads can be expressed as a function of 

the slip and is given by, 

  𝑇𝐿 (𝑠) = 𝑇𝐿(1 − 𝑠)
2                                                                  (2.39) 

where 𝑇𝐿 is the peak load torque.  

 
 

Figure 2.4. Slip vs. load angle trajectory of a line start IPM motor. 
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The inertia plays an important role in the starting of an IPM motor. The maximum 

inertia that a motor can carry during starting is high when the torque exerted by the load 

is small. For fluid pumping loads, the inertia of the system is generally high whereas the 

load torque is significantly low during start-up. Thus, an IPM motor can start with a large 

inertial fluid pumping load if the load torque is small.  

The motor load-angle  increases continuously after a successful start-up and slip s 

goes down as the motor accelerates. The average asynchronous torque starts to decrease 

after becoming maximum and the synchronization process attempts to start when the 

average asynchronous torque Tav reaches almost zero. At this point, the total acceleration 

depends largely on the synchronizing torque Ts.  

Figure 2.5 shows the synchronous torque of an IPM motor. The maximum or pull out 

torque occurs at load angle δmax which is between 45
0
 and 90

0
 mechanical angle. Load 

angle 𝛿𝑠
′ is the unstable load point where the motor reaches synchronous speed for the 

first time. The net motoring torque and the load torque are balanced at this angle. Due to 

the inertia and damping factors, 𝛿𝑠 is the steady state electrical load angle. When the net 

acceleration torque Ta becomes zero for the first time, the pull-in process starts. 
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The approximate trajectory of pole slips of the motor during the start of the pull-in 

process is depicted in Figure 2.6. Successful pull-in occurs during the last pole slip from 

point ‘R’ to point ‘S’, spanning almost 2𝜋 electrical radians. The load angle at point ‘S’ 

is  𝛿𝑠
′. Slip at point ‘R’ is neither exactly zero nor less than zero, and therefore 

synchronization never happened at point ‘R’. The maximum slip during the final jump 

from ‘R’ to ‘S’ is called the critical slip 𝑠𝑐𝑟. The approximate sinusoidal curve of the last 

pole slip (from ‘R’ to ‘S’) is depicted in Figure 2.7. The sinusoidal curve in Figure 2.7 

can be formulated using the following equation: 

𝑠 = 𝑠𝑐𝑟  sin (
𝛿

2
+ 𝜑)                                              (2.40) 

where 𝜑 is the phase shift. 

Figure 2.5. Synchronous torque vs. load angle for an IPM motor. 
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Figure 2.6. Pole slips of an IPM motor during the start of the synchronization. 

Figure 2.7. A sinusoidal approximation of the last pole slip. 
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For 𝛿 = 𝛿𝑠
′ − 𝜋, (2.40) can be expressed as, 

𝑠𝑐𝑟  sin (
𝛿𝑠
′ − 𝜋

2
+ 𝜑) = 𝑠𝑐𝑟                                                                (2.41) 

or 

𝛿𝑠
′ − 𝜋

2
+ 𝜑 =

𝜋

2
      

𝑦𝑖𝑒𝑙𝑑𝑠
→          𝜑 = 𝜋 −

𝛿𝑠
′

2
                                      (2.42) 

Using (2.41)-(2.42), the trajectory of the last pole slip is given by,  

𝑠 = 𝑠𝑐𝑟 sin
1

2
( 𝛿𝑠

′ − δ)                                                               (2.43) 

At slip 𝑠 = 𝑠𝑐𝑟, the total accelerating torque is momentarily zero and the torque 

angle 𝛿𝑐𝑟is 𝛿𝑠
′ − π. Using the above constraint, the critical slip for a line start IPM motor 

can be calculated from the following equation, 

𝑇𝑠(𝛿𝑠
′ − π) + 𝑇𝑎𝑣(𝑠𝑐𝑟) − 𝑇𝐿(𝑠𝑐𝑟) = 0                                     (2.44) 

where 𝑇𝐿(𝑠𝑐𝑟) is the load torque at the critical slip.  

The required kinetic energy to pull the motor into synchronism from the critical slip 

𝑠𝑐𝑟 to slip s=0 is called the pull-in energy [8]. For a motor with inertia J, the apparent 

kinetic energy at slip 𝑠𝑐𝑟 is calculated as, 

𝐾𝑠𝑐𝑟 = ∫ (−
1

𝑝

0

𝑠𝑐𝑟

𝐽𝜔𝑠
2𝑠)𝑑𝑠 =

1

2𝑝
𝐽𝑠𝑐𝑟
2 𝜔𝑠

2                                   (2.45) 

This required pull-in energy is obtained by integrating the right hand side of (2.37) as 

follows, 

𝐾𝑝 = ∫ (𝑇𝑠(𝛿) + 𝑇𝑎𝑣(𝑠) − 𝑇𝐿(𝑠))𝑑𝛿
𝛿𝑠
′

𝛿𝑠
′−𝜋

                               (2.46) 

The integration of the synchronous torque gives the following result, 
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∫ 𝑇𝑠(𝛿)
𝛿𝑠
′

𝛿𝑠
′−𝜋

𝑑𝛿 = −
3𝑝𝐸0𝑉

𝜔𝑠𝑋𝑑𝑠
cos(𝛿𝑠

′)                                        (2.47) 

The total average asynchronous torque is transformed into a function of torque angle 

by using (2.43). The pull-in energy for a line-start IPM motor is expressed as, 

𝐾𝑝 = −
3𝑝𝐸0𝑉

𝜔𝑠𝑋𝑑𝑠
cos(𝛿𝑠

′)

+ ∫ [𝑇𝑎𝑣 (𝑠𝑐𝑟sin
1

2
(𝛿𝑠
′ − δ)) − 𝑇𝐿 (𝑠𝑐𝑟sin

1

2
(𝛿𝑠
′ − δ))] 𝑑𝛿

𝛿𝑠
′

𝛿𝑠
′−𝜋

        (2.48) 

For successful synchronization of a line start IPM motor, the following condition 

must be satisfied, 

𝐾𝑝 ≥ 𝐾𝑠𝑐𝑟                                                                                  (2.49) 

Equation (2.49) is the critical criterion for successful synchronization of a line start 

IPM motor. A line start IPM motor is able to synchronize for a certain load when the pull-

in energy 𝐾𝑝 is larger than the apparent kinetic energy of the rotor. The motor snaps into 

synchronism following some oscillations around the synchronous speed. When 𝐾𝑝 is less 

than 𝐾𝑠𝑐𝑟, the motor fails to provide the required pull-in energy for synchronization and 

goes into limit cycles. The critical condition for successful synchronization is the point 

where 𝐾𝑝 is equal to 𝐾𝑠𝑐𝑟. The inertia at that point is called the critical inertia of the motor 

𝐽𝑐𝑟 and the slip is the motor’s critical slip 𝑠𝑐𝑟. The pull-in energy at that point is expressed 

as follows by using (2.45), 

𝐾𝑠𝑐𝑟 =
1

2𝑝
 𝐽𝑐𝑟𝑠𝑐𝑟

2 𝜔𝑠
2 = 𝐾𝑝                                                     (2.50) 
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The critical inertia of a load 𝐽𝑐𝑟 that a motor can successfully synchronize against a 

certain load torque can be calculated using (2.50) and is expressed below, 

𝐽𝑐𝑟 =
2𝑝𝐾𝑝

𝑠𝑐𝑟2 𝜔𝑠2
                                                              (2.51) 

Figure 2.8 presents the flow chart for determining the pull-in criteria of a line-start 

IPM motor. The algorithm can be used to determine whether the designed IPM motor can 

synchronize certain loads. This algorithm can be included in the design procedure of line-

start IPM motors to determine the synchronizing capability of a particular designed IPM 

motor, and the design can be modified accordingly. 

 

Figure 2.8. Flowchart for determining the critical criteria of a cage equipped IPM motor. 
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2.4 Analytical Results for Line-Start IPM Motors 

Analytical results are obtained by solving the equations for determining the critical 

criteria of a line-start IPM motor using Maple software. Figure 2.9 demonstrates the 

critical inertia vs. load torque of a 1-HP 208V 4-pole line-start IPM motor for both 

constant and dynamic loads. Critical inertia of the motor goes down as the load 

approaches close to the motor rated torque. The maximum inertia is high when the load 

torque is small. The motor can synchronize large inertial load when the load torque is 

small. As the load torque crosses 40 percent of the rated torque, the critical inertia falls 

down drastically following a nonlinear curve and becomes significantly low when the 

load approaches the rated torque of the motor. 

Critical slips for different load torques are shown in Figure 2.10. The critical slip 

becomes significantly high when the load torque is larger than the rated load. As a result, 

the pull-in energy falls down and the critical inertia becomes small for the motor. It can 

be observed from Figures 2.9 and 2.10 that the motor can synchronize larger inertia when 

the load is dynamic because the critical slip for a dynamic load is smaller than that of a 

constant load. 
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Figure 2.9. Critical inertia vs. percentage rated load for constant and dynamic loads. 

Figure 2.10. Critical slip vs. percentage rated load for constant and dynamic loads. 
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Figure 2.11 shows the apparent kinetic energy and the pull-in energy of the motor for 

different inertial loads. The apparent kinetic energy is less than the pull-in energy of the 

motor when the total inertia is smaller than the critical inertia of the motor. As the load 

inertia approaches closer to the critical value, the apparent energy becomes almost equal 

to the pull-in energy. The motor cannot produce the required pull-in energy to overcome 

the apparent kinetic energy when the total inertia crosses the critical inertia. As a result, 

the motor fails to synchronize and goes into periodic oscillations called limit cycle.  

 

 

 

 

 

Figure 2.11. Apparent kinetic energy vs. inertia for different load torques. 
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The approximate sinusoidal curves of the last pole slip for different load torques are 

plotted in Figure 2.12. The load angle  𝛿 is varied from  𝛿𝑠
′ − 2𝜋 to  𝛿𝑠

′. The slip of the 

motor becomes the critical slip 𝑠𝑐𝑟 at the load angle  𝛿𝑠
′ − 𝜋. The critical slip gradually 

becomes higher with the increasing load torque. Accordingly, the stored kinetic energy in 

the motor goes up, requiring the motor to provide higher pull-in energy to synchronize.   

 

 

 

 

 

Figure 2.12. Approximate last pole slip based during synchronization. 
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2.5 Simulation Results 

The simulated run-up responses of a four-pole 1-HP three phase 208V line-start IPM 

motor for both static and dynamic loads are shown in Figs. 2.13(a)-2.13(b), respectively. 

The motor is run by a three-phase Y-connected 208V 60-Hz balanced ac supply. The 

motor synchronizes with ease when the inertia is two times its rotor inertia. The motor is 

successfully able to synchronize for J = 5Jr and J= 2Jr as the slip becomes less than zero 

at the super-synchronous speed. The motor goes through more speed overshoots and 

undershoots gradually with the increasing combined inertia of the system, and eventually 

stabilizes due to the available system damping. The inertia of the third load is six times 

higher than the rotor inertia, making the total inertia higher than the motor critical inertia. 

Consequently, the rotor fails to synchronize because it cannot provide the required pull-in 

energy to stabilize itself. As a result, the motor experiences periodic rotor oscillations. 

Figure 2.14a illustrates slip vs. load angle trajectories of the motor. The slip became 

negative before synchronization for the first and the second load. Thus, the motor is able 

to synchronize. The motor experiences more pole slips when the total inertia becomes 

higher than the rotor inertia. The final jump before synchronization follows a spiral path 

and the rotor snaps into synchronism with the field during this period. In the case of loads 

with inertia higher than the critical one, the motor fails to synchronize and goes into 

successive oscillations with a constant period. 
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(a) 

 
(b) 

Figure 2.13. Simulated run-up responses: (a) Constant load torque and (b) Dynamic load 

torque. 
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In Figure 2.14b, torques vs. speed trajectories for both low and high inertia loads are 

presented. Because of the interaction between permanent magnet flux and the conduction 

cage currents, the motor suffers from a large number of torque reversals, and even in the 

case of low inertial loads, few torque reversals take place. Before reaching the 

synchronization, there is a series of slow pole-slips which appears in Figure 2.14b as 

almost elliptical for high inertia loads. The large rotor and stator currents associated with 

the persistent pole-slipping would cause rapid overheating in the stator windings. The 

magnet brake torque reaches its peak value at the start-up period, and tries to stop the 

motor from running. The developed cage torque produces a high accelerating torque to 

overcome the brake torque and drives the motor towards the synchronous speed.  The 

IPM motor behaves like a class D induction motor at that point. The pulsating 

synchronizing torque exists throughout the start-up as superimposed on the cage torque. 

Thus, the motor experiences some speed undershoots and overshoots during the start-up 

period before reaching close to the synchronous speed. This phenomenon is shown in 

Figures 2.13-2.14 as speed reversals, pole slips and torque reversals.  When the motor 

reaches close to the synchronous speed, the cage torque and the magnet brake torque 

become small and, the IPM motor behaves like a hysteresis motor and suffers from 

oscillatory “hunting” phenomena because of the pulsating synchronous torque. The motor 

eventually snaps into synchronism following the proposed critical criteria. The motor 

needs to provide less pull-in energy to overcome the apparent kinetic energy for 

synchronization in the case of dynamic loads which allows the IPM motor to synchronize 

a larger inertial load at the rated torque. This phenomenon is depicted in Figure 2.13b for 

inertia J > 6Jrotor. The final synchronization follows a spiral that originates at the 
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synchronous speed. At that moment, the motoring torque and the load torque becomes 

equal and the motor snaps to synchronism following a spiral path. In the case of a load 

with higher inertia than the critical inertia, the motor goes into limit cycle, and the 

zoomed in limit cycle is shown at the topmost portion of Figure 2.14b. 

 

 

(a) 
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(b) 

Figures 2.15 and 2.16 present the analytical and simulated critical inertia of a 4-pole1-

HP 208V squirrel-cage IPM motor for constant load torques and dynamic loads, 

respectively. There is a close agreement between the proposed analytical results and 

simulation results. The analysis is carried out based on steady state average torques 

whereas the simulation is conducted using the dynamic model of line-start IPM motors. 

That’s why, there is a slight difference between the analytical and simulation results.  

 

Figure 2.14. Run-up trajectories in the s-δ plane (a) slip vs. load-angle and (b) torque vs. 

speed. 
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Figure 2.15. Analytical vs. simulated critical inertia of the motor for a constant load. 

Figure 2.16. Analytical vs. simulated critical inertia of the motor for a dynamic load. 



 

51 

 

2.6 Experimental Results 

A laboratory 1-HP, 208V, 4-pole line-start IPM motor has been used for experimental 

evaluation of the motor’s asynchronous start-up and pull-in capabilities. The picture of 

the experimental set-up and the cross section of the motor is shown in Figures 2.17a and 

2.17b, respectively. The motor parameters are listed in Table 2.1. The motor is run 

directly from a Y-connected 3-phase, 208V balanced fixed frequency 60 Hz ac line 

supply. 

Symbol Name Value 

Np number of phases 3 

p number of pole pairs
 

2 

Irated rated line current 3 A 

frated rated frequency 60 Hz 

Prated rated power 1 hp 

Trated rated torque 4 N. m 

Vrated rated voltage (L-L) 208 V 

Lqs q-axis inductance 0.07957 H 

Lds d-axis inductance 0.04244 H 

rs stator resistance/phase 1.93 Ω 

J rotor inertia 0.003 Kg. m
2
 

Dm rotor damping constant 0.0008 (N. m)/rad./sec.
 

λm magnet flux linkage 0.314 volts/rad./sec. 

Table 2.1. 1-HP line-start IPM motor. 
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(a) 

 
(b) 

Figure 2.17. A prototype squirrel-cage IPM Motor: (a) rotor and (b) cross section. 
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The run-up responses of the motor for various load torques are shown in Figure 2.18. 

The load torque is varied from 0% to 100% of the rated load. The total inertia is kept 

constant at three times the rotor inertia. In all these cases, the motor is started from the 

standstill position. The motor is able to start and synchronize for loads up to 75% of its 

rated load torque from the fixed frequency ac source. The critical inertia of the motor for 

successful synchronization becomes significantly lower at the rated torque. The motor 

fails to even start with a constant rated load torque, because the rotor could not overcome 

the magnet brake torque at the low speed. In the cases of successful synchronization, the 

motor has suffered from a large number of pole slips and speed reversals during the 

incipient period because of the effects of the pulsating torque and the magnet brake 

torque. The effects of the pulsating torque and the magnet brake torque in an IPM motor 

during starting are more evident in the experimental results than the simulation results, 

because simulations have been carried out based on an idealized machine with no 

variations of the machine parameters. The brake torque remains high at low speeds and 

the motor goes through more speed reversals during the low speed period between 200 

and 600 rpm with starting at around 200 rpm when the brake torque becomes more severe 

as shown in Figure 2.18. After a successful start-up by overcoming the brake torque, the 

motor accelerates quickly using the cage torque, reaching toward the synchronous speed 

within 0.2s. When the motor reaches close to the synchronous speed, the number of pole-

slips decreases and the motor eventually gets synchronized with little speed overshoots 

and undershoots because of the hysteresis phenomena [1]. As the load torque increases, 

the magnitude of speed-overshoots during synchronization period becomes smaller 

because of the damping of the overall system.  
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Figure 2.19 shows the slip vs. torque angle trajectories for 50%, 75% and 100% of the 

rated load torque. The number of pole slips is higher during the start, resulting in 

significant vibration of the rotor and high heat dissipation. The frequency of pole slips 

becomes progressively lower as the motor reaches close to the synchronous speed. The 

critical slip of the motor for 75% of the rated torque is zoomed in the figure. If the critical 

Figure 2.18. Experimental run-up responses. 
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slip is too high, the motor cannot attain the synchronism as depicted in Figure 2.18 for the 

rated load torque. During the last pole slip before reaching the synchronous speed, the slip 

becomes negative, achieving successful synchronization of the motor. In order to achieve 

synchronism, the last pole slip has to become zero or negative. When the inertia becomes 

higher than the critical inertia, slip never becomes negative or zero. Thus, synchronization 

never happens in that case. 

 

 

 Figure 2.19. Experimental slip vs. load-angle trajectories. 
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The phase-A currents for different loads are shown in Figures 2.20 and 2.21. The 

current is significantly higher during the transient period, and the motor tries to reach the 

synchronous speed during this period. When it approaches the synchronous speed, the 

current reaches to a steady state value. If the motor fails to synchronize, the stator 

currents do not reach to a steady state value and remains high as shown in Figure 2.21. 

This causes over heating of the motor. 

 

 

 

Figure 2.20. Experimental phase-A current waveform at 75% of the rated load. 
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The synchronization ability of a line-start IPM motor is greatly enhanced at steady 

state. Figures 2.22a-2.22b demonstrate speed and current responses of the motor for step 

changes in the load torque. The motor is initially operating at the synchronous speed 

under no load condition. The load torque is gradually changed from 75% of the rated 

torque to full rated load. The motor is able to remain synchronized for both cases. The 

cage works as a stabilizer for the rotor to keep the motor synchronized with minimum 

speed oscillations. The sustained speed oscillation depicted in Figure 2.22a is due to the 

mechanical torsional vibration associated with the setup. 

Figure 2.21. Experimental phase-A current waveform at rated load. 
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(a) 

 
 

(b) 

Figure 2.22. Experimental responses of the motor for step changes in the load torque: (a) 

speed and (b) current. 
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2.7 Conclusions 

This chapter presents an improved analytical method to examine the synchronization 

capability of line-start IPM motors including the impacts of the average asynchronous and 

synchronous torques. An approximate analytical method has been developed to determine 

the critical inertia and critical slip for successful synchronization of an IPM motor for 

both constant and dynamic loads. Simulations are carried out to validate the proposed 

analytical method for a 1-HP line-start IPM motor. Limited experimental results suggest 

that the proposed method can be applied to determine the critical criteria of successful 

synchronization for self-starting IPM motors. Based on analytical, simulation and 

experimental results, it is evident than the synchronization capability of squirrel-cage 

equipped line-start IPM motors is limited by the load torque and load inertia.  

In the next chapter, a new type of self-starting hybrid IPM motor combining 

hysteresis and permanent magnet materials in the rotor is presented.  
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  Chapter 3

Hysteresis Interior Permanent Magnet Motor 

3.1 Introduction 

A hysteresis interior permanent magnet motor combines the advantages of both 

hysteresis and interior permanent magnet motors. It belongs to the class of self-

starting permanent magnet motors. It was invented by Rahman in the early 1990s [1]-

[4]. Since then, various designs of hysteresis permanent magnet motors with different 

hysteresis materials have been introduced in the literature [5]-[9]. This chapter 

presents modeling and analysis of a hysteresis interior permanent magnet (IPM) 

motor. A novel approach to develop the electrical and magnetic equivalent circuit 

models of a hysteresis IPM motor using elliptical approximation of hysteresis loops 

for transient analysis of the motor is provided in this chapter. Approximate magnetic 

equivalent circuits are developed considering the magnetic saliency of the motor. 

Dual electrical equivalent circuits in d-q axes are derived from the magnetic circuits. 

Both electrical and magnetic equivalent circuits are illustrated and explained in this 

chapter. Analytical simulations using the developed electrical equivalent circuits and 

finite element analysis are carried out to obtain the transient responses of a 3-phase, 4-

pole, 208V, 2.5-kW laboratory prototype hysteresis IPM motor. Simulation results as 

well as experimental test results of the prototype motor are presented and analyzed in 

this chapter. 
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3.2 Hysteresis Interior Permanent Magnet Motor 

A hysteresis interior permanent magnet (IPM) motor is a self-starting solid rotor 

hybrid synchronous motor. It is a hysteresis-start permanent magnet motor. Its rotor has a 

cylindrical ring made of composite material such as Cobalt-steel alloys, special Al-Ni-Co, 

Vicalloy, P6, D2 steel, etc. with high degree of hysteresis energy per unit volume [1]-[9]. 

The rare earth magnetic materials such as Nd-B-Fe magnets are buried inside the 

hysteresis ring. The ring is supported by a sleeve made of non-magnetic materials. The 

non-magnetic sleeve guides the flux to flow circumferentially inside the rotor ring in 

order to maximize the effective area of the hysteresis material, achieving a high hysteresis 

torque [3]. Figure 3.1 illustrates the rotor of a prototype hysteresis IPM motor. The 

hysteresis ring is made of 36% Cobalt-Steel alloy. The cross section of the hysteresis IPM 

motor depicting the position and orientation of permanent magnets is shown in Figure 

3.2. The inclusion of permanent magnets creates rotor saliency without changing the 

length of the physical airgap. It also provides an additional permanent source of excitation 

in the rotor. A hysteresis motor does not have any points of synchronization and suffers 

from hunting while seeking a point of equilibrium. The embedded permanent magnets 

provide definite points of synchronization for the motor, and thus reduce the hunting 

associated with classical hysteresis motors. 
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Figure 3.1. Rotor of a prototype hysteresis interior permanent magnet motor. 

Figure 3.2. Cross-section of a hysteresis interior permanent magnet motor. 
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Figure 3.3 presents average asynchronous torque vs. speed curves of a hysteresis IPM 

motor. The induced magnetization of the hysteresis material inside the rotor ring always 

lags behind the time varying magnetic field. This time lag produces a torque, called 

hysteresis torque. The induced eddy currents in the solid ring generate some additional 

starting torque called the eddy current torque. The combination of the hysteresis torque 

and the eddy current torque results in a high starting torque during on-line starting of a 

hysteresis IPM motor from a balanced 3-phase AC supply which helps overcoming the 

magnet brake torque [1]. The eddy current torque becomes zero when the motor 

synchronizes but the hysteresis ring becomes temporarily magnetized. 

  

 

Figure 3.3.  Average asynchronous torques of a hysteresis-start IPM motor. 
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Table 3.1.  Comparison between hysteresis and squirrel-cage self-start IPM motors. 

Hysteresis IPM Motor Squirrel-Cage IPM Motor 

Smooth self-starting and good synchronization 

capabilities 

Poor self-starting and limited 

synchronization capabilities 

High starting torque Moderate starting torque 

Moderate starting current High starting current 

Predominantly PM motor when synchronized PM motor when synchronized 

Moderate Power Factor High Power Factor 

High Efficiency High Efficiency 

High Reliability Good Reliability 

Provides High Damping Torque  Provides Moderate Damping Torque 

Requires Less Rare-Earth Magnets Requires More Rare-Earth Magnets 

High Torque Density Moderate Torque Density 

 

 

A comparison between squirrel-cage IPM motor and hysteresis IPM motor is 

provided in table 3.1. 

3.3 Equivalent Circuit Modeling of a Hysteresis IPM Motor 

A hysteresis interior permanent magnet motor is hybrid in nature containing dual 

sources of excitation in the rotor. The first source is the temporarily magnetized hysteresis 

ring and the second one is the permanent magnet excitation. Both of these sources 

together provide the necessary excitation for synchronous operation of the rotor. Thus, the 

equivalent magnetic circuits of the motor can be modelled using the superposition 

principle considering the contribution of each individual excitation. The electric 
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equivalent circuits of the motor are obtained from the magnetic circuits using the duality 

theorem. In order to calculate parameters of the equivalent electrical circuits, at first, the 

motor is considered as a pure circumferential flux hysteresis motor. The magnetizing 

inductance and the equivalent rotor hysteresis inductance and resistance are calculated by 

applying the first principles. After that, the motor is considered as a pure IPM motor and 

the equivalent magnet current source is obtained. The addition of permanent magnets 

inside the hysteresis ring creates magnetic armature saliency in a hysteresis motor. The 

coefficients of armature saliency are calculated to determine the d-q axes equivalent 

magnetizing inductances. The following sections describe the detailed process for 

modeling a hybrid hysteresis IPM motor.  

3.3.1 Modeling of Hysteresis Phenomenon 

Magnetic hysteresis refers to the dependency of a material’s magnetization on the past 

states of the material, as well as its current state. In the analysis of hysteresis motors, 

modeling of hysteresis loops has been an issue of interest among the researchers [6]-[25]. 

One way to model the hysteresis behavior is to use the classical Presaich type model to 

develop a numerical simulation of the hysteresis motor [10]. However, development of 

electrical equivalent circuits for hysteresis and hybrid hysteresis IPM motors using the 

Presaich model is complicated and computationally intensive [25]. 

The Jiles-Atherton model (JAM) and the Hauser Energetic model (HEM) are popular 

techniques for modeling static and dynamic magnetic hysteresis for both isotropic and 

anisotropic magnetic materials [11]-[15]. The JAM and HEM are phenomenological 

hysteresis models with connection to the physical parameters of magnetic materials [11]-
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[15]. Both JAM and HEM use functions to represent the anhysteretic magnetization 

process, and balance the energy during the magnetization process to reach 

thermodynamic equilibrium. These models are relatively accurate to calculate the major 

and minor hysteresis loops of a magnetic material, and computationally simpler than the 

Presaich model. Both JAM and HEM can be used to calculate the hysteresis loss of a 

hysteresis IPM motor with good accuracy. However, JAM has five parameters to model 

the hysteresis, and HEM uses even more parameters than the JAM [11]-[15]. 

Determination of these parameters requires curve-fitting algorithms or statistical/ 

numerical optimization methods [11]-[15]. Furthermore, JAM uses a hyperbolic tangent 

to model the anhysteretic function and uses a nonlinear differential equation to determine 

the magnetization. HEM uses a transcendental equation to determine the parameter which 

is needed to define the knee of the magnetization curve. It requires either numerical 

analysis or analytical approximations to determine the approximate solution of a 

transcendental equation. Thus, determination of the equivalent circuit parameters of a 

hysteresis IPM motor using JAM/HEM is complicated. 

The shape of a magnetic material’s hysteresis loop can be curve-fitted by using 

different geometric shapes such as parallelograms, rectangles or ellipses [16]-[25]. These 

approximate B-H loop area matching models are computationally less intensive than the 

Presaich model, the JAM and the EM. The hysteresis loop of a soft-magnetic material, 

and its parallelogram and rectangular approximation of hysteresis loops are illustrated in 

Figures 3.4, 3.5 and 3.6, respectively. 
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Figure 3.4. Hysteresis loops of a soft-magnetic material [25]. 

Figure 3.5. Parallelogram modeling of the hysteresis loops of a soft-magnetic material. 
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Copeland and Slemon presented analysis of both radial and circumferential flux 

hysteresis motors using a parallelogram approximation of the hysteresis phenomenon 

[16]-[17]. O’Kelly, Rahman and Osheiba presented a different set of equivalent 

circuit models of hysteresis motors for both synchronous and sub-synchronous 

operations using the parallelogram approach [18]-[21]. In a parallelogram model 

presented in Figure 3.5, the lag angle δ between B and H is assumed to be in the range 

of 0 < δ < 60
0
. The parallelogram modelling is a viable method for an early analysis 

of a hysteresis motor. This model is based on a piecewise continuous function 

approximation of the B-H loop. It leads to non-linear equations for analytical solution 

of hysteresis motors. Rahman and Qin have presented equivalent circuit modeling of 

circumferential flux type hysteresis permanent magnet motors using rectangular 

Figure 3.6. Rectangular modeling of the hysteresis loops of a soft-magnetic material 
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modeling of the hysteresis curves [1]. In rectangular modeling, the hysteresis lag angle is 

assumed to be at a constant 90
0
 as shown in Figure 3.6. In practice, it is much less than 

90
0 

for semi-hard hysteresis materials. In the cases of semi-hard and soft magnetic 

materials, δ varies over a wide range during synchronization. As a result, the equivalent 

hysteresis resistance and inductance go through successive oscillations before 

approaching steady state values. Rectangular modeling assumes constant hysteresis 

resistance and inductance which is not suitable for transient analysis of hysteresis motors 

with semi-hard isotropic/anisotropic magnetic materials [15]-[16]. As a result, rectangular 

modeling is applicable for modeling hysteresis loops of hard magnetic materials such as 

rare earth magnets where δ=90
0
. 

O’Kelly, Miyairi, Kataoka and Ishikawa used an elliptical model of hysteresis loops 

to develop an equivalent circuit model for hysteresis motors [21]-[25]. In the elliptical 

model, the hysteresis loops are approximated by a set of inclined ellipses. The inclination 

angle of the ellipse depends on the hysteresis lag angle δ and it is normally less than 45
0
. 

Elliptical modelling is a better approximation and computationally much simpler than 

other models for hysteresis motors with semi hard magnetic materials [25]. 

Figure 3.7 shows the manufacturer-provided major hysteresis loop of a hysteresis ring 

made of 36% Cobalt-Steel alloy. The initial magnetization curve is presented by the red 

dotted line. In elliptical modeling, the hysteresis curves of the rotor material are 

approximated by a group of inclined ellipses of similar shapes [20]-[25]. The elliptical 

approximations of the hysteresis curves are shown in Figure 3.8. Br is called the 

remanence which is the residual value of flux density when the applied field becomes 
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zero. Hc is called the coercive force or coercivity of the material which is a negative 

value of the applied magnetic field intensity, required to force the flux density to zero.  

 

 

Figure 3.7. Major hysteresis loop of 36% Cobalt-Steel alloys. 



 

75 

 

 

The trajectory of a B-H curve lies on the ellipse if the motion around the ellipse is in 

the counter clockwise direction. The lag angle between B and H remains constant as long 

as the direction of the motion remains counter clockwise. When the direction of motion 

changes to clockwise, it results in a movement between the inner ellipses with different 

lag angles along the minor loop. This phenomena is illustrated in Figure 3.8 for one inner 

ellipse and one outer ellipse with two different lag angles δ and 𝛿′, respectively. The flux 

density B and the magnetic field intensity H in an elliptical model can be expressed as 

follows [25], 

𝐵 = 𝐵𝑚 cos(𝜔𝑡 − 𝜓 − 𝜑0)                                                      (3.1) 

𝐻 = (
𝐵𝑚
𝜇
) 𝑐𝑜𝑠(𝜔𝑡 − 𝜓 − 𝜑0 + 𝛿)                                          (3.2) 

Figure 3.8. Elliptical approximation of hysteresis loops. 
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𝜑0 = tan
−1

𝑟𝑟 sin 𝛿
𝑝𝜇

𝑙𝑔𝑝𝑡𝑟
𝜇0𝑟𝑔

+
𝑟𝑟
𝑝𝜇 cos 𝛿

                                                 (3.3) 

where 𝐵𝑚 is the maximum flux density of the rotor material, μ is the permeability 

of the elliptic hysteresis loop, ω is the synchronous angular frequency, 𝜓 (𝜓 =

𝑝𝜃𝑟;  𝜃𝑟 is the mechanical angle of the rotor and p is the number of pole pairs) is the 

electrical angle coordinate in the stator frame, 𝜑0 is the phase shift, 𝑟𝑟 is the average 

of the inner and the outer radius of the rotor, 𝑟𝑔 is the average radius of the air-gap, 𝑡𝑟 

is the thickness of the rotor hysteresis ring,  𝑙𝑔 is the radial length of the air-gap and 𝛿 

is the hysteresis lag angle between B and H.   

Figure 3.9 illustrates the inclined elliptical approximations of the hysteresis loops 

of 36% Cobalt-Steel alloy using (3.1)-(3.3). A hysteresis motor follows the major 

hysteresis loop during starting which is represented by a rotated ellipse. During the 

period of synchronization, the hysteresis motor experiences a series of minor loops 

with progressively smaller excursion lengths which are shown by the recoil lines 

inside the major hysteresis loop. These minor loops result in high losses and 

consequently increases temperature rise in the rotor of the motor.  
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3.3.2 Modeling of Permanent Magnet Excitation 

In a permanent magnet (PM) machine, the operation of the magnet is determined by 

the demagnetization regions of its hysteresis curves and also by the dimensions of the 

magnet. The linear demagnetization curves of a Nd-B-Fe magnet are illustrated in Figure 

3.10 [26]. A permanent magnet is a source of mmf, and the equivalent magnet mmf acts 

over the angular width of the magnet inside the rotor as depicted in Figure 3.11. The 

magnet mmf ℱ𝑚 is generally in rectangular form as shown in Figure 3.12. 

Figure 3.9. Elliptical modeling of the hysteresis loop for 36% Cobalt-Steel alloys. 
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Figure 3.10. Demagnetization curves of an Nd-B-Fe magnet. 

Figure 3.11. Modeling of the permanent magnet a source of mmf. 
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Using Fourier expansion of ℱ𝑚 , the peak value of its fundamental component  can be 

expressed by [27], 

ℱ𝑚1̂ =
4

𝜋

𝑙𝑚𝐵𝑟𝑚
𝜇𝑟𝑚𝜇0

sin
𝛾

2
                                                          (3.4) 

where 𝑙𝑚 is the radial length of the magnet, 𝐵𝑟𝑚 is the effective residual flux density of a 

permanent magnet (T), 𝜇𝑟𝑚 is the recoil permeability of the magnet, 𝛾 is the angular 

width of the magnet in radian. 

The permanent magnet can be modeled as a set of coils carrying sinusoidal currents. 

The fundamental mmf produced by the currents in the coils can be written as [27], 

ℱ𝑚1̂ =
3

2𝑃
𝐾𝑠𝑤𝑁𝑠𝑤𝐼𝑚                                                             (3.5)  

Figure 3.12. Equivalent mmf of a permanent magnet. 
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where 𝐾𝑠𝑤 is the winding factor of the stator, 𝑁𝑠𝑤 is the number of stator series turns per 

phase, P is the number of poles and 𝐼𝑚 (A) is the amplitude of the currents source 

representing the magnet, as seen from the stator. 

Equating (3.4) and (3.5), the expression for equivalent magnet current can be 

obtained, and it is given below, 

𝐼𝑚 =
8𝑃𝑙𝑚𝐵𝑟𝑚

3𝜋𝜇𝑟𝑚𝜇0𝐾𝑠𝑤𝑁𝑠𝑤
sin
𝛾

2
                                                 (3.6) 

3.3.3 Magnetic Equivalent Circuits of a Hysteresis IPM Motor 

A hysteresis IPM motor is a salient pole machine due to the variation of air-gap 

reluctances caused by the permanent magnets inside the rotor hysteresis ring. 

Consequently, the magnetic equivalent circuits for a hysteresis IPM motor consist of a d-

axis equivalent circuit and a q-axis equivalent circuit. The d-q axes magnetic equivalent 

circuits are developed based on the following assumptions: 

 The stator is assumed to have a balanced 3φ sinusoidally distributed winding.  

 The magnetic flux density is assumed radial in the airgap, but circumferential 

inside the rotor hysteresis ring. 

 The rotor and stator flux leakages are modeled by equivalent leakage reluctances. 

 The hysteresis phenomenon in the ring is modelled by elliptical approximations 

and the saturation of the hysteresis material is neglected.  

 The equivalent source of mmf due to the temporarily magnetized hysteresis ring is 

considered to be present in the d-axis along with the permanent magnet excitation.   



 

81 

 

 

 

Figure 3.13. Magnetic equivalent circuits of a hysteresis IPM motor: (a) d-axis and (b) 

q-axis. 

 

 

 

 

Figures 3.13(a) and 3.13(b) present the d and q axes magnetic equivalent circuits of a 

hysteresis IPM motor. The permanent magnet is modeled as a mmf source ℱ𝑚𝑑 in series 

with a reluctance ℛ𝑚𝑑. The hysteresis effect is included in the circuit as a mmf 

source ℱℎ𝑑. The d-q axes reluctances of the hysteresis material are modelled as nonlinear 

reluctances ℛℎ𝑑 and ℛℎ𝑞, respectively. ℛ𝑟𝑙𝑑 and ℛ𝑟𝑙𝑞are the d-q axes rotor leakage 

reluctances. The effects of hysteresis and permanent magnet mmfs are negligible in the q-

(b) 

(a) 
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axis, and are not included in the q-axis equivalent circuit. The d-q axes airgap reluctances 

are presented by ℛ𝑔𝑑and ℛ𝑔𝑞 , respectively. The primary armature magnetomotive forces 

in the d and q axes are presented by ℱ𝑎𝑑  and ℱ𝑎𝑞, respectively. ℛ𝑎𝑑 and ℛ𝑎𝑞 are the d and 

q axes reluctances of the stator back-iron. The d-q axes total leakage reluctance of the 

stator are modelled by ℛ𝑎𝑙𝑑 and ℛ𝑎𝑙𝑞, respectively. 

3.3.4 Electrical Equivalent Circuits of a Hysteresis IPM Motor 

A set of electrical equivalent circuits for a hysteresis IPM motor is developed based 

on its magnetic equivalent circuits using the duality theorem [28]. The following 

assumptions are considered for developing the electrical equivalent circuit of a hysteresis 

IPM motor, 

a. The stator is assumed to have a balanced 3φ sinusoidally distributed winding. 

b. Only the fundamental component of the flux density B in response to the 

magnetizing field H is considered. 

c. The magnetic flux density is radial in the airgap, but circumferential inside the 

rotor hysteresis ring. 

d. The B-H curve of the hysteresis material is approximated using the elliptical 

modeling. 

e. The hysteresis ring is assumed to be isotropic and the permeability of the 

hysteresis material is assumed to be constant at its normalized saturated value. 

f. The maximum hysteresis lag angle is assumed to be between 30-70 degrees. 
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g. The permanent magnet is assumed to be radially magnetized and operating within 

the linear limits. 

h. The excess parasitic losses due to mmf and tooth ripple harmonics are not 

considered. 

The direct and quadrature axes (d-q) electrical equivalent circuits of a hysteresis IPM 

motor are depicted in Figures 3.14a and 3.14b, respectively. The permanent magnet is 

modeled as a constant current source Im. Eddy current effect is included in the circuit by 

modeling it as an equivalent resistance Re. Hysteresis effect is modeled as an equivalent 

hysteresis resistance Rh, and an equivalent hysteresis inductance Lhr. In the parallelogram 

modeling, the hysteresis resistance Rh and the hysteresis inductance Lhr are assumed to be 

constant whereas Rh and Lhr are sinusoidal functions of the hysteresis lag angle 𝛿 in the 

elliptical modeling of the hysteresis curves [20]-[25]. The detailed derivation for finding 

the analytical expressions for the hysteresis resistance Rh, the hysteresis inductance Lhr 

and the q-d axes airgap inductances 𝐿𝑚𝑞, 𝐿𝑚𝑑 using the elliptical modeling are provided 

in the appendix. Using elliptical modeling of the hysteresis loop, these parameters can be 

expressed as, 

𝑅ℎ = 𝜔𝑏
3𝐾𝑠𝑤

2 𝑁𝑠𝑤
2 𝑉ℎ𝜇

𝜋2𝑟𝑟2
sin 𝛿                                                   (3.7) 

𝐿ℎ𝑟 =
3𝐾𝑠𝑤

2 𝑁𝑠𝑤
2 𝑉ℎ𝜇

𝜋2𝑟𝑟2
cos 𝛿                                                        (3.8) 

𝐿𝑚 =
6𝑙𝑟𝑔𝐾𝑠𝑤

2𝑁 𝑤
2 𝜇0

𝜋𝑝2𝑙𝑔
                                                               (3.9) 

𝐿𝑚𝑞 = 𝑘𝑓𝑞𝐿𝑚 ;  𝐿𝑚𝑑 = 𝑘𝑓𝑑𝐿𝑚                                             (3.10) 
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The base angular frequency is denoted by 𝜔𝑏, 𝑉ℎ is the volume of the hysteresis ring, 

𝑙 is the axial length of the hysteresis ring, 𝑘𝑓𝑞 and 𝑘𝑓𝑑 are form factors of the armature 

reaction. The form factors are defined as [29], 

𝑘𝑓𝑞 =
𝐵𝑎𝑞1

𝐵𝑎𝑞
                                                                        (3.11) 

𝑘𝑓𝑑 =
𝐵𝑎𝑑1
𝐵𝑎𝑑

                                                                        (3.12) 

where 𝐵𝑎𝑞1 and 𝐵𝑎𝑑1 are the fundamental components of the d-q axis armature magnetic 

flux densities 𝐵𝑎𝑞 and 𝐵𝑎𝑑, respectively. 

The form factors for interior permanent magnet type machines can be expressed as 

[29], 

𝑘𝑓𝑞 =
4

𝜋

𝛼

1 − 𝛼2
cos

𝜋

2
𝛼                                                    (3.13) 

𝑘𝑓𝑑 =
1

𝜋
(𝛼𝜋 − sin 𝛼𝜋)                                                     (3.14) 

where α is equal to the ratio of the width of the pole shoe to the pole pitch. The width of 

the pole shoe for a permanent magnet machine is the electrical angular width of the 

magnet and the pole pitch is 180
0
. 

Hysteresis and eddy current resistances are divided into two components. One 

component reflects the hysteresis loss and the eddy current loss in the rotor, modeled by 

Re and sRh, respectively. The other component contributes to the output power of the 

motor, combining power derived from the effective eddy current resistance and the 

effective hysteresis resistance. The effective eddy current and hysteresis resistances are 

expressed as ((1-s)/s)Re and (1-s)Rh, respectively, where s is the slip of the motor. In the 
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sub-synchronous mode of operation, both the loss component and the effective load 

component of the eddy current resistance and the hysteresis resistance exist in the rotor, 

and results in high I
2
R losses in the rotor. At synchronous speed, the eddy current 

resistance and the hysteresis loss component vanish and the torque is produced by the 

motor due to combinations of the permanent magnet and the hysteresis effects. The total 

developed electromagnetic torque at synchronous speed is the summation of the magnet 

alignment torque, reluctance torque and the hysteresis torque. The hysteresis IPM motor 

can synchronize larger load torques than the conventional squirrel cage line start IPM 

motor because of the large hysteresis and eddy current torque. 

The d-q axis equations of the motor with respect to the rotor reference frame are 

derived from the equivalent circuits and are expressed as [19], 

𝑉𝑞𝑠 = 𝑅𝑠𝐼𝑞𝑠 +
d𝜆𝑞𝑠

dt
+ 𝜔𝑟𝑒𝜆𝑑𝑠                                                        (3.15) 

𝑉𝑑𝑠 = 𝑅𝑠𝐼𝑑𝑠 +
d𝜆𝑑𝑠
dt

− 𝜔𝑟𝑒𝜆𝑞𝑠                                                       (3.16) 

𝑉𝑞𝑟 = 0 = 𝑅𝑟𝐼𝑞𝑟 +
d𝜆𝑞𝑟

dt
                                                              (3.17) 

𝑉𝑑𝑟 = 0 = 𝑅𝑟𝐼𝑑𝑟 +
d𝜆𝑑𝑟
dt
                                                             (3.18) 

𝜆𝑞𝑠 = 𝐼𝑞𝑠(𝐿𝑚𝑞 + 𝐿𝑙𝑠) + 𝐿𝑚𝑞( 𝐼𝑞𝑒 + 𝐼𝑞ℎ)                                 (3.19) 

𝜆𝑑𝑠 = 𝐼𝑑𝑠(𝐿𝑚𝑑 + 𝐿𝑙𝑠) + 𝐿𝑚𝑑( 𝐼𝑑𝑒 + 𝐼𝑑ℎ + 𝐼𝑚)                       (3.20) 

𝜆′𝑞𝑟 = ( 𝐼𝑞𝑒 + 𝐼𝑞ℎ) (𝐿ℎ𝑟 + 𝐿𝑚𝑞) + 𝐿𝑚𝑞𝐼𝑞𝑠                                (3.21) 

𝜆′𝑑𝑟 = ( 𝐼𝑑𝑒 + 𝐼𝑑ℎ)(𝐿ℎ𝑟 + 𝐿𝑚𝑑) + 𝐿𝑚𝑑𝐼𝑑𝑠 + 𝐿𝑚𝑑𝐼𝑚              (3.22) 
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𝑅𝑟 = (
𝑅𝑒
𝑠
|| 𝑅ℎ) =

𝑅𝑒
𝑠 ∗ 𝑅ℎ

𝑅𝑒
𝑠 + 𝑅ℎ

= 
1

1
𝑅ℎ
+
𝑠
𝑅𝑒

                                    (3.23) 

𝑇𝑒 =
3

2
𝑝(𝜆𝑑𝑠𝐼𝑞𝑠 − 𝜆𝑞𝑠𝐼𝑑𝑠)                                                            (3.24) 

where Rs is the stator phase resistance, 𝐿𝑙𝑠  is the per phase stator leakage inductance, 𝐿𝑚𝑞 

and 𝐿𝑚𝑑 are the d-q axis magnetizing inductances respectively and 𝜔𝑟𝑒 is the electrical 

angular frequency of the rotor. 𝑉𝑞𝑠 and 𝑉𝑑𝑠 are the q-d axes stator voltages, 𝐼𝑞𝑠 and 𝐼𝑑𝑠 are 

the q-d axes stator currents,  𝑉𝑞𝑟 and 𝑉𝑑𝑟 are the q-d axes rotor induced voltages,  𝐼𝑞𝑟 and 

𝐼𝑑𝑟 are the q-d axes rotor currents referred to the stator, 𝜆𝑞𝑠 and 𝜆𝑑𝑠 are the q-d axes stator 

flux linkages, 𝜆′𝑞𝑟 and 𝜆′𝑑𝑟 are the q-d axes rotor flux linkages, 𝑅𝑟 is the total equivalent 

rotor resistance and Te is the developed electromagnetic torque. The d-axis rotor current 

𝐼𝑑𝑟 is the summation of the currents due to hysteresis and eddy effects which are 

represented by 𝐼𝑑ℎ and 𝐼𝑑𝑒, respectively. 
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(a) 

 

 
(b) 

Figure 3.14. Electrical equivalent circuits: (a) d-axis and (b) q-axis. 
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3.4 Analytical Results 

A 3-phase 4-pole 208V 2.50-kW hysteresis IPM motor is studied using its state space 

equations obtained from the electrical equivalent circuits. Matlab software is used for 

solving the state space equations. The run-up responses of the motor for different load 

torques are demonstrated in Figure 3.15. The motor is run by a 3-phase ∆-connected 

208V 60Hz balanced ac supply. The motor is able to self-start using the starting torque 

developed due to the presence of a hysteresis ring. The magnet brake torque is high at low 

speeds. This results in significant speed oscillations of the motor during start-up periods. 

The motor overcomes the magnet brake torque at a low speed with the help of the high 

hysteresis torque and eddy current torque, and runs up towards the synchronous speed. 

The starting time remains almost the same for different load torques, whereas the motor 

goes through more speed overshoots and undershoots during the synchronization process 

as the load torque increases.  
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The developed instantaneous electromagnetic torque waveforms are illustrated in 

Figure 3.16 for different load torques. The developed torque is comprised of an average 

asynchronous torque and a pulsating torque. The average asynchronous torque combines 

the hysteresis torque, the eddy current torque and the magnet brake torque. Due to the 

presence of permanent magnets acting as a current source in the rotor, there is a pulsating 

torque superimposed on the average asynchronous torque. The pulsating torque assists the 

motor to a fast acceleration towards the synchronous speed. During the period of 

synchronization, the torque pulsation dies out and turns into a part of the synchronous 

torque which is a combination of the magnet alignment torque and the reluctance torque. 

Figure 3.15. Run-up responses of a hysteresis IPM motor. 
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The eddy current torque vanishes when the slip approaches zero. The magnet brake 

torque reverses its role and becomes a part of the synchronous torque. The hysteresis ring 

behaves like a temporarily magnetized permanent magnet in the rotor and provides some 

additional excitation in the rotor. 

 

 

 

The traces of the peak line current for different load torques are illustrated in Figure 

3.17. The starting current is few times higher than the steady state current. There is 

significant modulation in the starting current due to speed oscillations during run-up. The 

magnitude of the line current goes down when the motor reaches synchronism. The motor 

draws more current from the line when the load torque goes up.  

Figure 3.16. Electromagnetic torque responses of a hysteresis IPM motor. 
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The trajectories of hysteresis lag angle during the run-up process are illustrated in 

Figure 3.18. The motor starts with a constant hysteresis lag angle but goes though cyclic 

oscillations during the synchronization period before reaching a steady state value. The 

final value of the lag angle depends on the point of synchronization. In the case of direct 

on-line start, the points of synchronization sought by the motor are random. As a result, 

the hysteresis lag angle is randomly picked by the motor during line starting and it is 

limited by the maximum hysteresis lag angle of the material.  

 

Figure 3.17. Traces of the peak line current of a hysteresis IPM motor. 
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The rotor resistance for a hysteresis IPM motor is a combination of equivalent 

hysteresis resistance and eddy current resistance. Figure 3.19 demonstrates the 

oscillations in the rotor resistance during the transient period. The eddy current resistance 

is assumed constant in the analysis. The hysteresis resistance is a function of the 

hysteresis lag angle. The rotor resistance is high during start, providing a high starting 

torque for the rotor to accelerate. Although the rotor resistance becomes lower during the 

synchronization period, it provides enough torque to assist in motor stabilization.   

The equivalent hysteresis inductance of the rotor is illustrated in Figure 3.20. The 

hysteresis inductance is high and provides enough stiffness against sudden changes in 

load or supply. The inductance is accountable for some additional phase shift in the line 

current. The inductance goes up slightly during the synchronization process. 

Figure 3.18. Hysteresis lag angle of a hysteresis IPM motor. 
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.  

 

 

Figure 3.19. Equivalent rotor resistance of a hysteresis IPM motor. 

Figure 3.20. Equivalent hysteresis inductance of a hysteresis IPM motor. 
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3.5 Finite Element Analysis 

Figure 3.21 depicts a 2D finite element (FE) model of the prototype hysteresis IPM 

motor. The FE model is developed using ANSYS Maxwell which is an electromagnetic 

field simulation software. The design specification of the motor is presented in table 3.2. 

The model is discretized into small triangular elements. All the triangles are assembled 

together by a mesh technique. The magnetic vector potential, A in each element is 

approximated using a second order quadratic polynomial. The magnetic transient solver 

of ANYSYS Maxwell is used to analyze the magnetic fields, energy, torque, losses, 

speed, currents and flux of the hysteresis IPM motor model using time stepping finite 

element analysis. In time stepping finite element analysis, the desired vector field is 

computed at various time steps of a solution over a specified time period. The time 

dependent magnetic equation which is used by the Maxwell magnetic transient solver is 

given by [30], 

∇ × 𝜐∇ × 𝐴 = 𝐽𝑠  − 𝜎∇𝑉 + ∇ × 𝐻𝑐 + 𝜎𝑣 × ∇ × 𝐴                               (3.25) 

where Hc is the coercivity of the permanent magnet, v is the velocity of the rotor, A is the 

magnetic vector potential, V is the electrical potential, 𝑣 is the reluctivity, 𝜎 is the 

electrical conductivity and Js is the source current density.  

The motor excitation is set up as a balanced three phase ac voltage source and the 

conductors are assumed to be stranded. The 2D FE model is reduced to a quarter model 

based on the geometric and electrical symmetry of the motor in order to reduce the 

computational complexity and time. Figure 3.22 illustrates the one quarter 2D model of 

the hysteresis IPM motor. The boundary condition of the model is chosen as the odd 
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symmetry boundary which capitalizes the geometric and electrical symmetry of a model 

in order to reduce the computational time. In the odd symmetry boundary, the signs of the 

magnetic/ electric fields on one side of a symmetry plane are the opposite of those on the 

other side of the plane [30].  

 

 

In two dimensional magnetic field solutions, the vectors have only one component in 

the z-direction. The magnetic transient solver computes Az: the magnetic vector potential 

in the z-direction. The magnetic field intensity H and the magnetic flux density B are 

derived from Az. 

Figure 3.21. An Ansys Maxwell 2D finite element model of a hysteresis IPM motor. 
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The hysteresis loss is calculated using the advanced vector hysteresis modeling 

technique which calculates the magnetic field intensity in x and y directions, and also 

considers both rotational and alternating hysteresis losses [30]. 

Symbol Name Value 

m number of phases 3 

p number of pole pairs
 

2 

Irated rated line current 10 A 

frated rated frequency 60 Hz 

Prated rated power 2.5 kW 

Trated rated torque 13.45 N. m 

Vrated 

rin  

rout 

Ns 

Nc 

kw 

 

τ 

rout 

l 

rated voltage (L-L) 

stator inner diameter 

number of stator slots 

number of turns/coil 

number of coils 

winding factor 

winding type 

stator coil pitch 

rotor outer diameter 

length of the rotor ring 

208 V 

151 mm 

48 

27 

48 

0.859 

double layer lap 

1-13 

150 mm 

105 mm 

Table 3.2. Design parameters of the hysteresis IPM motor. 
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tr 

g 

tm 

w 

γ 

thickness of the ring 

length of the airgap 

thickness of the PM 

width of the PM 

angular width PM 

16 mm 

0.5 mm 

6.25 mm 

40 mm 

38 deg. 

Rs 

Lls 

μr 

stator resistance/phase 

stator leakage inductance 

recoil permeability of 36% Co-Steel 

1.0 Ω 

0.0086 H 

     18 

J total inertia 0.084 Kg. m
2
 

BHmax energy product of 36% Co-Steel 1 MGOe 

 

 

 
Figure 3.22. A quarter Ansys Maxwell 2D FE model. 
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Figure 3.23 depicts the flux density inside the motor during the transient state. The 

flux lines are shown in Figure 3.24. The magnetic flux lines leave the air-gap radially. 

Due to the presence of the hysteresis material in the ring, maximum flux lines bend inside 

the ring and become circumferentially distributed. Some flux lines travel through the ring 

radially. As a result, the flux lines are more concentrated in the region where they are 

circumferentially distributed. This also results in a higher magnitude of magnetic flux 

density in that region.  

 

 

 

 

 

Figure 3.23. Magnetic flux density distribution in the motor. 
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The air-gap flux density and the back-emf generated due to the magnets at rated speed 

are illustrated in Figures 3.25a and 3.25b, respectively. The back-emf is non-sinusoidal 

due to the presence of high space harmonics generated by the hysteresis ring. The high 

space harmonics can also be realized from the air-gap flux density. 

Figure 3.24. Magnetic flux lines inside the motor. 
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(a) 

 
(b) 

Figure 3.25. (a) Air-gap flux density due to the magnets and (b) air-gap back-emf. 
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The simulated speed responses of the motor using both analytical and finite element 

solutions are shown in Figure 3.26. The motor is run by a 3-phase ∆-connected 208V 

60Hz balanced ac supply. The load inertia is assumed to be four times the rotor inertia. 

The motor is started at no-load. It starts smoothly and goes through few speed overshoots 

and undershoots during the synchronization process. It takes longer for the motor to 

synchronize than the presented analytical results in section 3.4 as the inertia is 

significantly higher in this case. A 5 N.m. load torque is applied at t = 5 s. The response 

of the motor for a sudden change in the load torque is zoomed in the figure. The motor 

resynchronizes itself at ease with slight rotor oscillations. The hysteresis ring is providing 

the necessary damping torque to stabilize the rotor.  It is to be noted that there is a close 

agreement between analytical and finite element results.  

 

Figure 3.26. Analytical and FEA run-up responses of the motor. 
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The torque responses of the motor for both analytical solutions and finite element 

simulation are presented in Figure 3.27. The electromagnetic torque is comprised of an 

average asynchronous torque and a pulsating torque. The average asynchronous torque 

combines the hysteresis torque, the eddy current torque and the magnet brake torque. The 

pulsating torque assists the motor to a fast acceleration towards the synchronous speed. 

The torque pulsation is higher in the analytical result due to the linearized solutions of the 

state equations.  

 

 

 

Figure 3.27. Analytical and FEA torque responses of the motor. 
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Figures 3.28 and 3.29 illustrate the traces of the peak line current and the core loss in 

the hysteresis ring, respectively. The core loss contains the hysteresis losses and the eddy 

current losses in the motor. The initial starting current and the initial core loss are higher 

in the analytical results due to the linear solver of the state equations. However, there is a 

close agreement between analytical and FEA results in the steady state. 

 

 

Figure 3.28. Analytical and FEA current responses of the motor. 
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3.6 Experimental Results 

The 4-pole 2.5-kW laboratory prototype hysteresis IPM rotor, as illustrated in Figure 

3.1, has been built and tested in a 3-phase 4-pole 208V Mawdsley generalized machine 

setup. The motor is started from a fixed frequency 3-phase 208V 60Hz balanced AC 

supply. The motor is lightly loaded by a DC generator. Figure 3.30 illustrates the 

analytical and experimental run-up responses of the motor. Load inertia and friction 

torque are included in the analytical model to match the conditions of the experimental 

set-up. The motor has a smooth start because of the high starting torque provided jointly 

by the hysteresis and eddy current torque. The motor synchronizes easily with small 

Figure 3.29. Rotor core losses of the motor. 
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overshoots and undershoots. There are few oscillations in the experimental run-up 

response of the motor after synchronization due to mechanical vibration.  

 

Figure 3.31 shows peak values of the analytical and experimental instantaneous line 

currents of the motor. The steady state experimental current is slightly higher than the 

current obtained from the analysis because of the presence of higher harmonics. The 

starting current is clipped in the experimental results due to saturation effects of the 

current sensors. There is a reasonably close agreement between analytical, FEA and 

experimental results which validates the accuracy of the equivalent circuit models. The 

starting current is higher in simulation results due to the linearized solutions of the state 

Figure 3.30. Experimental vs analytical run-up response of the motor. 
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equations where the nonlinearities (such as saturation, dead zone, nonlinear friction, etc.) 

associated with the motor dynamics is not considered. 

 

 

3.7 Conclusions 

In this chapter, basic equivalent circuit models that can be used for dynamic 

performance analysis of a hysteresis IPM motor drive for submersible pump loads are 

provided. The proposed analytical model is validated with finite element analysis and 

experimental investigations. The developed model can predict transients of the motor 

with a reasonably good accuracy. However, due to experimental limitations, the proposed 

Figure 3.31. Experimental vs analytical line current of the motor. 
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model is not fully validated for other motor states such electro-magnetic torque, space 

harmonics etc.  

This chapter investigates circumferential flux type hysteresis IPM motors. In the 

following chapter, the design of a new radial flux type hysteresis IPM motor for self-

starting a high inertial pump load is presented. 

Appendix 

Equivalent Circuit Derivation of a Circumferential Flux Hysteresis Motor 

A.1 Derivation of the Apparent Currents of a Circumferential Flux Hysteresis 

Motor 

Figure 3.32 displays the closed magnetic path inside a circumferential flux hysteresis 

motor. Using Ampere’s law in the closed magnetic path, the following governing 

equation can be obtained [25]: 

ℱ𝑎𝑑𝜓 = −(𝐻𝑔 + 𝑑𝐻𝑔)𝑙𝑔 + 𝐻𝑔𝑙𝑔 + 𝐻𝑟ℎ
𝑑𝜓

𝑝
                                          (3.25) 

where ℱ𝑎 is the armature mmf, 𝐻𝑔is the magnetic field intensity in the airgap, 𝑙𝑔 is the 

length of the airgap and  𝑟ℎ is the mean radius of the hysteresis ring. 

The armature mmf can be obtained using (3.25), and is expressed as, 

ℱ𝑎 = 𝑙𝑔  
𝜕𝐻𝑔

𝜕𝜓
+  𝐻

𝑟ℎ
𝑝
                                                                                (3.26) 
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The airgap flux density can be expressed as a function of the flux density in the 

hysteresis ring using the divergence theorem.  According to the divergence theorem, 

∇. 𝐵 = 0                                                                            (3.27) 

Equation (3.27) suggests that any flux coming out from the hysteresis ring radially 

should be equal to the flux coming in from the airgap. Ignoring the effect of fringes, the 

following equations can be obtained [25], 

Figure 3.32. Closed magnetic path inside a hysteresis motor. 
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𝑡𝑟((𝐵 + 𝑑𝐵))𝑑𝑟 − 𝑡𝑟𝐵𝑑𝑟 = −𝐵𝑔𝑟𝑔 (
𝑑𝜓

𝑝
)𝑑𝑟                                (3.28) 

Simplifying (3.28), the airgap flux can be expressed as, 

𝐵𝑔 = −
𝑝𝑡𝑟
𝑟𝑔

𝜕𝐵

𝜕𝜓
                                                                             (3.29) 

The airgap magnetic field intensity is given below, 

𝐻𝑔 =
𝐵𝑔

𝜇0
                                                                                         (3.30) 

Using (3.1)-(3.3), the airgap flux density can be expressed as a function of the flux 

density inside the hysteresis ring: 

𝐵𝑔 = −
𝑝𝑡𝑟
𝑟𝑔
 𝐵𝑚 sin(𝜔𝑡 − 𝜓 − 𝜑0)                                         (3.31) 

𝜕𝐻𝑔

𝜕𝜓
=
𝑝𝑡𝑟
𝑟𝑔𝜇0

 𝐵𝑚 cos(𝜔𝑡 − 𝜓 − 𝜑0)                                        (3.32) 

Using (3.31)-(3.32), ℱ𝑎 can be expressed as, 

ℱ𝑎 =
𝐵𝑚𝑙𝑔𝑝𝑡𝑟

𝑟𝑔𝜇0
 cos(𝜔𝑡 − 𝜓 − 𝜑0) + 

𝐵𝑚𝑟ℎ
𝑝𝜇

 cos(𝜔𝑡 − 𝜓 − 𝜑0 + 𝛿)                   (3.33) 

For a balanced 3-phase ac supply, the stator current in phase k is provided below: 

𝐼𝑘 = 𝐼𝑚 cos(𝜔𝑡 − 𝜓𝑘)                                                             (3.34) 

The rotating magnetic field in the airgap produced by the 3-phase currents can be 

expressed as [25], 

ℱ𝑎 =
3

2
𝐹𝑚𝑎𝑥 cos(𝜔𝑡 − 𝜓)                                                     (3.35) 

where, 

𝐹𝑚𝑎𝑥 =
2

𝜋𝑝
𝐾𝑤𝑁𝑤𝐼𝑚                                                                 (3.36) 
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Substituting (3.36) into (3.35), the expression for armature mmf becomes, 

ℱ𝑎 =
3

𝜋𝑝
𝐾𝑤𝑁𝑤𝐼𝑚  cos(𝜔𝑡 − 𝜓)                                            (3.37) 

Equating (3.33) and (3.37), one gets the following expression, 

3

𝜋𝑝
𝐾𝑤𝑁𝑤𝐼𝑚  cos(𝜔𝑡 − 𝜓)  

=  
𝐵𝑚𝑙𝑔𝑝𝑡𝑟

𝑟𝑔𝜇0
 cos(𝜔𝑡 − 𝜓 − 𝜑0) + 

𝐵𝑚𝑟ℎ
𝑝𝜇

 cos(𝜔𝑡 − 𝜓 − 𝜑0 + 𝛿)      

(3.38) 

Multiplying both sides of (3.38) by j and adding 
𝜋

2
 to 𝜓, one gets the following 

expression, 

𝑗
3

𝜋𝑝
𝐾𝑤𝑁𝑤𝐼𝑚  sin(𝜔𝑡 − 𝜓)  

=  𝑗
𝐵𝑚𝑙𝑔𝑝𝑡𝑟

𝑟𝑔𝜇0
 sin(𝜔𝑡 − 𝜓 − 𝜑0) +  𝑗

𝐵𝑚𝑟ℎ
𝑝𝜇

 sin(𝜔𝑡 − 𝜓 − 𝜑0 + 𝛿)  

(3.39) 

Converting (3.39) from polar form into exponential form, one can get, 

3

𝜋𝑝
𝐾𝑤𝑁𝑤𝐼𝑚𝑒

𝑗(𝜔𝑡−𝜓)  =  
𝐵𝑚𝑙𝑔𝑝𝑡𝑟

𝑟𝑔𝜇0
 𝑒𝑗(𝜔𝑡−𝜓−𝜑0) + 

𝐵𝑚𝑟ℎ
𝑝𝜇

𝑒𝑗(𝜔𝑡−𝜓−𝜑0+𝛿)             (3.40) 

Or, 

𝐵𝑚 𝑒
𝑗(𝜔𝑡−𝜓−𝜑0) (

𝑙𝑔𝑝𝑡𝑟

𝑟𝑔𝜇0
+
𝑟ℎ𝑒

𝑗𝛿

𝑝𝜇
) =  

3

𝜋𝑝
𝐾𝑤𝑁𝑤𝐼𝑚𝑒

𝑗(𝜔𝑡−𝜓)                           (3.41) 

Or, 

𝐵𝑚 = 
3𝐾𝑤𝑁𝑤𝐼𝑚

𝜋𝑝 (
𝑙𝑔𝑝𝑡𝑟
𝑟𝑔𝜇0

+
𝑟ℎ𝑒𝑗𝛿

𝑝𝜇 )

𝑒𝑗𝜑0                                                            (3.42) 
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Or, 

𝐵𝑚 = 
3𝐾𝑤𝑁𝑤𝐼𝑚

(
𝜋𝑝2𝑙𝑔𝑡𝑟
𝑟𝑔𝜇0

+
𝜋𝑟ℎ𝑒𝑗𝛿

𝜇 )

𝑒𝑗𝜑0                                                         (3.43) 

Equation (3.43) can be simplified as, 

𝐵𝑚 = 
𝜅

𝛼 + 𝑗𝛽
[cos𝜑0 + 𝑗 sin 𝜑0]                                                       (3.44) 

Where, 

𝛼 = 𝜇𝜋𝑝2𝑙𝑔𝑡𝑟 + 𝜋𝑟ℎ𝑟𝑔𝜇0 cos 𝛿                                                    (3.45) 

𝛽 = 𝜋𝑟ℎ𝑟𝑔𝜇0 sin 𝛿                                                                           (3.46) 

𝜅 = 3𝐾𝑤𝑁𝑤𝐼𝑚𝑟𝑔𝜇0𝜇                                                                      (3.47) 

Simplifying (3.44), one can get, 

𝐵𝑚 = 
𝜅(𝛼 + 𝑗𝛽)

(𝛼2 + 𝛽2)
[cos𝜑0 + 𝑗 sin𝜑0]                                        (3.48)  

Or, 

𝐵𝑚 = [
𝜅𝛼

(𝛼2 + 𝛽2)
cos 𝜑0 − 

𝜅𝛽

(𝛼2 + 𝛽2)
sin𝜑0]

+ 𝑗 [
𝜅𝛼

(𝛼2 + 𝛽2)
sin𝜑0 + 

𝜅𝛽

(𝛼2 + 𝛽2)
cos𝜑0]                 

(3.49) 

As 𝐵𝑚 is a real number, Im(𝐵𝑚) is zero. Equating Im(𝐵𝑚) = 0, one can get, 

𝜅𝛼

(𝛼2 + 𝛽2)
sin𝜑0 + 

𝜅𝛽

(𝛼2 + 𝛽2)
cos𝜑0 = 0                                     (3.50) 

Or, 

tan𝜑0 =
𝛽

𝛼
                                                                                           (3.51) 
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Substituting 𝛼 and 𝛽 into (3.51), the phase shift can be calculated as, 

𝜑0 = tan
−1

𝜋𝑟ℎ𝑟𝑔𝜇0 sin 𝛿

𝜇𝜋𝑝2𝑙𝑔𝑡𝑟 + 𝜋𝑟ℎ𝑟𝑔𝜇0 cos 𝛿 
                                          (3.52) 

The complex stator phase-k current can be expressed in the exponential form as follows, 

𝑰𝒌 = 𝐼𝑚𝑒
𝑗(𝜔𝑡−𝜓𝑘)                                                                                   (3.53) 

The stator current can be divided into airgap current 𝑰𝒈𝒌and rotor current 𝑰𝒓𝒌 as depicted 

in the equivalent circuit of the motor [25]. Thus, 

𝑰𝒌 = 𝑰𝒈𝒌 + 𝑰𝒓𝒌                                                                                         (3.54) 

Or, 

𝐼𝑚𝑒
𝑗(𝜔𝑡−𝜓𝑘) = 𝐼𝑔𝑚𝑒

𝑗(𝜔𝑡−𝜓𝑘−𝜑0) + 𝐼𝑟𝑚𝑒
𝑗(𝜔𝑡−𝜓𝑘−𝜑0+𝛿)                (3.55) 

Equating (3.40) and (3.55), the apparent airgap and rotor currents can be formulated as, 

𝑰𝒈𝒌 = 
𝑙𝑔𝑝𝑡𝑟𝜋𝑝

3𝐾𝑤𝑁𝑤𝑟𝑔𝜇0
𝐵𝑚 𝑒

𝑗(𝜔𝑡−𝜓𝑘−𝜑0)                                                  (3.56) 

𝑰𝒓𝒌 = 
𝜋𝑟ℎ𝑝

3𝐾𝑤𝑁𝑤𝑝𝜇
𝐵𝑚 𝑒

𝑗(𝜔𝑡−𝜓𝑘−𝜑0+𝛿)                                                  (3.57) 

 

A.2 Derivation of the Induced EMF 

The per phase emf induced in the k
th

 stator winding can be calculated using the 

Lorentz force. Using Lorentz force, the induced motional emf can be obtained using the 

following equation [25]: 

𝑒𝑘 = ∮𝐹. 𝑑𝑙 = ∮(𝒗 × 𝑩). 𝑑𝑙                                                                  (3.58) 

Assuming sinusoidally distributed stator windings, the conductor density for the k
th

 

phase stator windings can be formulated as [25], 
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𝑊𝑘 =
2𝐾𝑤𝑁𝑤
𝑝𝜋

cos(𝜓 − 𝜓𝑘)                                                                   (3.59) 

The induced emf in the airgap of the motor can be expressed as, 

𝒆𝒌 = −∫
𝜔𝑟𝑔

𝑝
𝑩𝒈 𝑙 𝑊𝑘𝑑𝜓   

2𝑝𝜋

0

                                                             (3.60)  

Substituting (3.59) into (3.60), one gets, 

𝒆𝒌 = −∫ 𝑩𝒈

2𝑝𝜋

0

 
𝜔𝑙𝑟𝑔

𝑝
  
2𝐾𝑤𝑁𝑤
𝑝𝜋

cos(𝜓 − 𝜓𝑘) 𝑑𝜓                                 (3.61) 

The airgap flux density in (3.31) can be expressed in the following complex form, 

𝑩𝒈 = 𝑗
𝑝𝑡𝑟
𝑟𝑔
 𝐵𝑚𝑒

𝑗(𝜔𝑡−𝜓−𝜑0)                                                                     (3.62) 

Using (3.61) and (3.62), the induced emf can be expressed as, 

𝒆𝒌 = −𝑗
1

2
∫ 𝐵𝑚

2𝐾𝑤𝑁𝑤𝜔𝑙𝑡𝑟
𝑝𝜋

  
2𝑝𝜋

0

[𝑒𝑗(𝜓−𝜓𝑘) + 𝑒−𝑗(𝜓−𝜓𝑘)]𝑒𝑗(𝜔𝑡−𝜓−𝜑0)   𝑑𝜓  

(3.63) 

Or, 

𝒆𝒌 = −𝑗𝐵𝑚
𝐾𝑤𝑁𝑤𝜔𝑙𝑡𝑟

𝑝𝜋
∫  
2𝑝𝜋

0

[𝑒𝑗(𝜔𝑡−𝜓𝑘−𝜑0) + 𝑒𝑗(𝜔𝑡−2𝜓+𝜓𝑘+𝜑0)]    (3.64) 

Integrating (3.64), one can get, 

𝒆𝒌 = −𝑗𝐵𝑚
𝐾𝑤𝑁𝑤𝜔𝑙𝑡𝑟

𝑝𝜋
𝑒𝑗(𝜔𝑡−𝜓𝑘−𝜑0)(2𝑝𝜋 − 0) + 0                          (3.65) 

Simplifying (3.65), 

𝒆𝒌 = −𝑗2𝐵𝑚𝐾𝑤𝑁𝑤𝜔𝑙𝑡𝑟𝑒
𝑗(𝜔𝑡−𝜓𝑘−𝜑0)                                                 (3.66)  
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A.3 Calculation of Circuit Parameters  

The equivalent circuit parameters of a circumferential flux hysteresis motor can be 

calculated using the apparent currents and induced emfs [25]. The airgap impedance is 

calculated using (3.56) and (3.57), and is expressed below, 

𝒁𝒎 =
−𝒆𝒌
𝑰𝒈𝒌

                                                                                (3.67) 

Or, 

𝒁𝒎 =
𝑗2𝐵𝑚𝐾𝑤𝑁𝑤𝜔𝑙𝑡𝑟𝑒

𝑗(𝜔𝑡−𝜓𝑘−𝜑0) 

𝑙𝑔𝑝𝑡𝑟𝜋𝑝
3𝐾𝑤𝑁𝑤𝑟𝑔𝜇0

𝐵𝑚 𝑒𝑗
(𝜔𝑡−𝜓𝑘−𝜑0)

                                (3.68) 

Or, 

𝒁𝒎 = 𝑗𝜔
6𝑙𝑟𝑔𝐾𝑤

2  𝑁𝑤
2𝜇0

𝜋𝑝2𝑙𝑔
                                                               (3.69) 

The airgap inductance is, 

𝐿𝑚 =
6𝑙𝑟𝑔𝐾𝑤

2  𝑁𝑤
2𝜇0

𝜋𝑝2𝑙𝑔
                                                                     (3.70) 

Using (3.57) and (3.66), the equivalent hysteresis impedance can be calculated as, 

𝒁𝒉𝒓 =
−𝒆𝒌
𝑰𝒓𝒌

                                                                                     (3.71) 

Or, 

𝒁𝒉𝒓 =
𝑗2𝐵𝑚𝐾𝑤𝑁𝑤𝜔𝑙𝑡𝑟𝑒

𝑗(𝜔𝑡−𝜓𝑘−𝜑0)

𝜋𝑟ℎ𝑝
3𝐾𝑤𝑁𝑤𝑝𝜇

𝐵𝑚 𝑒
𝑗(𝜔𝑡−𝜓𝑘−𝜑0+𝛿)

                                      (3.72) 

Simplifying (3.72), one gets, 

𝒁𝒉𝒓 = 𝑗𝜔
6𝐾𝑤

2  𝑁𝑤
2 𝑙𝑡𝑟𝜇

𝜋𝑟ℎ
(cos 𝛿 − 𝑗 sin 𝛿)                                   (3.73) 
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The equivalent hysteresis impedance can be divided into equivalent hysteresis 

resistance and hysteresis inductance as follows, 

𝒁𝒉𝒓 = 𝑅ℎ𝑟 + 𝑗𝜔𝐿ℎ𝑟                                                                       (3.74) 

Equating (3.73) and (3.74), 

𝑅ℎ𝑟 =     
6𝜔𝐾𝑤

2  𝑁𝑤
2 𝑙𝑡𝑟𝜇

𝜋𝑟ℎ
sin 𝛿                                                       (3.75) 

𝐿ℎ𝑟 =     
6𝐾𝑤

2  𝑁𝑤
2 𝑙𝑡𝑟𝜇

𝜋𝑟ℎ
cos 𝛿                                                          (3.76) 

The volume of the hysteresis ring can be calculated from the following expression, 

𝑉ℎ = 2𝜋𝑟ℎ𝑙𝑡𝑟                                                                              (3.77) 

Substituting (3.77) into (3.76) and (3.75), the equivalent hysteresis resistance and 

inductance can be expressed as, 

𝑅ℎ𝑟 =     𝜔𝑏
3𝐾𝑤

2𝑁𝑤
2𝑉ℎ𝜇

𝜋2𝑟ℎ
2 sin 𝛿                                               (3.78) 

𝐿ℎ𝑟 =     
3𝐾𝑠𝑤

2 𝑁𝑠𝑤
2 𝑉ℎ𝜇

𝜋2𝑟𝑟2
cos 𝛿                                                  (3.79) 
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  Chapter 4

Radial Flux Hysteresis IPM Motor 

4.1 Introduction 

Hysteresis motors are widely used in gyroscopes, centrifuges, tape recorders, clocks 

and some other applications for their smooth self-starting capability and simple rotor 

construction. A hysteresis motor can start with any load that it can carry to the 

synchronous speed, irrespective of the load inertia [1]-[4]. It has almost flat torque vs. 

speed trajectories, constant synchronizing torque, nearly constant power factor and 

smooth starting with low noise [1]-[4]. Although the hysteresis motor has a good self-

starting capability, it suffers from some limitations such as high magnetizing current, low 

power factor, high parasitic losses and low efficiency [5]. 

In recent years, the design of interior permanent magnet (IPM) motors capable of 

starting and synchronization from a fixed frequency balanced ac supply has been a topic 

of interest among the researchers [6]-[9]. Traditional designs of self-starting IPM motors 

are induction-start synchronous motors containing cage windings in the rotor. The cage 

windings provide the starting torque, and act as a damper during steady state. Permanent 

magnets are buried underneath the cage inside the rotor, providing the excitation for 

synchronous operation at steady-state. Although the cage torque is high during start to 

accelerate the rotor, it becomes lower during the synchronization process when the slip 

becomes small. The cage torque eventually becomes zero at the point of synchronization. 

Thus, existing cage-equipped IPM motors have limited starting and synchronization 
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capabilities, especially for high inertial loads. Some researchers have focused on the 

improvement of the starting characteristics by either changing the design of cage 

windings or the structure of the rotor [6]-[7]. Few researchers have concentrated on the 

enhanced steady state performances by varying the orientation of magnets inside the rotor 

[6]-[9]. Hysteresis and hybrid hysteresis motors have been proposed as self-start 

synchronous motors in the literature [10]-[14]. However, the existing literature has 

mainly focused on the use of circumferential flux (CF) type hysteresis motors in order to 

increase the effective area of the hysteresis material, maximizing the available hysteresis 

energy in the motor [10]-[11]. Wakui et.al. has proposed designs of radial flux (RF) 

isotropic and anisotropic hysteresis motors for improving the output torque and efficiency 

of conventional hysteresis motors [12]-[13]. Although, their RF-hysteresis motor designs 

provide higher starting torque and better efficiency than similar CF-hysteresis motors, 

they still suffer from low efficiency and power factor. Thus, there still exists a need for 

the development of high efficiency self-starting IPM motors with improved starting 

characteristics and excellent synchronization capabilities to replace standard induction 

motors deployed in motion control applications such as compressors, fans and pumps, 

where high dynamic performance is not necessary.  

This chapter introduces the design of a novel 1-HP 3-phase 4-pole radial flux 

hysteresis IPM motor by combining the advantages of both hysteresis and permanent 

magnet motors. An initial design of the motor is obtained using the specifications of a 

standard 1-HP cage IPM motor. Parametric analysis is conducted for improving 

performance of the initial design. Performance results of the final design are presented 

and explained in this chapter. Finite element analysis results exhibit that the designed 
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IPM motor has better self-starting and synchronization capabilities than similar rating 

cage-equipped and CF-hysteresis IPM motors. 

4.2 Radial Flux Hysteresis IPM Motor 

Figures 4.1a and 4.1b illustrate magnetic flux lines of a circumferential flux (CF) and 

radial flux (RF) hysteresis IPM motor, respectively. The stator is equipped with a 3-phase 

sinusoidally distributed whole-coiled Y-connected double layer winding. The hysteresis 

ring is made of 36% Cobalt-steel alloy. The initial magnetization curve of 36% Cobalt-

steel alloy is presented by the dotted line. Based on elliptical modeling of the B-H loop, 

the hysteresis torque can be expressed as [11], 

𝑇ℎ𝑦𝑠 =
𝑝𝑉𝑟𝐵𝑚

2

2𝜇
sin 𝛿                                                                (4.1) 

where 𝐵𝑚 is the maximum flux density of the rotor material, μ is the permeability, 𝑉𝑟 

is the volume of the hysteresis ring, p is the number of pole pairs and 𝛿 is the hysteresis 

lag angle between B and H.  

High energy density V-shaped radially magnetized Nd-B-Fe magnets are inserted into 

the slots inside the hysteresis ring. V-shape magnet orientation allows more flux focused 

into the air-gap which reduces the amount of rare-earth magnets in the motor. It also 

allows greater reluctance variation than that of a straight magnet orientation, and 

improves the total harmonic distortion (THD) of the motor back-emf. The hysteresis ring 

is supported by a sleeve. In a circumferential flux (CF) hysteresis motor, the sleeve is 

made of nonmagnetic material such as aluminum. The nonmagnetic sleeve forces the flux 
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to travel circumferentially inside the ring. The RF-hysteresis IPM motor has a laminated 

steel sleeve, allowing the flux to travel radially through the rotor.  

 
(a) 

 
(b) 

Figure 4.1. Flux distribution for: (a) CF-hysteresis and (b) RF- hysteresis IPM motors. 
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Figures 4.2a and 4.2b demonstrate a comparison between similar RF-hysteresis IPM 

and CF-hysteresis IPM motors in terms of average output torque and rms phase current, 

respectively. The RF-hysteresis IPM motor produces more output torque during start and 

delivers higher torque at synchronous speed. It also requires reduced phase current to 

produce the same amount of torque than the CF-hysteresis IPM motor. Thus, a RF-

hysteresis IPM motor has higher starting torque and lower steady state line current at 

synchronous speed than that of a CF-hysteresis IPM motor. At steady state, the 

temporarily magnetized hysteresis ring and permanent magnets together provide the 

necessary excitation current in the motor. A RF-hysteresis IPM motor provides higher 

equivalent magnet excitation current than that of a CF-hysteresis IPM motor. As a result, 

a RF-hysteresis IPM motor has better synchronization capabilities than a similar CF-

hysteresis IPM Motor. 

 
(a) 
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(b) 

4.3 Design of a Radial Flux Hysteresis IPM Motor 

A laboratory prototype 3-phase 4-pole 208V 1-HP squirrel-cage equipped self-starting 

IPM motor is considered as the base design. Figure 4.3a illustrates the cross section of the 

motor. A RF-hysteresis IPM motor is designed using the same frame size of the prototype 

motor. The detailed specifications of the cage-IPM motor are provided in table 3.1. The 

stator windings along with the outer and inner stator diameters of the proposed RF-

hysteresis IPM motor are kept same as the prototype motor. The shaft-diameter is also 

kept constant. The air-gap is modified from 0.45mm to 0.65mm for reducing the space 

Figure 4.2. Comparisons between CF and RF hysteresis IPM motors: (a) torque vs. speed 

and (b) torque vs. current. 
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harmonics associated with hysteresis motors [14]. An initial design of the RF- hysteresis 

IPM motor is presented in Figure 4.3b. Parametric analysis of the initial design is 

conducted for the following variables, 

 Thick_hys: Thickness of the hysteresis ring, 

 Thickness: Thickness of the magnet, 

 Width: Total width of the magnet, 

 o1: Distance between the magnets and  

 o2: Distance of the magnet from the sleeve. 

These variables are also depicted in Figure 4.3b. The Magnetic transient solver of 

ANSYS Maxwell software is used for finite element analysis of the motor. The core loss 

for 36% Cobalt-steel alloy is calculated using advanced vector hysteresis modeling 

technique by ANSYS [15]-[16]. 

 
(a) 
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(b) 

The thickness of the hysteresis ring is a primary concern for the design optimization 

of a hysteresis motor. At first, the motor is considered as a pure RF-hysteresis motor. 

Figure 4.4 depicts starting torque vs. Thick_hys of the pure RF-hysteresis motor. The 

permeability of the hysteresis material goes down as the hysteresis ring becomes thinner, 

due to high inrush current. This results in more hysteresis torque based on (4.1) for a thin 

hysteresis ring. The starting torque becomes lower when the thickness of the hysteresis 

ring goes up.  

 

 

Figure 4.3. Self-start IPM motor: (a) Cage rotor and (b) radial flux hysteresis rotor. 

(a) (b) 

(a) 
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Figure 4.5 demonstrates the steady-state average torque of a RF-hysteresis IPM motor 

at rated current for different values of the hysteresis ring thickness. Although a lower 

value of the ring thickness produces more starting torque, it does not necessarily provide 

higher torque at steady state. At steady state, the permeability of the hysteresis ring does 

not vary significantly with the ring thickness. Consequently, the hysteresis torque goes up 

with increasing thickness of the ring. At a certain thickness such as 16mm, the permanent 

magnet torque starts becoming low, resulting in an overall decrease in the output torque. 

Figure 4.4. Starting torque vs. ring thickness for a radial flux hysteresis motor. 
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Thus, in order to achieve high starting as well as steady-state torque, a hysteresis ring of 

16mm thickness is considered for designing the RF-hysteresis IPM motor. This will 

provide the motor good starting and synchronization capabilities. 

 

 

 

Figures 4.6 and 4.7 demonstrate maximum output torque and efficiency of the RF-

hysteresis IPM motor, respectively, for different values of magnet-width and magnet-

thickness. Lower magnet thickness provides higher efficiency but reduces the maximum 

output torque. As the price of Nd-B-Fe magnets is high, reduction of the amount of rare-

Figure 4.5. Steady-state torque vs. ring thickness for a radial flux hysteresis IPM motor. 
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earth magnets decreases the cost of the motor significantly. The thickness and the width 

of the magnet are chosen as 2.5mm and 32mm, respectively. A thickness value of 2.5mm 

provides the highest efficiency while a 32mm magnet width produces sufficient running 

torque for the motor. 

 

 

 

 

 

Figure 4.6. Output torque vs. magnet width. 
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The positioning of the magnet depends on the values of o1 and o2. Figures 4.8 and 4.9 

illustrate the maximum average output torque and rms phase current of the motor at rated 

voltage for different arrangements of the magnet. The magnitude of o1 is varied from 

2mm to 5mm, and o2 is varied from 1mm to 5mm. The torque becomes maximum for 

o1=2mm and o2=5mm. The phase current does not vary significantly with o1 and o2. 

Thus, the values of o1 and o2 are selected as 2mm and 5mm, respectively, to obtain the 

maximum torque.  

Figure 4.7. Efficiency vs. magnet width for variable magnet thickness. 
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Figure 4.8. Output torque vs. o2. 

Figure 4.9. Design B of the RF-hysteresis IPM motor. 
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The initial Design A and final Design B of the RF-hysteresis IPM motor are depicted 

in Figures 4.10a and 4.10b, respectively. Detailed specifications of both designs are 

presented in table 4.1. Design A requires higher starting and running voltages than the 

design B. Design B also requires less input power than Design A, becoming more energy 

efficient. 

 

 
 

(a) 
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(b) 

 

4.4 Performance Analysis 

The transient run-up responses of the Design A RF-hysteresis IPM motor for different 

load torques are shown in Figure 4.11. The motor is run by a 3-phase Y-connected 60Hz 

balanced ac supply. For the Design A motor, the required minimum starting voltage is 

240V which is higher than the motor rated voltage. The motor starts smoothly with some 

rotor oscillations at low speeds because of the magnet brake torque. The motor overcomes 

the maximum magnet brake torque with the help of high hysteresis torque and eddy 

current torque, and ramps up towards the synchronous speed. As the load torque 

Figure 4.10. (a)  Design A and (b) Design B of the RF-hysteresis IPM motor. 
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increases, it experiences longer rotor oscillations whereas the speed overshoots and 

undershoots decrease during the synchronization process. When the motor reaches the 

steady state, the running voltage is reduced to the motor rated voltage at t=0.6s. This 

improves the power factor and the efficiency of the motor.  

 

The developed instantaneous electromagnetic torque for various loads is illustrated in 

Figure 4.12. The hysteresis IPM motor has a starting torque due to the presence of a 

hysteresis ring in the rotor. The developed torque is comprised of an average 

asynchronous torque and a pulsating torque. The average asynchronous torque combines 

the hysteresis torque, the eddy current torque and the magnet brake torque. Due to the 

presence of permanent magnets acting as a current source in the rotor, there is a pulsating 

Figure 4.11. Run-up responses of the Design A radial flux hysteresis IPM motor. 
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torque superimposed on the average asynchronous torque. The pulsating torque assists the 

motor to a fast acceleration towards the synchronous speed. During the period of 

synchronization, the torque pulsation dies out and turns into a part of the synchronous 

torque. The eddy current torque also vanishes when the slip approaches zero.  

 

The stator phase currents for no load and 3 Nm. load torque are illustrated in Figure 

4.13. The starting current is a few times higher than the steady state rated current because 

of the required high magnetizing current for the hysteresis material. The current goes 

down significantly at the steady state when the input voltage is reduced to the operating 

rated voltage. This improves the efficiency of the motor.  

Figure 4.12. Developed torque of the Design A radial flux hysteresis IPM motor. 
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In Figure 4.14, the torque vs. speed trajectory for rated load is depicted. Because of 

the interaction between the permanent magnet flux and the currents inside the hysteresis 

ring, the line start hysteresis IPM motor suffers from a small number of torque reversals 

at low a speed. Before reaching the synchronization, there is a series of slow pole-slips 

which appears in Figure 4.14 as almost elliptical. The final synchronization trajectory 

follows a spiral that terminates at the synchronous speed. 

 
 

Figure 4.13. Phase current of the Design A radial flux hysteresis IPM motor. 
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The Design A motor requires a starting voltage that is higher than the motor rated 

voltage. Thus, it cannot be operated from the line directly unless there is a step-up type 

autotransformer available. The optimized Design B motor can start at the rated voltage 

and can also operate efficiently at a lower voltage. Figures 4.15-4.18 illustrate 

comparative responses between 1-HP Design B RF and CF hysteresis IPM motors. In the 

case of the CF-hysteresis IPM motor, the sleeve material in the Design B is changed to 

aluminum. The motor inertia is selected as equal to the rotor inertia. The starting voltage 

for the motor is selected as the rated voltage 208V.  The load torque is considered as the 

rated torque of 4 N.m. The run-up responses are provided in Figures 4.15a and 4.15b. 

Figure 4.14. Torque vs. speed trajectory at rated load of the Design A motor. 
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Both the motors have a smooth start because of the high starting torque jointly provided 

by the hysteresis and eddy current phenomena.  

 

 

(a) 
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(b) 

 

The torque responses are illustrated in Figures 4.16a and 4.16b. Both the motors 

synchronize easily with some speed overshoots and undershoots. The speed oscillation is 

more prominent in the CF motor, as shown in Figure 4.15b. The supply voltage is reduced 

to 70% of the rated voltage at t=0.8s. The RF-hysteresis IPM motor maintains the 

synchronization while the CF motor fails to synchronize and experiences hunting. Thus, 

the RF-hysteresis IPM motor provides more damping to the motor drive during 

fluctuations in the load/voltage supply.  It also requires less operating voltage and less 

Figure 4.15. Run-up responses of the Design B type: (a) RF-hysteresis IPM and (b) CF-

Hysteresis IPM motors. 
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input power. Thus, it is more energy efficient than the Design B type circumferential flux 

hysteresis IPM motor. 

Figures 4.15b and 4.16b depict the hunting phenomenon in the CF-hysteresis IPM 

motor. The rms current waveforms for the two motors are illustrated in Figures 4.16a and 

4.16b. The starting current is higher in the CF-hysteresis motor than the RF-hysteresis 

motor. Thus, a CF-hysteresis IPM motor requires more input current and voltage to 

maintain the synchronization than a similar RF-hysteresis IPM motor and is less efficient 

than a similar rating RF-hysteresis IPM motor. 

 

 

(a) 
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(b) 

 
(a) 

Figure 4.16. Run-up torque responses of the Design B type: (a) RF-hysteresis IPM and (b) 

CF-Hysteresis IPM motors. 
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(b) 

The air-gap flux densities (rms) of the two motors are shown in Figures 4.18-4.19. 

The RF-Hysteresis IPM motor has slightly higher air-gap flux density than the similar 

CF-motor. The air-gap flux density is more distorted in the CF-hysteresis IPM motor 

during starting. The oscillatory air-gap flux causes more torque pulsations in the CF-

hysteresis motor than an equivalent RF-hysteresis motor. It also reduces the damping 

capability of the motor, making it more vulnerable to experience limit cycles during 

sudden changes in the operation condition. 

Figure 4.17. Run-up current responses of the Design B type: (a) RF-hysteresis IPM and 

(b) CF-hysteresis IPM motors. 
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Figure 4.18. Air-gap flux density of a RF-hysteresis IPM motor. 

Figure 4.19. Air-gap flux density of a CF-hysteresis IPM motor. 
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The efficiency and power factor contours of the RF-hysteresis motor for rated current 

and reduced steady-state voltage are displayed in Figures 4.20a and 4.20b, respectively. 

The motor operates at a high efficiency at steady-state due to vanishing core losses at 

synchronous speed. The excess loss in the rotor hysteresis ring is not considered during 

calculation of the motor efficiency. The mechanical friction and windage losses are also 

not taken into account. The power factor is high over a wide range of operation due to the 

excitation provided by permanent magnets. Thus, the inclusion of permanent magnets 

greatly overcomes the problem of low power factor associated with conventional 

hysteresis motors. 

 

(a) 
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(b) 

A comparison between the cage-IPM motor and the RF-hysteresis IPM motor in terms 

of starting and synchronization capacities is provided in Figure 4.21. Both the motors are 

started at rated load and voltage. The inertia for the cage-IPM motor is two times its rotor 

inertia whereas the inertia for the RF-hysteresis IPM motor is selected as four times its 

rotor inertia. The RF-hysteresis IPM motor can successfully start and synchronize the 

load. However, the cage-IPM fails to start and accelerate the rotor to the synchronous 

speed. 

Figure 4.20. Performance analysis of the Design B RF-Hysteresis IPM motor: (a) 

efficiency and (b) power factor. 
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4.5 Conclusions 

This chapter presents design and analysis of a 3-phase, 4-pole 1-HP radial flux 

hysteresis IPM motor. The RF-hysteresis IPM motor is found to possess superior 

synchronization and stabilization capabilities compared to CF-hysteresis and cage IPM 

motors. The availability of self-starting and active stabilization capability make the RF-

hysteresis IPM motor a suitable candidate for sensorless ESP drive applications. 

Figure 4.21. Run-up responses of a cage-IPM motor and a RF-hysteresis IPM motor for 

high inertial loads. 
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In the next chapter, an analysis of the mechanical dynamics of a hysteresis IPM motor 

driven electric submersible pump system is presented.  

 

Parameters 
 

Cage-IPM CF-Hysteresis 
Design A 

RF-Hysteresis 
Design B 

Rated Power (HP) 1 1 1 

Rated Voltage (V) 208 240/208 208/146 

Stator-Outer Dia. (mm) 147.3 147.3 147.3 

Stator-Inner Dia.(mm) 93.5 93.5 93.5 

Number of Stator Slots 36 36 36 

No. of Conductors/slot 44 42 28 

Stack Length (mm) 78.8 78.8 78.8 

Air-gap Length (mm) 0.45 0.45 0.65 

Rotor-Inner Dia. (mm) 31.4 31.4 31.4 

Hysteresis Ring Thick. (mm) None 16 16 

Magnet Width (mm) 32 32 32 

Magnet Thickness (mm) 7.7 2.5 2.5 

o1 (mm) 18 5 2 

o2 (mm) 0 3 5 

Magnet Type Nd-B-Fe (35) Nd-B-Fe (35) Nd-B-Fe (35) 

 

Table 4.1. Design Parameters of Self-Starting IPM Motors. 
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  Chapter 5

Mechanical Dynamics of a Hysteresis IPM Motor Driven Electric 

Submersible Pump System 

5.1 Introduction 

Oil and gas exploitation is a key element for the prosperity, growth and industrial 

development of Canada. An oil and gas reservoir is basically a formation of rock located 

from several hundreds to thousands of feet under the surface. The oil and gas are trapped 

inside the porous space of the reservoir rock. Figure 5.1 displays a typical oil and gas 

reservoir and the production well [1]. The recovery of oil and gas from a reservoir mainly 

depends on the well’s ability to produce fluids. The production ability of a well is 

represented by a set of curves called inflow performance relationship (IPR) curves.  

 

Figure 5.1. An offshore oil and gas production well using electric submersible pumps [1]. 
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Figure 5.2 displays a set of IPR curves for different wells [2]. The production rate 

gradually falls with time, and after certain number of years, the well becomes 

economically infeasible meaning the cost of recovery exceeds the profits gained from the 

oil production. An oil well never attains its maximum inflow performance due to the 

limitations created by the piping arrangement such as separator, flowline, chokes, tubing 

string safety valves, etc. and the lift system. The moving fluid through the production 

tubing exerts backpressure on the system. The backpressure contains the following 

components [2], 

 hydrostatic pressure due to weight of the fluid column, 

 frictional pressure due to the interaction of the moving fluid with the tubing 

system, and 

 other potential or kinetic losses associated with the tubing system. 

 
 

 Figure 5.2. Inflow performance relationship (IPR) curves [2]. 
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In order to recover fluid from the reservoir through the well, a certain amount of 

tubing intake pressure is needed to overcome the backpressure. Figure 5.3a and 5.3b 

illustrate IPR vs. tubing intake pressure for a stable well and a dead well, respectively. 

The point of intersection between the IPR curve and the tubing intake pressure curve 

provides the flow rate. In Figure 5.3b, the tubing intake pressure is too high compared to 

the IPR curve of the well. Thus, production of fluid from this well is not possible. In order 

to achieve a desired production rate, an artificial lift method is needed to overcome the 

bottom-hole pressure of the well. There are several artificial lift techniques currently 

available such as gas lift, plunger lift, sucker rod pump, hydraulic jet pump, electric 

submersible pump (ESP), electric submersible progressive cavity pump (ESPCP), 

hydraulic piston pump and submersible turbine pump [1]-[3] systems.  

 
(a) 
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(b) 

 

Figure 5.4 displays configurations of the major types of artificial lift systems. There 

are basically two categories of artificial lift systems. The first category is the pump 

assisted artificial lift system and the other one is non-pump assisted lift techniques. 

Among pump assisted lift systems, the rod pump is the most widely used artificial lift 

system in the world. Gas lift is a non-pump assisted artificial lift system that injects 

compressed gas inside the well either continuously or intermittently for lowering the back 

pressure, allowing the reservoir pressure to lift fluids through the production well.  

An artificial lift system produces a predefined amount of tubing intake pressure in the 

well to recover a desired rate of reservoir fluid. Figure 5.5 illustrates pressure vs. flow 

rates of a well for different artificial lift techniques.  

Figure 5.3. IPR vs. tubing intake pressure for a: (a) stable well and (b) dead well [2]. 
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Figure 5.4. Major types of artificial lift systems [3]. 

Figure 5.5. Pressure vs. flow rates of a well for different artificial lift techniques [3]. 
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The selection of an artificial lift does not only depend on the available maximum flow 

rate but on many selection criteria. The list of criteria for selecting an artificial lift system 

is given below, 

 The depth/flow rate of a lift system 

 Relative merits and demerits 

 Use of expert computer programs 

 Net Present Value (NPV) comparison 

 Run life 

The depth of the well and the desired rate of fluid flow are the primary criteria for 

selecting an appropriate artificial lift system. Figure 5.6 illustrates a comparative analysis 

between the most popular lift techniques in terms of well depth and production rate in 

barrel per day (BPD). Gas lift provides a wide range of production rates for various well 

depths. Beam pumps and progressive cavity pumps (PCPs) are suitable for shallow wells. 

Plunger lift is suitable for ultra-deep wells but it limits the rate of production for deeper 

wells, because the energy storage increases in the casing annulus as the depth becomes 

greater. ESP provides the highest fluid production rate. ESPs are capable of working at a 

higher depth than the gas lift system, and also are competitive with the gas lift system 

over a wide range of depths. The relative advantages and disadvantages of the artificial 

lift systems such as system efficiency, simplicity, modularity, applicability for onshore or 

offshore applications and for  different types of well (horizontal, vertical, deviated), etc. 

are also considered for the selection of an artificial lift system. The NPV and run-life are 
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very important criteria for the proper selection of a well as the well becomes mature and 

the price of oil varies over time.  

. 

 
 

Figure 5.6. Comparative analysis between popular lift techniques in terms of well depth 

and production rate [3]. 
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Gas lift is the most popular technique among the non-pump assisted artificial lift 

techniques. It is suitable for both onshore and offshore oil and gas production. However, 

it suffers from poor lift efficiency and is limited by the well depth. Among the pump 

assisted lift techniques, the rod pump is the most popular as well as economical artificial 

lift technique and is suitable for land based oil production systems. ESPs and ESP-PCPs 

provide high flow rate, suitable for deep wells and also are highly efficient in comparison 

with other lift techniques. ESPs are suitable for low viscosity fluid recovery whereas 

ESP-PCPs are applicable for high viscosity fluids such as heavy oil. Figure 5.7 shows the 

production rate vs. well life of a typical subsea well using natural flow, gas lift and ESP 

lift. The feasible economic limit (FELs) for each recovery method is shown by point “A”, 

“B” and “C”, respectively. After an economic limit is surpassed, the respective recovery 

method becomes infeasible. As wells age, artificial lift is essential towards extending the 

well life beyond point “A”. Currently in the offshore industry, gas lift is used as the 

standard artificial lift technique. Gas lift has poor efficiency, lower rates of production, 

and is economically infeasible for mature wells. Point “B” indicates the state of a mature 

well where gas lift becomes infeasible. A downhole ESP is a type of artificial lift that 

boosts the pressure inside subsea reservoirs to achieve higher lift rates than gas lift. Pump 

assisted recovery provides more system efficiency than any other artificial lift techniques 

while producing more barrels per day. It is illustrated in Figure 5.7 that the use of ESP 

enhances the production rate and extends the well life up to point “C”, surpassing the 

point “B” (Gas Lift FEL). During times of lower oil prices, exploration and production 

(E&P) companies retract on their offshore drilling programs, and focus on extending the 

life of existing wells. An ESP based lift technique with a fast and reliable control system 
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provide an economical alternative to traditional lift methods for the offshore E&P 

companies to prolong well productions for years to come. 

 

 

 

Direct on-line starting of an electric submersible pump (ESP) system from a fixed 

frequency ac supply creates significant dynamic stress on the electro-mechanical 

assembly [4]-[5]. The pump shaft geometry (length and diameter) is primarily 

accountable for the torsional vibration of the system. It is crucial to model the mechanical 

dynamics to observe the effects of vibration on the ESP. Severe torsional vibration may 

occur if the vibrational frequency of the shaft reaches its resonant value. One way to 

accurately model the dynamics of an ESP system is the multi-physics simulation using 

finite element analysis [6]. However, multi-physics simulation is computationally 

Figure 5.7. Production Rate vs. Well Life. 
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overburdened and requires a high performance computer with multi-core processors. The 

simulation process is resource exhaustive and is also extremely time consuming.  

Another way to model the mechanical dynamics of an ESP system is the approximate 

lumped parameter approach [4]. Thorsen and Dalva proposed a combined electrical and 

mechanical model of induction motor driven ESP systems [4]. They have modeled the 

motor, shafts and pump impellers as equivalent mass spring damper systems. The starting 

transient mechanical stress on the pump assembly for different starting conditions is 

observed in their paper. The effects of different shaft diameters as well as shaft lengths on 

the starting torsional vibration of the ESP are also presented by Thorsen and Dalva. 

This chapter presents an analysis of the mechanical dynamics of a hysteresis IPM 

motor driven electric submersible pump (ESP) system. The modeling of a 5-HP 4-stage 6-

inch ESP system is presented in this chapter.  A bond graph model of the hysteresis IPM 

motor ESP drive is used to predict the dynamic behaviour of the drive system during 

start-up as well as running conditions. The relative twisting motion of the pump shaft is 

observed, and the effect of the pump shaft geometry on the torsional vibration of the 

system is investigated. Simulation results obtained using the bond graph model are 

presented and analyzed in this chapter. The torsional oscillations in a laboratory 

hysteresis IPM motor drive system during starting under different line frequencies are 

presented in this chapter.  
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5.2 Mechanical Dynamics of an Electric Submersible Pump System 

An electric submersible pump (ESP) is a motor/pump configuration made up of multi-

stage centrifugal pumps connected in series in order to provide the required pump head. 

The interconnected centrifugal pumps are normally driven by a three phase submersible 

ac motor. Figure 5.8 illustrates the multi-stage centrifugal pump configuration.  The 

exploded view of an ESP is shown in Figure 5.9. The fluid from the reservoir travels 

through the porous media and enters the bottom hole. The fluid enters the pump through 

an intake. There is a seal section between the pump intake and the motor which prohibits 

the fluid flowing into the motor. The pump rotates at the same speed as the motor. The 

fluid first passes through the rotating impeller which adds kinetic energy to the fluid. The 

fluid leaves through the diffuser which converts the kinetic energy into potential energy, 

increases the fluid pressure and guides the fluid to the next pump stage. Thus, each stage 

adds enough pressure to the fluid so that it can reach the well head which is attached to 

the tubing string. The number of pump stages depends on the required pump volumetric 

flow rate and the head (height) of the pump.  
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Figure 5.8. A hysteresis IPM motor equipped ESP. 

Figure 5.9. Cross sectional view of a multi-stage ESP. 
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The rotor of a submersible hysteresis interior permanent magnet (IPM) motor is 

demonstrated in Figure 5.10. The performance curves of a 5-HP 4-stage 6-inch 

submersible pump are depicted in Figure 5.11. The system curve is shown with the red 

line. The intersection between the system curve and the total dynamic head curve of the 

pump determines the pump operating point i.e. the pump flow rate and the pump head. 

The pump can be operated at its best efficiency operating point with the aid of a variable 

speed drive (VSD). The pump volumetric flow rate Q depends on the rotational speed of 

the impeller and can be expressed as, 

𝑄 =  𝑘𝑞𝑁𝑠                                                                                        (5.1)   

where 𝑘𝑞 is a proportional constant which depends on the impeller geometry and 𝑁𝑠 is 

rotational speed of the impeller in rpm.  

 
 

 
Figure 5.10. Rotor of a submersible hysteresis IPM motor. 
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The operating head of the pump is calculated from the system curve and is given 

below, 

𝐻 = 𝑘ℎ2𝑄
2 + 𝑘ℎ1𝑄 + 𝐻0                                                              (5.2) 

where H is the operating head, 𝑘ℎ2 and 𝑘ℎ1 are proportional constants and 𝐻0 is the 

minimum head of the pump. 

In a centrifugal pump, the volume of the fluid delivered by the pump against a 

constant pressure head is proportional to the power of the motor. So, the required load 

torque for the pump is proportional to the square of the speed of the motor. As a result, 

the load torque is relatively small at starting. The required mechanical input power 𝑃𝑒𝑠𝑝 to 

a centrifugal pump is given below [7], 

Figure 5.11. Characteristics curves of a variable speed ESP. 
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𝑃𝑒𝑠𝑝 =  𝐻𝑄𝑔
1

𝜂
                                                                               (5.3) 

where 𝑃𝑒𝑠𝑝 is the mechanical input power to the ESP,  𝑔 is the gravitational acceleration 

and 𝜂 is the pump efficiency. 

Figure 5.12 illustrates a lumped element model of the 4-stage ESP system. The model 

is used to investigate mechanical dynamics of the ESP system. The following 

assumptions are considered during the lump element modeling of the ESP drive chain: 

1. The motor is modelled as a lumped body with inertia and viscous damping. The 

electro-magnetic torque obtained from electrical equivalent circuits of the 

hysteresis IPM motor is considered as the driving torque for the ESP system. 

2. Each of the pump impellers is modeled as a single lumped inertial body with a 

fluid viscous damping torque and a load torque [4].  

3. The load torque of the impeller is modeled as a function of the square of the 

speed. 

4. The shaft is considered as a massless spring system. Each of the shaft segments is 

modeled as a spring with a torsional stiffness factor and a viscous damping 

coefficient. 

The mechanical dynamics of the ESP system are modelled as a torsional mass spring 

damper system similar to [4]. The equations for modeling ESP dynamics are provided 

below, 
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Between Motor and Impeller 1: 

𝐽𝑚
𝑑2𝜃𝑚
𝑑𝑡2

+ 𝐷𝑚
𝑑𝜃𝑚
𝑑𝑡

+ 𝐷𝑚1 (
𝑑𝜃𝑚
𝑑𝑡

−
𝑑𝜃1
𝑑𝑡
) + 𝐶𝑚1(𝜃𝑚 − 𝜃1) = 𝑇𝑒                                    (5.4) 

 

Between Impeller 1 and Impeller 2: 

𝐽1
𝑑2𝜃1
𝑑𝑡2

+ 𝐷1
𝑑𝜃1
𝑑𝑡
+ 𝐷𝑚1 (

𝑑𝜃1
𝑑𝑡
−
𝑑𝜃𝑚
𝑑𝑡
) + 𝐶𝑚1(𝜃1 − 𝜃𝑚) + 𝐷12 (

𝑑𝜃1
𝑑𝑡
−
𝑑𝜃2
𝑑𝑡
) + 

𝐶12(𝜃1 − 𝜃2) = −𝐾𝑙1 (
𝑑𝜃1
𝑑𝑡
)
2

                                                                                                   (5.5) 

 

Between Impeller 2 and Impeller 3: 

𝐽2
𝑑2𝜃2
𝑑𝑡2

+ 𝐷2
𝑑𝜃2
𝑑𝑡
+ 𝐷12 (

𝑑𝜃2
𝑑𝑡
−
𝑑𝜃1
𝑑𝑡
) + 𝐶12(𝜃2 − 𝜃1) + 𝐷23 (

𝑑𝜃2
𝑑𝑡
−
𝑑𝜃3
𝑑𝑡
) + 

 𝐶23(𝜃2 − 𝜃3) = −𝐾𝑙2 (
𝑑𝜃2
𝑑𝑡
)
2

                                                                                                 (5.6)  

 

Between Impeller 3 and Impeller 4: 

𝐽3
𝑑2𝜃3
𝑑𝑡2

+ 𝐷3
𝑑𝜃3
𝑑𝑡
+ 𝐷23 (

𝑑𝜃3
𝑑𝑡
−
𝑑𝜃2
𝑑𝑡
) + 𝐶23(𝜃3 − 𝜃2) + 𝐷34 (

𝑑𝜃3
𝑑𝑡
−
𝑑𝜃4
𝑑𝑡
) +  

𝐶34(𝜃3 − 𝜃4) = −𝐾𝑙3 (
𝑑𝜃3
𝑑𝑡
)
2

                                                                                                  (5.7)  

 

Impeller 4: 

𝐽4
𝑑2𝜃4
𝑑𝑡2

+ 𝐷4
𝑑𝜃4
𝑑𝑡
+ 𝐷34 (

𝑑𝜃4
𝑑𝑡
−
𝑑𝜃3
𝑑𝑡
) + 𝐶34(𝜃4 − 𝜃3) = −𝐾𝑙4 (

𝑑𝜃4
𝑑𝑡
)
2

                        (5.8) 
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𝐽𝑚 is the inertia of the motor; 

𝐽1…𝐽4 are the inertias of impellers 1…4, respectively; 

𝐷𝑚 is the viscous damping coefficient of the motor; 

𝐷1…𝐷4 are the viscous damping coefficients of impellers 1…4, respectively; 

𝐾𝑙1… 𝐾𝑙4 are the load torque coefficients of impellers 1…4, respectively; 

𝐶𝑚1 is the compliance (inverse of stiffness) of the shaft between motor and impeller 1; 

𝐶12, 𝐶23 and 𝐶34 are the compliances of the shafts between the impellers 1…4, 

respectively; 

𝐷12, 𝐷23 and 𝐷34 are the viscous damping coefficients of the shafts between the impellers 

1…4, respectively; 

 𝜃𝑚 is the angular position of the motor; and 

𝜃1 … 𝜃4 are the angular positions of the impellers 1…4, respectively. 
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Figure 5.12. A lumped element model of the 4-stage ESP system. 
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5.3 Bond Graph Modeling of ESP-Dynamics 

A bond graph is a graphical approach to model a dynamic system [8]-[11]. Bond 

graphs use a small set of generalized elements to model energy storage, dissipation, 

boundary conditions, energy transformations and gyrations in a system. It also applies the 

generalized Kirchoff’s laws for multiple energy domains. Thus, a bond graph is a 

powerful tool to model the dynamics of a system involving mechanical, electrical, and 

electromagnetic elements such as the hysteresis interior permanent magnet (IPM) ESP 

drive system. The dynamics of the ESP presented in (5.4)-(5.8) can be investigated using 

a bond graph model of the ESP system. 

The word bond graph of the 4-stage hysteresis IPM ESP drive system is illustrated in 

Figure 5.13. Each stage is represented by a rotating impeller driven by the hysteresis IPM 

motor. The input and output of each bond graph element is power, which is the product of 

conjugate generalized effort and flow variables. Power bonds are labelled with a half 

arrow. Small “causal strokes” normal to the power bonds indicate whether an effort or 

flow is the output of the adjacent element’s constitutive law. The power variables used for 

the mechanical portion of the simulation are torque, τ and angular velocity, ω.  

 

 

 
Figure 5.13. Word Bond Graph Model of an ESP System. 
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The bond graph model of a hysteresis IPM motor is developed using the equivalent 

circuits presented in chapter 3. Figure 5.14 shows the electromagnetic coupling between 

electrical and mechanical systems. The inductive coupling between the stator and rotor 

are considered in the d
r
-q

r
 reference frame rotating with the rotor electrical angular 

velocity ωe. The conversion from electrical speed to mechanical speed is performed using 

a gearbox. The gear ratio is  
𝑃

2
: 1, where P is the number of poles in the motor.  

 

Figure 5.15 illustrates a two-level interconnection between the {𝑎, 𝑏, 𝑐} bond graph 

model and the {𝑑, 𝑞} bond graph model. Se is the 3-phase input voltage source, TF is a 

transformer that converts voltages from the {𝑎, 𝑏, 𝑐} reference frame to the {𝛼, 𝛽} 

Figure 5.14. Electromagnetic Coupling between electrical and mechanical system. 
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reference frame. MTF is a modulated transformer that converts voltages from the {𝛼, 𝛽} 

reference frame to the {𝑑, 𝑞} frame using the rotor electrical position 𝜃𝑟.   

 

 

The linear relationships between the stator flux linkages and currents, and the rotor 

flux linkages and currents are represented in terms of self and mutual inductances. These 

relationships are provided by using the generalized inertia (I) fields in the bond graph 

[11]. Figure 5.16 shows the coupling between the stator and rotor state variables.  

The electromagnetic torque and the induced voltages are calculated using the state 

equations of the hysteresis IPM motor. The electromagnetic torque equation contains the 

flux and current terms. A gyrator structure for the torque and the induced voltages is 

illustrated in Figure 5.17. The modulated gyrator enforces the relations between the 

electromagnetic torque τe and the d-q axis currents (ids and iqs) as well as the relation 

between the induced voltages (eds and eqs) and the rotor angular speed ωr. 

Figure 5.15. A 2-level interconnection between {a, b, c} and {d, q} bond graph models. 
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Figure 5.16. I-field relations and casualties for the rotor and the stator in the d-q axis 

Figure 5.17. Gyrator structure for torque and induced voltages. 
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Figure 5.18 presents the complete bond graph model of a hysteresis IPM motor based 

on its electrical equivalent circuit equations developed in chapter 3. Four fluxes (λds-λm, 

λdr-λm, λqs and λqr) and the angular momentum of the rotor are used as the state variables. 

A bond graph simulation software is used to automate the generation of state equations 

[10]. The proposed hysteresis IPM motor model has been driven by a 3-phase fixed 

frequency balanced ac supply.  

 

 

 

 

Figure 5.18. A bond graph model of a hysteresis IPM motor. 
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The lumped segment approach is used to model torsional dynamics of the shafts. In 

the lumped segment approach, the system is divided into a number of elements, 

interconnected with springs [9]. This model is a more cumbersome bond graph 

representation, and the accuracy of the model depends on the number of elements 

considered. However, analytic mode shapes and natural frequencies need not be 

determined. A total of 4 segments are used in the dynamic model for each shaft. Figure 

5.19 depicts the torsional dynamic sub-model for a single shaft segment. 

 

 

 

The pump impeller is modeled as a single lumped inertial body with a fluid viscous 

damping torque and a load torque. The damping torque and the load torque for the 

impellers are estimated as Dω and Klω
2
, respectively. D and Kl are viscous damping 

Figure 5.19. A bond graph torsional model of a shaft-segment. 
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factor and impeller load factor, respectively. The bond graph dynamic model of an 

impeller is shown in Figure 5.20. 

 

5.4 Simulation Results 

Simulations are carried out for a 90 GPM 4-stage electric submersible pump system 

driven by a 5 hp, 3-phase, 1800 rpm, 240V hysteresis IPM motor. 20sim® software is 

used for modeling of bond graphs. Figure 5.21 illustrates the run-up responses of the ESP 

system for different motor shaft lengths. The motor is loaded at 75% of its rated load. The 

length of the motor shaft which is connected to the multi-stage pump is varied from 

500mm to 1500mm. The hysteresis IPM motor is started directly from a fixed frequency 

60 Hz line supply. Due to its hysteresis ring, the motor generates the starting torque for 

Figure 5.20. A bond graph torsional model of an impeller. 
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self-starting and overcomes the magnet brake torque while ramping up towards the 

command speed. The motor synchronizes at the command frequency with some speed 

overshoots and undershoots. These oscillations happen due to the hysteresis phenomenon 

in the rotor. The hysteresis lag angle goes through some cyclic oscillations before it 

settles down to a steady state value. It is found that the length of the shaft has negligible 

impact on the speed response of the motor.  

 

 

 

 

 

Figure 5.21. Speed responses of the motor for different shaft-lengths. 
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The electromagnetic torque responses of the hysteresis IPM ESP drive for different 

shaft lengths are illustrated in Figure 5.22. The developed torque is comprised of an 

average asynchronous torque and a pulsating torque. The average asynchronous torque is 

a combination of the hysteresis torque, the eddy current torque and the magnet brake 

torque.  The presence of permanent magnets as a current source in the rotor, there is a 

pulsating torque superimposed on the average asynchronous torque. The pulsating torque 

assists the motor to a fast acceleration towards the synchronous speed. During the period 

of synchronization, the torque pulsation dies out and turns into the synchronous torque 

which is a combination of the magnet alignment torque and the reluctance torque. As the 

length of the shaft is increased, the amplitude of the pulsating torque goes down but the 

frequency of torque pulsations remains the same. This phenomenon is illustrated in 

Figure 5.22. Thus, as the shaft length increases, the system becomes more damped.   
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Figures 5.23 and 5.24 demonstrate the speed and the torque responses of the ESP 

drive, respectively, for different diameters of the shaft. The length of the shaft and the 

impeller loads are kept constant at 1000mm long and 75% of the rated load. The 

magnitude and the frequency of torque oscillations increase as the diameter of the shaft 

becomes larger. This also affects the motor run-up responses and reduces the motor’s 

synchronization capability, taking a longer time to reach the steady state. 

The speed responses of the impellers are depicted in Figure 5.25. The length and 

diameter of the shafts are considered as 1000mm and 25mm, respectively. The impeller 

Figure 5.22. Torque responses of the motor for different shaft-lengths. 
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loads are kept constant at 75% of the rated load. The output shaft torque of the motor and 

shaft torques between the impellers are displayed Figure 5.26. The system is becoming 

more damped as the torque is being transmitted from one impeller shaft to the others. The 

magnitude and frequency of the torque oscillations are much lower in the case of shaft 4 

in comparison to the motor output torque transmitted through the shaft 1. 

 

 
 

 
Figure 5.23. The speed response of the motor for different shaft-diameters. 
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Figure 5.24. Torque responses of the motor for different shaft-diameters. 
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Figure 5.25. Speed responses of the ESP impellers. 
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The comparative performances of a squirrel cage induction motor (IM) ESP drive 

system and a hysteresis IPM motor ESP drive system are displayed in Figures 5.27a-

5.27d. Both the IM and hysteresis IPM motors are rated as 5-HP 3-phase 1800-rpm 240V, 

and are supplied from the same 60 Hz balanced AC supply. The impeller load factor is 

suddenly changed to apply the rated load to the motor as shown in Figure 5.27a. As the 

load torque becomes higher, the induction motor slows down and the slip becomes almost 

Figure 5.26. The shaft torque response of the ESP. 
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3.67%. This phenomenon results in higher slip losses which in turn increases the 

temperature of the IM motor and reduces the efficiency as well as the thermal reliability 

of the ESP. However, in the case of the hysteresis IPM motor, the speed remains the same 

as the magnets produce the necessary excitation to sustain the load change. At this point, 

the hysteresis ring works as a damper to stabilize the rotor to remain at the synchronous 

speed. Figures 5.27b and 5.27c demonstrate the speed and torque responses, respectively, 

of the IM and hysteresis IPM motor ESP drive systems for a sudden change in the load 

torque. The input phase current of the IM drive and hysteresis IPM motor drive are shown 

in Figure 5.27d. The IM draws more current from the line than the hysteresis IPM motor 

as the load increases. As a result, a hysteresis IPM motor ESP drive has a higher 

efficiency at full-load than that of an IM-ESP drive. 

 
  (a) 
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(b) 

 

 
(c) 
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(d) 

 

5.5 Experimental Results 

The experimental testing has been performed on a Mawdsley generalized machine. 

The stator of the machine is rated at 3-phase 4-pole 208V with delta connected double 

layer windings. The rotor of the Mawdsley machine is replaced by a 36% Cobalt-Steel 

hysteresis IPM rotor with Nd-B-Fe magnets. The block diagram of the overall system set-

up is displayed in Figure 5.28. The motor is the laboratory prototype hysteresis IPM 

motor. The motor is lightly loaded by a dc generator that emulates the ESP load torque. 

The motor is started from a variable frequency power supply. The power supply is 

Figure 5.27. Comparative performances between IM-ESP and hysteresis IPM-ESP drives: 

(a) impeller load factor (b) shaft torque (c) shaft speed and (d) input line current. 
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configured to have a fast acceleration time for the motor. To observe the effect of the 

shaft geometry on the motor run-up performances, the shaft of the motor is chosen as 

1000mm while the diameter of the shaft is configured as 50mm. Based on simulation 

results presented in section 5.4, a 1000 mm long motor shaft with an outer diameter of 50 

mm provides low torsional vibration.  

 

 

 

 

The run-up performance of the motor for 60 Hz and 50 Hz command frequencies are 

illustrated in Figures 5.29a and 5.29b, respectively. After a successful start, the motor 

ramps up smoothly towards the synchronous speed. Due to torque pulsations, there are 

few speed reversals in the run-up response of the motor. There is no significant 

Figure 5.28. Experimental test set-up. 
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mechanical vibration during the start-up. The synchronization process commences at t= 

3s and the motor synchronizes with few speed overshoots and undershoots around the 

synchronous speed. The instantaneous torque waveforms for 60 Hz and 50 Hz command 

frequencies are presented in Figures 5.30a and 5.30b, respectively. The rising 

instantaneous torque helps the motor reach close to the synchronous speed. The pulsating 

torque superimposed on the total hysteresis and eddy current torque results in torque 

reversals in the instantaneous torque curve. During the synchronization process, the 

frequency and the magnitude of the torque pulsation die out slowly and the pulsating 

torque becomes a part of the total synchronous torque. The line current waveform of the 

inverter is shown in Figure 5.31. The motor starts with a low starting current which 

reduces the electrical stress on the drive. 

 
 

(a) 
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(b) 

 

 

 

 
(a) 

 

Figure 5.29. Experimental run-up responses: (a) 60 Hz and (b) 50 Hz. 
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(b) 

 

 

 

 

Figure 5.30. Experimental torque responses: (a) 60 Hz and (b) 50 Hz. 

Figure 5.31. Experimental line current of the motor at 60 Hz. 
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5.6 Conclusion 

In this chapter, modeling and analysis of the shaft dynamics are carried out for a 

hysteresis IPM motor driven ESP drive system. A bond graph modeling software is used 

to simulate the dynamics of the hysteresis IPM-ESP system started directly from a fixed 

frequency 3-phase balanced ac source. Simulation results are presented in this chapter. 

Experimental investigations on the torsional dynamics of a hysteresis IPM motor drive 

system during the run-up are carried out in this chapter. Simulation and experimental 

results suggest that the hysteresis IPM motor can self-start and synchronize an ESP drive 

system. However, the starting speed and torque oscillations during an on-line start can be 

detrimental to the ESP system, and may result in premature ESP failures. It is also 

presented in this chapter that the dimensions of the shafts, especially the shaft-diameter, 

have significant effects on the torsional vibration of an ESP system. 

The following chapter presents the development of a power electronics based soft-

starter for hysteresis IPM motor drive systems for reducing torsional vibration in the 

system. 
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  Chapter 6

Soft-Starting of a Hysteresis IPM Motor Drive 

6.1 Introduction 

Based on the discussion provided in previous chapters, it is evident that on-line 

starting of an interior permanent magnet motor driven electric submersible pump (ESP) 

creates severe torsional oscillations in the electromechanical system. The frequency of 

torsional oscillations may reach the mechanical resonant frequency, creating premature 

ESP failures. In this chapter, a novel design of a V/f controller for soft-starting of a 

hysteresis interior permanent magnet motor drive is presented. Simulations have been 

carried out using the developed equivalent circuit models presented in chapter 3 to obtain 

the transient run-up responses of a 3-phase 4-pole 208V, 2.5-kW laboratory Mawdsley 

prototype hysteresis interior permanent magnet motor drive. The V/f controller has been 

implemented in real time to investigate the starting and synchronization capabilities of the 

2.5-kW motor. Both the simulation and experimental results are presented and discussed 

at the end of this chapter.  

6.2 Design of a Soft-Starter for a Hysteresis IPM Motor Drive 

Soft-starting is a type of starting technique for a motor drive where the torque is 

gradually applied on the mechanical transmission system during run-up in order to reduce 

the inrush current and torque [1]-[3]. Sometimes, the load torque is also relieved during 

starting for reducing the mechanical stress on the drive system. Soft starting of a motor 
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Figure 6.1. Block diagram of a typical open loop V/f controller. 

 

 

 

drive is particularly useful for high inertial loads. It can be performed using either 

mechanical soft-starters such as dry fluid drives [2], or power electronics based 

variable speed drives (VSDs). In recent years, due to the technological and 

manufacturing advancements in power electronics, VSD based soft-starters have 

become popular for various applications such as pumps, compressors, conveyor belts, 

elevators and fans where high dynamic performance is not required [3]. 

Figure 6.1 displays a basic open-loop V/f controller for line-start permanent 

magnet motor drives equipped with cage windings. In this type of controller, the 

applied voltage is gradually increased with a predefined rate that is proportional to the 

command frequency. Due to the presence of damper windings in the rotor, there is no 

need for frequency stabilization in the control system [4]-[5]. Although the open-loop 

V/f controller is easy to implement, it provides sluggish responses to load changes and 

cannot compensate for the voltage drop in the line resistance. Thus, it is prone to 

failures in certain applications where the line impedance is significantly high such as 

offshore power systems.  
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Design of closed loop stable V/f controllers for variable speed permanent magnet 

(PM) motor drives has been a topic of interest among the researchers over the last three 

decades [4]-[10]. Closed loop V/f controllers typically contain stabilizing loops in their 

algorithms for providing active damping to PM motor drives. There are basically two 

types of stabilization loops: voltage stabilization and frequency stabilization loops [7]-

[10]. A voltage stabilization loop reads the instantaneous dc current or 3-phase ac current 

signals to dynamically adjust the command voltage with changing load conditions. It 

improves the starting capabilities of the motor and also compensates for the voltage drop 

across the line resistance. It allows low speed operation of a PM motor drive. 

The frequency stabilization loops modulates the command frequency to the VSD by 

using active power perturbations [7]-[8]. The active power is generally measured or 

estimated using the line voltages and currents. The frequency stabilization loop provides 

active damping to permanent magnet motor drives with no physical damper windings. 

A stable V/f controller has been proposed by Perera et. al. for PM motors without any 

squirrel cage or damper windings [9]. They have proposed a stabilization technique by 

modulating the applied frequency to stabilize the rotor hunting at the command 

frequency. In a hysteresis IPM motor, the hysteresis ring behaves like damper windings. 

Thus, a simple V/f controller similar to [9] can be extended for the hysteresis IPM motor 

drive using the current feedback loops to adjust the command voltage for proper 

synchronization of the motor drive without any additional frequency stabilization loop. 

The proposed hysteresis IPM motor behaves like a predominantly IPM motor at steady 

state. The hysteresis ring becomes temporarily magnetized in the rotor and can be 

represented as a current source similar to the permanent magnet excitation in the rotor. 
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Therefore, the total excitation in the rotor of a hysteresis IPM motor is provided 

mainly by the permanent magnet and partly by the temporarily magnetized hysteresis 

ring.  

The block diagram for the V/f control of a hysteresis IPM motor drive is illustrated 

in Figure 6.2. The steady state phasor diagram of the motor is illustrated in Figure 6.3. 

The voltage vector Vs is the summation of the voltage induced due to stator flux 

linkage Es and the voltage drop in the stator winding resistance. The equations for 

calculating the magnitude of Vs are given below [9], 

𝑉𝑠 = 𝑂𝑁 + 𝑁𝐿                                                                                  (6.1) 

𝑁𝐿 = 𝐼𝑠𝑅𝑠 cos𝜑                                                                             (6.2) 

𝑂𝑁2 = 𝑂𝑀2 −𝑀𝑁2 = 𝐸𝑠
2 − (𝐼𝑠𝑅𝑠 sin𝜑)

2                             (6.3) 

where 𝜑 is the power factor angle. 

 
 

Figure 6.2. Block diagram of a V/f controller for a hysteresis IPM motor drive. 



 

195 

 

 
 

 

Using (6.1)-(6.3), the magnitude of the voltage vector can be expressed as, 

𝑉𝑠 = 𝐼𝑠𝑅𝑠 cos𝜑 + √𝐸𝑠
2 − (𝐼𝑠𝑅𝑠 sin 𝜑)2                                   (6.4) 

or, 

𝑉𝑠 = 𝐼𝑠𝑅𝑠 cos𝜑 + √𝐸𝑠
2 − (𝐼𝑠𝑅𝑠)2(1 − cos2𝜑)                     (6.5) 

or, 

𝑉𝑠 = 𝐼𝑠𝑅𝑠 cos𝜑 + √𝐸𝑠
2 + (𝐼𝑞

𝑠𝑅𝑠)
2
− (𝐼𝑠𝑅𝑠)2                          (6.6) 

where 𝐼𝑞
𝑠 = 𝐼𝑠 cos𝜑 is the magnitude of the in-phase component of the current vector. 

Figure 6.3. Phasor diagram for a hysteresis IPM motor. 
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The applied command voltage 𝑉𝑠 largely depends on the magnitude of the stator 

flux-linkage. In order to soft-start a hysteresis IPM motor, the magnitude of the stator 

flux linkage needs to be constant at steady state so that the motor can ramp-up 

smoothly to the desired speed. Thus, the magnitude of the stator flux induced voltage 

𝐸𝑠 is assumed to be equal to the magnitude of the motor back-emf 𝐸0. The rms 

magnitude of 𝐸𝑠 is calculated as, 

𝐸𝑠 = 𝐸0 = 4.44𝜋𝑓0𝜆
′
𝑚ℎ                                                                (6.7) 

where 𝑓0 is the command frequency and 𝜆′𝑚ℎ  is the peak flux linkage due to the 

permanent magnet excitation and hysteresis effect. 

The magnitude of the in-phase component of the stator current vector 𝐼𝑞
𝑠 is calculated 

by d-q axis transformation of the 3-phase stator currents iabc with respect to the 

synchronously rotating reference frame 𝜃𝑠 , and it can be expressed as [9], 

𝐼𝑞
𝑠 = 𝐼𝑠 cos𝜑 =  

2

3
{𝑖𝑎 cos 𝜃𝑠 + 𝑖𝑏 cos(𝜃𝑠 −

2𝜋

3
) + 𝑖𝑐 cos(𝜃𝑠 +

2𝜋

3
)}          (6.8) 

where, 

𝜃𝑠 = ∫(2𝜋𝑓0)𝑑𝑡                                                                           (6.9) 

The magnitude of the stator current vector 𝐼𝑠 can be calculated from the α-β 

components of the stator 3-phase currents. The equations for calculating 𝐼𝑠 are given 

below, 

𝐼𝑠 = √(𝑖𝛼)2 + (𝑖𝛽)
2
                                                                     (6.10) 

𝑖𝛼 =
2

3
(𝑖𝑎 −

𝑖𝑏
2
−
𝑖𝑐
2
)                                                                   (6.11) 
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𝑖𝛽 = −
2

√3
(
𝑖𝑏
2
−
𝑖𝑐
2
)                                                                      (6.12) 

In order to avoid unwarranted chattering in the command voltage, the stator current 

vector  𝐼𝑠 and its in-phase component 𝐼𝑞
𝑠 are passed through 2

nd
 order discrete low pass 

filters as follows, 

𝐼𝑠𝑓 =
𝜔𝑐
2

𝑠2 + 2𝜉𝜔𝑐𝑠 + 𝜔𝑐2
𝐼𝑠                                                         (6.13) 

𝐼𝑞𝑓
𝑠 =

𝜔𝑐
2

𝑠2 + 2𝜉𝜔𝑐𝑠 + 𝜔𝑐2
𝐼𝑞
𝑠                                                         (6.14) 

where 𝐼𝑠𝑓 and 𝐼𝑞𝑓
𝑠  are filtered versions of 𝐼𝑠 and 𝐼𝑞

𝑠, respectively, 𝜔𝑐  is the cut-off 

frequency for the low pass filter (2Hz~5Hz) and 𝜉 is the damping ratio. 

Using (6.7)-(6.14), the equation of the applied instantaneous command voltage to the 

motor drive is expressed as follows, 

𝑉𝑠
∗ = 𝐼𝑞𝑓

𝑠 𝑅𝑠 +√(2𝜋𝑓0𝜆′𝑚ℎ )2 + (𝐼𝑞𝑓
𝑠 )

2
𝑅𝑠2 − 𝐼𝑠𝑓

2𝑅𝑠2                            (6.15)   

The instantaneous command voltage 𝑉𝑠
∗ is calculated at each time step to keep the 

stator flux linkage constant during the acceleration/deceleration period of the rotor. The 

stator phase resistance is considered during the calculation of the command voltage 𝑉𝑠
∗ to 

compensate for the voltage drop in the line.  

For a conventional IPM motor with no damper windings in the rotor, a second 

frequency stabilization loop is required for operating the motor at the command 

frequency. However, in the case of a hysteresis IPM motor, the hysteresis ring acts as a 

damper and provides the necessary damping torque to the motor drive. Also, the eddy 

current in the hysteresis ring provides additional damping torque for the motor. The 
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hysteresis damping torque available from the hysteresis ring at steady state can be 

expressed as, 

𝑇ℎ𝑦𝑠 =
𝑝𝑉𝑟𝐵𝑚

2

2𝜇
sin 𝛿                                                               (6.16) 

where 𝐵𝑚 is the maximum flux density and μ is the permeability of the of the hysteresis 

material, respectively, 𝑉𝑟 is the volume of the hysteresis ring, p is the number of pole 

pairs and 𝛿 is the hysteresis lag angle/ motor load angle. 

The equation of motion of a hysteresis IPM motor drive can be written as, 

𝐽
𝑑2𝛿

𝑑𝑡2
= 𝑇𝑠(𝛿) − (𝑇ℎ𝑦𝑠𝐷 + 𝑇𝑣𝐷)

𝑑𝛿

𝑑𝑡
− 𝑇𝐿(𝛿)                     (6.17) 

where J is the inertia of the motor, 𝑇𝑠 is the synchronous torque of the motor, 𝑇𝑣𝐷 is the 

viscous damping torque coefficient, 𝑇ℎ𝑦𝑠𝐷 is the hysteresis damping coefficient and 𝑇𝐿 is 

the load torque for the motor. 

6.3 Simulation Results 

The simulated run-up responses of a V/f controlled 3-phase 4-pole 208V ∆-

connected 2.5-kW hysteresis IPM motor drive at light load for different operating 

frequencies are shown in Figure 6.4. The applied frequency to the motor is gradually 

increased to the command frequency in order to reduce the magnitude of inrush 

torque and current. Due to permanent magnets buried in the rotor, the motor 

experiences a high magnet brake torque during starting which causes some rotor 

oscillations. The motor overcomes this brake torque with the aid of the hysteresis and 

eddy current torque, starts smoothly and ramps up towards the command speed. The 
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motor synchronizes at the command frequency with some speed overshoots and 

undershoots due to hysteresis cycles. The permanent magnet provides the points of 

synchronization to overcome the hunting problems associated with conventional 

hysteresis motors. At steady state, the hysteresis ring provides the necessary damping 

torque to stabilize the rotor at the command frequency. 

 

 

 

The developed instantaneous electromagnetic torque at rated load torque for 60Hz 

command frequency is illustrated in Figure 6.5. The developed torque is comprised of an 

Figure 6.4. Simulated run-up responses of the motor for 10 Hz-90Hz frequencies 
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average asynchronous torque and a pulsating torque. The average asynchronous 

torque combines the hysteresis torque, the eddy current torque and the magnet brake 

torque.  Due to the presence of permanent magnets acting as a current source in the 

rotor, there is a pulsating torque superimposed on the average asynchronous torque. 

The pulsating torque assists the motor to a fast acceleration of the rotor. The motor 

starts to synchronize at a low frequency around t = 2s. During the period of 

synchronization, the torque pulsation dies out. Consequently, the trajectory of the 

starting torque becomes almost flat after t = 3s as depicted in Figure 6.5. When the 

applied frequency reaches the command frequency, it becomes constant. At this point, 

the hysteresis ring behaves like a damper and provides a combined hysteresis and 

eddy current damping torque to stabilize the rotor at the synchronous speed. After 

successful stabilization of the rotor, the eddy current torque vanishes. The hysteresis 

ring becomes temporarily magnetized in the rotor and provides some additional 

excitation along with the permanent magnets.  
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The trace of the peak of the line current waveform for 60Hz command frequency at 

rated load is depicted in Figure 6.6. The starting current is limited by the V/f controller 

and it is slightly higher than the steady state current. The command voltage is calculated 

using the designed V/f controller so that the inrush current during start remains low- 

restricted within two times of the rated current.  

Figure 6.5. Simulated torque of the motor for 60Hz frequency. 
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The responses of the motor for sudden changes in the load torque are depicted in 

Figures. 6.7a-6.7d. The motor is started with a 8 Nm. constant load torque at a 60 Hz 

command frequency. A step change is introduced at t =15s by reducing the load 

torque from 8 Nm. to 5 Nm. Another step change is introduced in the system at t =20s 

by increasing the load torque by 5 Nm. The trajectory of the motor torque during the 

load change is depicted in Figure 6.7a. During a sudden load change, the motor goes 

through some speed oscillations caused by the minor oscillations in the developed 

electromagnetic torque. These oscillations are damped out due to the hysteresis 

phenomenon in the rotor. The hysteresis lag angle goes through cyclic oscillations, 

Figure 6.6. Simulated line current of the motor for 60Hz frequency. 
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generates a damping torque for the motor drive for stabilizing the system and finally 

settles down to a stable steady state value.  

The trajectory of the hysteresis lag angle 𝛿 is depicted in Figure 6.7b. The motor 

follows the outer hysteresis loop during start and settles down to an inner loop after the 

motor is synchronized. The rotor hysteresis loop travels from one inner loop to another 

inner loop when the load torque is different.  

The maximum flux density Bm of the hysteresis ring is illustrated in Figure 6.7c. The 

flux density varies with the hysteresis lag angle. Thus, it oscillates after a step change in 

the load torque. The maximum flux density also varies with the load torque, becoming 

higher or lower in accordance with the magnitude of the hysteresis lag angle.  

The changes in the peak of the current waveform during sudden load changes are 

illustrated in Figure 6.7d. The motor current oscillates slightly during load variations. 

However, the amplitude of the oscillation remains within the operating limit, reducing the 

stress on the drive system. 
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(a) 

 
 

(b) 



 

205 

 

 
(c)  

 
(d)  

 

Figure 6.7. Responses of the motor for step change in load: (a) torque, (b) hysteresis lag 

angle, (c) flux density vector and (d) line current 
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The performance of the proposed V/f controller for a step change in load is 

presented in Figures 6.8a-6.8b. The command voltage 𝑉𝑠
∗ is calculated at each time 

step and compensates for the voltage drop in the stator phase resistance 𝑅𝑠. This 

phenomenon is depicted in Figure 6.8a. Thus, the proposed controller has the ability 

to adjust the command voltage dynamically in step with the load torque for better and 

quicker stabilization of the rotor. Figure 6.8b shows the magnitude of the stator 

current vector 𝐼𝑠 and the magnitude of the in-phase component of 𝐼𝑠 along with the 

voltage vector 𝐼𝑞
𝑠. 

 

 
(a) 
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(b) 

 

 

6.4 Experimental Results 

The experimental testing has been performed on a Mawdsley generalized machine. 

The stator is rated at 3-phase 4-pole 208V with delta connected double layer windings. 

The rotor is replaced by the rotor of a 36% Cobalt Steel hysteresis IPM motor with Nd-B-

Fe magnets. The motor is run by the proposed V/f controller. The block diagram of the 

overall system set-up is displayed in Figure 6.9. Figure 6.10 displays the experimental 

prototype hysteresis IPM motor. A dc motor is connected as a load for the hysteresis IPM 

motor. A sinusoidal pulse-width modulated 3-phase full-bridge IGBT inverter controlled 

Figure 6.8. Responses of the V/f controller for a step change in load: (a) command voltage 

and (b) magnitude of the current vector. 
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by a dSPACE DS-1104 R&D controller board is used for driving the hysteresis IPM 

motor. The switching frequency is selected as 3 kHz.  

 

 

 

 

 

Figure 6.9. Block diagram of the experimental setup. 

Figure 6.10. The prototype hysteresis IPM motor. 
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The experimental run-up responses of the motor for different command frequencies 

are illustrated in Figure 6.11. The motor is lightly loaded. In order to overcome the brake 

torque, the motor is started with some initial voltage of 30V which results in sharp 

responses with a high slope in the speed curves. After that, the motor ramps up smoothly 

towards the synchronous speed as the command voltage increases along with the 

command frequency. The synchronization process starts at close to the synchronous speed 

and the motor synchronizes at ease with small speed overshoots.  

 

 

 

Figure 6.11. Experimental run-up responses for 10Hz-90Hz command frequencies. 
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The trace of the peak line current while starting the motor at 60 Hz command 

frequency is illustrated in Figure 6.12. The motor starts with a low starting current 

which reduces the electrical stress on the inverter. There is a sharp rise of the current 

due to the applied initial fixed voltage of 30V. After the sharp rise, the current 

increases gradually to a maximum value. The maximum starting current is slightly 

higher than the steady state current. At steady state, the rotor synchronizes itself with 

the applied stator field and behaves like an IPM motor. The oscillations in the trace of 

the peak current waveforms are due to high frequency noise coming from the inverter 

and also due to mechanical vibrations associated with the experimental set-up. 

 

 
Figure 6.12. Experimental line current for 60Hz. 
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The responses of the motor for a sudden change in the load torque at 60 Hz are 

depicted in Figures 6.13a-6.13c. The load torque is gradually changed from 5 Nm. to 6.5 

Nm. The trajectory of the motor torque during the load change is depicted in Figure 

6.13a. The torque ramps up smoothly and settles down to the desired value. The current 

waveform during the sudden load change is illustrated in Figure 6.13b. The motor draws 

higher current from the line as the load increases. Figure 6.13c demonstrates the 

trajectory of the command voltage during the load change. The command voltage also 

increases to compensate for the voltage drop in the line resistance. 

 

(a) 
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(b) 

 
(c) 

Figure 6.13. Experimental response of the motor for step load change at 60Hz: (a) torque, 

(b) line current and (c) command voltage. 
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The experimental and simulated performances of the motor at 50 Hz frequency are 

shown in Figures 6.14-6.14c. There is a close agreement between the simulated and the 

experimental results. In simulations, the load torque is applied abruptly as a step input 

whereas the load torque is gradually applied in the case of experimental investigation. 

Thus, there are torque oscillations in simulation results as shown in Fig. 6.14a. The 

oscillations in the experimental current waveforms are mainly due to the mechanical 

vibrations associated with the experimental assembly. The experimental current is higher 

than the simulated one for the same load torque because the motor has to overcome the 

frictional losses associated with the mechanical set-up along with viscous damping 

torque. In the case of experimental results, the change in the command voltage is higher 

than in the simulated result as it also compensates for the voltage drop in the line 

resistance along with the motor phase resistance. 

 
(a) 
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(b) 

 
(c) 

Figure 6.14. Experimental vs. simulated responses of the motor for a step load change at 

50Hz: (a) torque, (b) line current and (c) command voltage. 
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6.5 Conclusion 

This chapter presents the design of a soft-starter for a hysteresis IPM motor drive. A 

V/f controller based soft-starter has been designed to run the motor drive at different 

command speeds. Both simulations and experimental investigations have been carried out 

to obtain the transient run-up performances of the motor. There is a close agreement 

between the simulation and the experimental results. Both the results exhibit good run-up 

and synchronization performances of the hysteresis IPM motor. The designed V/f 

controller limits the starting current and compensates for the line voltage drop. 

Failure to stabilize an IPM motor at the command frequency using a soft-starter will 

cause hunting in the system.  The torsional oscillation associated with sustained hunting is 

detrimental to the health of electromechanical assembly of the drive. In the next chapter, 

analysis and detection of hunting induced torsional oscillations in IPM motor drives are 

investigated using motor current signature analysis. 
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  Chapter 7

Analysis and Offline Diagnosis of Hunting in IPM Motor Drives  

7.1 Introduction 

The overwhelming advancement in rare earth permanent magnet materials, power 

electronics and fast microprocessor technology has popularized the use of interior 

permanent magnet (IPM) motors in high performance variable speed drives [1]-[7]. The 

starting and synchronization of self-starting IPM motors for different load torques and 

inertias are the biggest concerns for their successful applications [7]. The synchronization 

capability of an IPM motor operated from a fixed frequency balanced ac supply is limited 

by the load torque and load inertia, due to the fixed excitation provided by magnets. 

Failure to start or failure of synchronization in IPM motors causes periodic rotor 

oscillations called hunting [8]-[10]. A self-starting IPM motor suffers from large torque 

pulsations during start which creates significant temporary hunting of the rotor. Also, 

applications like reciprocating pumps and compressors cause periodic load torque 

variations, inducing hunting in the system [11].  

During hunting, the rotor undergoes torsional oscillations, seeking a new point of 

equilibrium to remain in synchronism with the stator field. The damper windings work to 

suppress this oscillation. If the damper windings are not able to suppress hunting, a 

control action is required to stabilize the rotor. In a typical synchronous motor, the 

external excitation provided in the rotor windings is adjusted to suppress hunting. This 

method is inapplicable to IPM motors as the rotor excitation is provided by the embedded 
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permanent magnets, and is therefore fixed.  Open loop V/f controlled and fixed 

frequency power supply operated IPM motors do not have a stabilization loop in their 

control algorithm. Consequently, hunting suppression relies solely on the damping 

provided by the cage windings [2], [6]-[8]. Self-starting IPM motors operated from a 

fixed frequency fixed voltage ac supply are vulnerable to sustained hunting due to the 

lack of external stabilization options. Hunting results in high power losses, increases 

the motor temperature and applies severe stress on the electro-mechanical assembly. 

Sustained hunting is potentially amplified by the resonance effect, allowing the 

possibility of seriously damaging the integrity of the electromechanical system. 

Hunting introduces torsional vibration in the motor drive system. Detection of the 

level of torsional vibration is crucial in order to avoid failures in the mechanical 

transmission system, and is traditionally carried out using external vibration sensors 

such as accelerometers/encoders mounted on the shaft of the motor [12]-[14]. 

Vibration sensors have a short lifetime and the cost for the maintenance of the 

vibration monitoring system is generally high [14]. Also, they are not suitable for 

remote monitoring of the system, and often exhibit noisy/erratic readings. Sustained 

hunting introduces severe stress on the mechanical drive system. The onset of 

sustained hunting can be viewed as a mechanical failure, and the drive system needs 

to be protected against any potential occurrence of sustained hunting.  

Diagnosis of faults in ac motor drives has been an issue of interest for several 

decades. A popular method of fault diagnosis is the motor current signature analysis 

(MCSA) [15]-[29]. MCSA typically involves the analysis of stator current signals to 

detect various internal faults such symmetrical and unsymmetrical faults, magnet 
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demagnetization, insulation failures, overheating, winding turn-turn faults, etc. [15]-[23]. 

In recent years, MCSA has become popular for detecting mechanical load failures in 

motor drives. Blodt et. al. have investigated detection of torque oscillations due to 

mechanical faults using time-frequency analysis of stator current signals [24]. In their 

paper, stator current spectral analysis is carried out to detect load torque oscillations in an 

electromechanical system. Schoem and Habetler proposed a stator current spectrum 

analysis based condition monitoring system for detecting time varying and oscillating 

loads in induction motor drives [25]. Detection of torsional vibration in induction motor 

drives using estimated electromagnetic torque of the motor is provided in [26]. Transient 

electrical and mechanical faults in permanent magnet motor drives are investigated using 

time frequency analysis of stator current signals in [27]-[28]. Mechanical faults due to 

broken rotor bar, faulty gears, rotor eccentricity and bearing damage are diagnosed using 

stator current signatures in the literature [29]-[42].  

Recent applications of MCSA based techniques involve time-frequency analysis of 

the stator current signal using various signal processing techniques such as the Fourier 

transform (FT), the discrete and continuous Wavelet transform, Wavelet packet 

decomposition (WPD), Wigner-Ville Distribution, the Hilbert-Huang transform, etc. [15]-

[42]. The electrical signatures of different fault conditions are established through 

comparison of the stator current between healthy operation and the appropriate fault 

condition. The majority of MCSA-based fault diagnostic techniques are focused on IM 

drives, switch reluctance motor drives, traditional dual excitation synchronous motor 

drives, and closed loop feedback controlled variable speed permanent magnet motor 

drives. The application of self-starting IPM motors was confined to low power usages in 
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the past [5]-[7], and the analysis and development of a MCSA based diagnostic and 

protection technique for sustained hunting in IPM motors has not been conducted in 

the existing literature yet. MCSA based fault diagnosis is significantly faster than the 

traditional mechanical sensor based monitoring systems [14].  

A novel procedure for analysis and real time diagnosis of hunting in IPM motors 

based on stator current signatures is presented in this chapter. The hunting 

phenomenon is defined as the sustained oscillation of the rotor around a point of 

equilibrium. Hunting results in electromagnetic field variations inside the motor, and 

thus modulates the stator currents. Frequency-domain analysis of the current signal 

reveals the induced modulation, expressed as variable amplitude lower and upper 

sidebands superimposed on the fundamental supply frequency, making the current 

signal non-stationary with time varying statistical properties. In this chapter, short-

time Fourier transform and wavelet packet decomposition techniques are applied for 

analysis of the nonstationary current signals for detection and extraction of the 

hunting induced sideband frequency components. Statistical properties such as mean 

and variance of the extracted sideband signals are calculated, and a signature for the 

diagnosis of the hunting phenomenon is established. The proposed current signature is 

validated by carrying out finite element simulation for a 1-HP line-start IPM motor. 

Experimental investigations have been carried out for a 3-phase 4-pole 208V, 1-HP 

line-start IPM motor drive in order to validate the performance of the proposed 

method under non-ideal operating conditions. Both simulation and experimental 

results are presented, and analyzed in this chapter. 
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7.2 Hunting in IPM Motor Drives 

The equation of motion of an IPM motor drive can be written as, 

𝐽
𝑑2𝛿

𝑑𝑡2
= 𝑇𝑠(𝛿) − 𝑇𝑑

𝑑𝛿

𝑑𝑡
− 𝑇𝐿(𝛿)                                                 (7.1) 

where J is the inertia of the motor, 𝑇𝑠 is the synchronous torque of the motor, 𝑇𝑑 is the 

damping torque coefficient, 𝑇𝐿 is the load torque for the motor and δ is load angle. 

The synchronous torque of an IPM motor can be represented as the summation of the 

magnet alignment torque and reluctance torque. The equation of the synchronous torque 

is given below [6]: 

𝑇𝑠(𝛿) =
3𝑝𝐸0𝑉

2𝜔𝑠𝑋𝑑𝑠
𝑠𝑖𝑛𝛿 +

3𝑝𝑉2(𝑋𝑑𝑠 − 𝑋𝑞𝑠)

4𝜔𝑠𝑋𝑞𝑠𝑋𝑑𝑠
𝑠𝑖𝑛2𝛿                            (7.2) 

where V is the supply voltage per phase,  𝐸0 is the motor back-emf, p is the number of 

pole pairs, Xds, Xqs are d-q axis inductances, respectively, 𝜔𝑠 is the synchronous angular 

frequency and δ is electrical load angle.  

Figure 7.1 shows the synchronous torque for an IPM motor. The maximum or pull out 

torque occurs at the load angle δmax which is between an electrical angle of 90
0
 and 180

0
. 

The load torque is assumed constant, represented by a straight-line in the figure. When 

such a fixed load is applied to the motor, the points of intersection between the load line 

and the synchronous torque curve define the operating electrical load angle. The load 

angle 𝛿𝑠
′ is the unstable load point where the net motoring torque and the load torque are 

balanced. The angle 𝛿𝑠 represents the stable load point sought during motor 

synchronization. If successful synchronization is achieved following stabilization due to 

inertia and damping, the operating load angle will quickly converge to 𝛿𝑠. Successive 
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variations in load conditions or in the power supply results in a periodic change in the 

load angle. This phenomenon is depicted in Figure 7.1 where the motor is 

experiencing a dynamic load torque varying between TL1 and TL2 with a mean value of 

TL.  

 

 

 

Due to torque variations, the operating load angle δs is oscillating between δs1 and 

δs1 in accordance with TL1 and TL2. Minor oscillations in the rotor speed are eventually 

damped out by the cage along with the shaft stiffness and viscous damping. In this 

event, the IPM motor operates within a practically stable limit cycle with the load 

angle exhibiting a low amplitude periodic variation. In the event of large oscillations 

in the load torque, the cage becomes unable to damp out the oscillations and the load 

angle δ changes successively over a wide range. This creates large pulsations in the 

Figure 7.1. Synchronous torque vs. load angle of an IPM motor. 
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developed electromagnetic torque. Thus, the whole electromechanical system starts 

swinging as the rotor speed periodically oscillates in order to remain synchronized with 

the field. At this point, the motor operates in a practically unstable limit cycle, exhibiting 

high amplitude torsional oscillations [43]-[45].  

Figure 7.2 shows the trajectories of the load angle δ for stable, practically stable and 

unstable operations of an IPM motor. Figure 7.3 illustrates the stable, practically stable 

and unstable limit cycles for an IPM motor. For unstable limit cycles, a sustained 

torsional oscillation takes place which creates significant mechanical vibrations and may 

lead to serious damage of the electro-mechanical assembly. 

 
 

Figure 7.2. Oscillations in load angle during hunting. 
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7.3 Stator Current Signature for Detection of Hunting 

Hunting in an IPM motor influences the electrical supply of the motor and creates 

periodic torsional oscillations [5]-[6]. The rotor speed due to torsional oscillations can 

be expressed as: 

𝜔𝑟(𝑡) = 𝜔𝑟0 +∑∆𝜔𝑟𝑗

𝑚

𝑗=1

sin(𝜔𝑗𝑡 + 𝜉𝑗)                                   (7.3) 

where 𝜔𝑟 is the instantaneous rotor speed, 𝜔𝑟0 is the steady state synchronous speed, 

∆𝜔𝑟𝑗 is the amplitude of the j
th

 oscillation, 𝜉𝑗 is the phase shift from the torque 

oscillation, 𝜔𝑗 is the frequency of the j
th

 oscillation and 𝑡 is the time. 

Figure 7.3. Limit cycles in an IPM motor. 
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The rotor angle during hunting can be determined from the following equation: 

𝜃𝑟(𝑡) = 𝑝∫ 𝜔𝑟(𝜏)
𝑡

0

𝑑𝜏         

= 𝜃𝑟0 +∑∆𝜃𝑟𝑗

𝑚

𝑗=1

sin(𝜔𝑗𝑡 + 𝛾𝑗)                                 (7.4) 

where 𝜃𝑟 is the instantaneous rotor electrical angle, 𝜃𝑟0 is the steady state rotor angle, 

∆𝜃𝑟𝑗 is the amplitude of the j
th

 oscillation,  𝛾𝑗 is the phase shift and  p is the number of 

pole pairs. During normal behavior of the motor, the rotor lags behind the stator field and 

can be expressed as: 

𝜃𝑟(𝑡) = 𝜃𝑟0 = 𝑝𝜔𝑟0𝑡 − 𝛿                                                         (7.5) 

Figure 7.4 illustrates a simplified magnetic equivalent circuit of an IPM motor. The 

total flux in the air-gap is a combination of the flux generated due to the magnets in the 

rotor and the flux generated by a rotating magnetic field due to 3-phase stator currents. 

The total air-gap flux can be stated by the following equation [24]: 

𝜙𝑔(𝑡) = 𝜙𝑠̃ + 𝜙𝑟̃                                                                                                           

=∑[𝜙𝑠ℎ cos(𝜔𝑠ℎ𝑡 + 𝜆𝑠ℎ) + 𝜙𝑟ℎ𝑐𝑜𝑠(𝜔𝑠ℎ𝑡 + 𝜓(𝑡))]

𝑛

ℎ=1

               (7.6) 

where 𝜙𝑔 is the air-gap flux, 𝜙𝑠̃ is the rotating magnetic flux, 𝜙𝑟̃ is the flux due to the 

permanent magnets, 𝜆𝑠ℎ  is the phase shifts, 𝜔𝑠ℎ = 𝑝𝜔𝑟0 = 2𝜋𝑓𝑠ℎ, h indicates the number 

of harmonics  (1, 3, 5, ...) and, 

𝜓(𝑡)  = ∑∆𝜃𝑟𝑗

𝑚

𝑗=1

sin(𝜔𝑗𝑡 + 𝛾𝑗)                                              (7.7) 



 

226 

 

 

 

 

The back electromotive force (EMF) due to the air-gap flux induced in the stator 

coils can be calculated from the following equations: 

𝐸(𝑡) =  
𝑑

𝑑𝑡
(𝜙𝑔(𝑡))    

= −∑[𝜔𝑠ℎ𝜙𝑠ℎ sin(𝜔𝑠ℎ𝑡 + 𝜆𝑠ℎ)]

𝑛

ℎ=1

   −∑[𝜔𝑠ℎ𝜙𝑟ℎ sin(𝜔𝑠ℎ𝑡 + 𝜓(𝑡))] 

𝑛

ℎ=1

                    

−∑[𝜙𝑟ℎ sin(𝜔𝑠ℎ𝑡 + 𝜓(𝑡)) {∑∆𝜃𝑟𝑗𝜔𝑗 cos(𝜔𝑗𝑡 + 𝛾𝑗)

𝑚

𝑗=1

}]

𝑛

ℎ=1

                               (7.8) 

Equation (7.8) can be simplified as: 

𝐸(𝑡) =  −∑[𝑉𝑠ℎ sin(𝜔𝑠ℎ𝑡 + 𝜆𝑠ℎ)]

𝑛

ℎ=1

 −∑[𝑉𝑟ℎ sin(𝜔𝑠ℎ𝑡 + 𝜓(𝑡))] 

𝑛

ℎ=1

               

Figure 7.4. Simplified magnetic equivalent circuit of an IPM motor. 
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               −∑
𝜙𝑟ℎ
2
[∑𝛽𝑟𝑗

𝑚

𝑗=1

[sin{(𝜔𝑠ℎ ± 𝜔𝑗)𝑡 + 𝜓(𝑡) ± 𝛾𝑗}]]

𝑛

ℎ=1

     (7.9) 

where, 

 𝛽𝑟𝑗 = ∆𝜃𝑟𝑗𝜔𝑗                                                                          (7.10)      

Neglecting the stator phase resistance, the phase current is directly proportional to the 

induced voltage in the stator windings. The stator phase current 𝐼𝑎 can be written as: 

𝐼𝑎(𝑡) = ∑[𝐼𝑠ℎ sin(𝜔𝑠ℎ𝑡 + 𝜎𝑠ℎ)]

𝑛

ℎ=1

 +∑[𝐼𝑟ℎ sin(𝜔𝑠ℎ𝑡 + 𝜓(𝑡))] 

𝑛

ℎ=1

                              

          +∑
𝜙𝑟ℎ
2
[∑𝛽𝑟1𝑗

𝑚

𝑗=1

[sin{(𝜔𝑠ℎ ± 𝜔𝑗)𝑡 + 𝜓(𝑡) ± 𝛾𝑗}]]

𝑛

ℎ=1

  (7.11)  

where 𝜎𝑠ℎis the phase shift and 𝛽𝑟1𝑗 is a fraction of the amplitude of the modulation 

current depending on the magnitude and frequency of the rotor oscillation. It is evident 

from (7.11) that the stator current is both amplitude and phase modulated during hunting, 

becoming a non-stationary signal with time varying statistical properties. 

7.4 Detection of Hunting using Short-Time Fourier Transform 

The Fourier transform (FT) is a standard signal processing technique for frequency 

domain analysis of stationary signals. However, the stator current becomes a non-

stationary signal during hunting and can be realized from (7.11). In order to transform the 

stator current signal from time-domain to frequency domain, the third term in (7.11) is 

neglected because the magnitudes of 𝛽𝑟1𝑗 and 𝜙𝑟ℎ are very small. Based on this 

assumption, the stator current during hunting can be expressed as, 
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𝐼𝑎(𝑡) = 𝐼𝑠(𝑡) + 𝐼𝑟(𝑡)                                                          (7.12) 

or, 

𝐼𝑎(𝑡) = ∑[𝐼𝑠ℎ sin(𝜔𝑠ℎ𝑡 + 𝜎𝑠ℎ)]

𝑛

ℎ=1

+∑[𝐼𝑟ℎ sin(𝜔𝑠ℎ𝑡 +∑∆𝜃𝑟𝑗

𝑚

𝑗=1

𝑠𝑖𝑛(𝜔𝑗𝑡 + 𝛾𝑗))] 

𝑛

ℎ=1

 

(7.13) 

where 𝐼𝑠 is the unmodulated current induced by the stator mmf and 𝐼𝑟 is the modulated 

current induced due to the rotor mmf. Constant phase shifts such as 𝜎𝑠ℎ and 𝛾𝑗 are 

insignificant in the frequency domain and can be assumed to be zero. The modulated 

current 𝐼𝑟 for j = 1 can be expressed as, 

𝐼𝑟(𝑡) = ∑[𝐼𝑟ℎ sin(2𝜋𝑓𝑠ℎ𝑡 + ∆𝜃𝑟1 𝑠𝑖𝑛(2𝜋𝑓1𝑡))]

𝑛

ℎ=1

                    (7.14) 

or, 

𝐼𝑟(𝑡) = ∑ Im(𝐼𝑟ℎ𝑒
𝑗2𝜋𝑓𝑠ℎ𝑡𝑒𝑗∆𝜃𝑟1 𝑠𝑖𝑛(2𝜋𝑓1𝑡)); 

𝑛

ℎ=1

                          (7.15) 

The Fourier series expansion of (7.15) can be approximated as [46], 

𝐼𝑟(𝑡) = ∑ ∑ Im(𝐼𝑟ℎ 𝐽𝑚(∆𝜃𝑟1)𝑒
𝑗2𝜋𝑓𝑠ℎ𝑡𝑒𝑗2𝜋𝑚𝑓1𝑡)

𝑚=∞

𝑚=−∞

𝑛

ℎ=1

             (7.16) 

Or, 

𝐼𝑟(𝑡) = ∑ ∑ 𝐼𝑟ℎ

𝑚=∞

𝑚=−∞

𝑛

ℎ=1

 𝐽𝑚(∆𝜃𝑟1) sin(2𝜋(𝑓𝑠ℎ +𝑚𝑓1)𝑡)            (7.17) 
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Figure 7.5 displays the Bessel function of the first kind for different orders. For 

narrowband frequency modulated signals with a low modulation index, the higher order 

order Bessel functions (𝑚 ≥ 2) have negligible contributions to the overall signal value 

and can be ignored. For small values of ∆𝜃𝑟1, 𝐼𝑟 can be represented as, 

𝐼𝑟(𝑡) = ∑ 𝐼𝑟ℎ

𝑛

ℎ=1

 𝐽0(∆𝜃𝑟1) sin(2𝜋𝑓𝑠ℎ𝑡) + ∑ 𝐼𝑟ℎ

𝑛

ℎ=1

 𝐽1(∆𝜃𝑟1) sin(2𝜋(𝑓𝑠ℎ + 𝑓1)𝑡)                     

+∑𝐼𝑟ℎ

𝑛

ℎ=1

 𝐽−1(∆𝜃𝑟1) sin(2𝜋(𝑓𝑠ℎ − 𝑓1)𝑡)                      (7.18) 

 

 

 

 

Figure 7.5. Bessel functions of the first kind for different orders. 
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Using FT of (7.18), the frequency domain representation of (7.18) can be expressed as 

follows [46], 

𝐼𝑟( 𝑗𝜔) = ∑ 𝐼𝑟ℎ

𝑛

ℎ=1

 𝐽0(∆𝜃𝑟1)
𝜋

𝑗
[𝛿(2𝜋(𝑓 − 𝑓𝑠ℎ)) − 𝛿(2𝜋(𝑓 + 𝑓𝑠ℎ))]  

+   ∑ 𝐼𝑟ℎ

𝑛

ℎ=1

 𝐽1(∆𝜃𝑟1)
𝜋

𝑗
[𝛿 (2𝜋(𝑓 − (𝑓𝑠ℎ + 𝑓1))) − 𝛿 (2𝜋(𝑓 + (𝑓𝑠ℎ + 𝑓1)))] 

+∑𝐼𝑟ℎ

𝑛

ℎ=1

 𝐽−1(∆𝜃𝑟1)
𝜋

𝑗
[𝛿 (2𝜋(𝑓 − (𝑓𝑠ℎ − 𝑓1))) − 𝛿 (2𝜋(𝑓 + (𝑓𝑠ℎ − 𝑓1)))] (7.19) 

It is evident form the frequency domain analysis of the stator current signal that 

the modulated current signal during hunting contains lower and upper sidebands 

around the fundamental frequency and its multiples. The frequencies of the sidebands 

can be expressed as: 

[{𝑓1
1, 𝑓1

2, … }, {𝑓3
1, 𝑓3

2, … }, … ] = ∑[𝑓𝑠ℎ ±∑𝑓𝑗

𝑚

𝑗=1

]

𝑛

ℎ=1

                     (7.20) 

The sideband components around the fundamental frequency will have the 

following frequencies, 

[{𝑓𝑠
1}, {𝑓𝑠

2}] = [{𝑓𝑠 −∑𝑓𝑗

𝑚

𝑗=1

} , {𝑓𝑠 +∑𝑓𝑗

𝑚

𝑗=1

}]                              (7.21) 

where 𝑓𝑠
1 and 𝑓𝑠

2 are the set of lower and upper sideband frequencies, respectively, 𝑓𝑗 is 

the frequency of the jth oscillation and  𝑓𝑠 is the supply frequency. 

The Fourier transform is a standard signal processing tool suitable for stationary 

signals. In the case of hunting, the motor current becomes non-stationary due to phase 
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modulation as presented in (7.13). The short-time Fourier transform (STFT) is an 

extension of the Fourier Transform. STFT can perform time-frequency analysis of 

nonstationary signals. It breaks the whole data set into a series of data frames of equal 

length called windows. The windows are generally overlapped to avoid any loss of 

information near the boundaries. The FT of a discrete stator phase current 𝑖𝑎 can be 

expressed as follows [46], 

STFT{𝑖𝑎[𝑛]} = 𝐼𝑎[𝑚, 𝜔] = ∑ 𝑖𝑎[𝑚]

∞

𝑛=−∞

𝑤[𝑛 −𝑚]𝑒−𝑗𝜔𝑛                   (7.22) 

where 𝑖𝑎 [𝑚]𝑤[𝑛 − 𝑚] is a short-time window of 𝑖𝑎[𝑛] at time m. 

The discrete version of the STFT applies a Fourier transform to each of the window 

segments of 𝑖𝑎[𝑛], and can be expressed as follows [46]: 

𝑑𝑖𝑠𝑐𝑟𝑒𝑡𝑒 STFT{𝑖𝑎[𝑛]} = 𝐼𝑎[𝑚, 𝑘] = 𝐼𝑎[𝑚,𝜔]|𝜔=2𝜋𝑘
𝑁
  𝑓𝑜𝑟 0 ≤ 𝑘 ≤ 𝑁 − 1      (7.23) 

where n is the time and k is the frequency of the discrete signal (k =0, 1, 2, …N-1), N is 

the size of the window and m is the index. A Hamming type of window is used in this 

thesis for carrying out the discrete STFT. 

The power spectral density (PSD) of a signal provides the distribution of energy in the 

signal over a range of frequencies. The PSD of a discrete non-stationary signal can be 

obtained using the STFT. The expression for calculating the PSD of the stator current can 

be expressed as [46], 

𝑃𝑆𝐷𝐼𝑎(𝑓) = (
1

𝑁
)∑|STFT{𝑖𝑎[𝑛]}|

2

𝑁

𝑛=1

                             (7.24) 
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Figure 7.6a illustrates the phase-A stator current waveform of a 3-phase 4-pole 1-

HP line-start IPM motor during its stable operation at 60 Hz supply frequency. The 

current waveform is sinusoidal with minimum harmonic distortion. There exists no 

significant amplitude modulation in the current waveform. The existing low 

amplitude sidebands are due to the pole pass frequency 30Hz for the 4-pole motor. 

Figure 7.6b displays the PSD of stator currents using STFT. No substantial sideband 

components exist within the frequency spectrum.  

 

Figure 7.6. Current response at normal operation: (a) phase-A current and (b) PSD of the 

current signal. 
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The rotor speed of the motor during hunting and the distorted stator current waveform 

are demonstrated in Figures 7.7a and 7.7b, respectively. The rotor is experiencing a 

sustained oscillation around the synchronous speed resulting in an unstable operation of 

the motor. This sustained rotor oscillation creates torsional vibration in the 

electromechanical system. Figure 7.7c presents the frequency spectrum of the phase-A 

current of the motor during this unstable operation. The frequency spectrum contains a 

series of low and high frequency sidebands centered on the fundamental frequency 60Hz. 

The energies of the sidebands are spread over a range of frequencies, demonstrating 

significant phase modulation in the system. The prominent frequencies of the lower and 

upper sidebands are 36Hz and 84Hz, respectively.  

Figure 7.7d displays the vibration spectrum which contains frequencies of the rotor 

oscillation. The rotor vibration due to hunting is reflected back into the stator currents, 

producing amplitude modulation of the current waveform. The notable vibrational 

frequencies with high energies are 24Hz and 48Hz .The frequencies of the major side 

bands in the current spectrum are related to the vibrational frequencies based on (7.21). 

The presence of the sideband frequencies in the current waveform is a signature that can 

be used to detect hunting phenomena for a line-start IPM motor without the need of a 

mechanical vibration sensor or a rotor position sensor.  
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7.5 Diagnosis of Hunting Using Wavelet Packet Decomposition (WPD) 

The short-time Fourier transform (STFT) suffers from the inability to perform multi-

resolution analysis of a signal. It requires a longer window size for good frequency 

resolution. However, a shorter window for STFT provides good time resolution but limits 

the frequency resolution [39]. In order to identify the onset of hunting phenomenon, the 

stator current needs to be analyzed with good frequency resolution as well as high time 

resolution. Wavelet Packet Decomposition (WPD) is a signal processing tool that uses the 

discrete wavelet transformation (DWT) to perform multi-resolution analysis of a signal. 

Figure 7.7. Responses during hunting condition: (a) rotor speed, (b) phase-A current (c) 

PSD of the current signal and (d) PSD of the rotor speed oscillations. 
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The WPD offers high time resolution at high frequencies and good frequency 

resolution at low frequencies. It also allows time localization within any given 

frequency band. This capability is crucial for the detection and localization of hunting 

phenomena using the stator current signal. The WPD has higher degree of frequency 

resolution than the DWT and is computationally less expensive than the continuous 

wavelet transform (CWT). It can decompose a given signal to create a full binary tree 

containing the low pass (approximate) and high pass (detail) components of the signal 

measured at different decomposition levels. 

7.5.1 Wavelet Packet Decomposition (WPD) 

Wavelet packet decomposition (WPD) is a signal processing tool that uses the 

discrete wavelet transformation (DWT) to perform multi-resolution analysis of a 

signal. A multiresolution analysis of the Lebesgue space ℒ2(ℝ) is a sequence of 

closed subspaces {… , 𝑉−1, 𝑉0, 𝑉1, 𝑉2, … , 𝑉𝑗} that meets the following criteria [47]: 

 Containment: 𝑉𝑗 ⊂ 𝑉𝑗−1 ⊂ ℒ
2 for all 𝑗 ∈ ℤ 

 Decrease: lim𝑗→∞𝑉𝑗 = 0, 𝑖. 𝑒. ⋂𝑗>𝑁𝑉𝑗 = {0} for all 𝑁 

 Increase: lim𝑗→−∞𝑉𝑗 = ℒ
2, 𝑖. 𝑒. ⋃𝑗<𝑁𝑉𝑗 = ℒ

2 for all 𝑁 

 Dilation: 𝑣(2𝑡) ∈ 𝑉𝑗−1⟺ 𝑣(𝑡) ∈ 𝑉𝑗 

 Generator: There is a function 𝜙 ∈ 𝑉0 whose translations {𝜙(𝑡 − 𝑘): 𝑘 ∈ ℤ} 

form a Riesz basis for 𝑉0. 

The WPD method decomposes a signal into its details (high pass) and 

approximations (low pass) by a multiresolution analysis of the signal using successive 
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applications of a wavelet filtering operation to each level of the decomposition. Wavelet 

filters are orthogonal quadrature mirror filter functions g[k] and h[k] that perform high 

and low pass filtering operations to the discrete signal, respectively. The coefficients of 

g[k] and h[k] are determined by solving refinement equations of a scaling function Φ(t) 

and its associated mother wavelet function ψ(t). Using the containment, dilation and 

generator properties of a subspace 𝑉0 ⊂ ℒ
2(ℝ), a normalized scaling function 𝜙 ∈ 𝑉0  

satisfies a two-scale equation [47]:   

𝜙(𝑡) = √2 ∑ 𝑔[𝑘]

2𝑁−1

𝑘=0

𝜙(2𝑡 − 𝑘)  ≝ 𝐺𝜙(𝑡)                              (7.25) 

where 2N is the length of the two filters, k is the index, t denotes the time and 𝐺 is a 

quadrature filter.  

Any Lebesgue space ℒ2(ℝ) can be divided in a set of complementary subspaces 𝑊𝑖 

where 𝑊𝑖 = 𝑉𝑖−1 − 𝑉𝑖 so that 𝑉𝑖−1 = 𝑉𝑖 +𝑊𝑖. Using the increase property of MRA, the 

Lebesgue space can be written as [47]: 

ℒ2 =∑𝑊𝑖
𝑖∈ℤ

                                                                                 (7.26) 

Each of the subspaces 𝑊𝑖 is called a wavelet subspace and a wavelet decomposition of 

ℒ2 is obtained using (7.26). Any mother wavelet function ψ ∈ 𝑊0 satisfies the following 

wavelet equation [47]: 

𝜓(𝑡) = √2 ∑ ℎ[𝑘]

2𝑁−1

𝑘=0

𝜙(2𝑡 − 𝑘) ≝ 𝐻𝜓(𝑡)                                  (7.27) 

where H is a quadrature filter. The filter coefficients of g[k] and h[k] satisfy the following 

relationship [47], 
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ℎ[𝑘] = (−1)𝑘𝑔[2𝑁 − 1]                                                     (7.28)       

The selection of a mother wavelet function in order to determine filter coefficients 

depends on selection factors such as the minimum description length (MDL) data 

criterion, minimum Shannon entropy criterion, maximum likelihood criterion, 

minimum mean squared error (MSE) between wavelet coefficients and reconstructed 

signals, etc. In this thesis, MDL is considered as the selection factor and “daubechies” 

wavelet families have low MDL index values [48]. “daubechies6 (db6)” is found to be 

the appropriate wavelet basis function for the fast detection of the hunting and is also 

suitable for reliable reconstruction of the wavelet coefficients in order to identify the 

severity of hunting [15], [48]. The magnitudes of the frequency response of ‘db6’ 

filter coefficients are illustrated in Figure 7.8. The exact values of the ‘db6’ 

decomposition and reconstruction filter coefficients are listed in table 7.1 in the 

appendix. 
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7.5.2 Diagnosis of Hunting Using WPD 

Figure 7.9 illustrates a wavelet packet tree (WPT) of the decomposed stator current 

signal obtained by successive applications of wavelet filtering operation to each level of 

the decomposition. The first level node coefficients of the WPT are calculated from the 

following equations [47], 

𝐼1,0[𝑛] = (𝑔 ∗ 𝐼)[𝑛] = ∑ 𝑔[𝑘]

𝑁−1

𝑘=0

𝐼(𝑁 − 𝑘)                    (7.29) 

𝐼1,1[𝑛] = (ℎ ∗ 𝐼)[𝑛] = ∑ ℎ[𝑘]

𝑁−1

𝑘=0

𝐼(𝑁 − 𝑘)                     (7.30) 

 

Figure 7.8. Magnitudes of the frequency responses of ‘db6’ wavelet filters. 
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The second level node coefficients are obtained after down-sampling the first level 

nodes by 2 and applying wavelet filtering on the downsampled data. The equations for 

obtaining 2
nd

 level coefficients are [47], 

𝐼2,0[𝑛] = (𝑔 ∗ (𝐼1,0 ↓ 2))[𝑛] = ∑ 𝑔[𝑘]

𝑁
2
−1

𝑘=0

𝐼1,0 (
𝑁

2
− 𝑘)         (7.31) 

𝐼2,1[𝑛] = (ℎ ∗ (𝐼1,0 ↓ 2))[𝑛] = ∑ ℎ[𝑘]

𝑁
2
−1

𝑘=0

𝐼1,0 (
𝑁

2
− 𝑘)          (7.32) 

𝐼2,2[𝑛] = (𝑔 ∗ (𝐼1,1 ↓ 2))[𝑛] = ∑ 𝑔[𝑘]

𝑁
2
−1

𝑘=0

𝐼1,1 (
𝑁

2
− 𝑘)          (7.33) 

Figure 7.9. Wavelet packet decomposition tree of the current signal. 
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𝐼2,3[𝑛] = (ℎ ∗ (𝐼1,0 ↓ 2))[𝑛] = ∑ ℎ[𝑘]

𝑁
2
−1

𝑘=0

𝐼1,1 (
𝑁

2
− 𝑘)           (7.34) 

The abovementioned process is iterated up to the 5
th

 level of decomposition in order 

to construct the full tree. The stator current is sampled with 16 samples per cycle for a 

window of 64 cycles. The level 5 WPD exhibits a balance of time-frequency resolution 

optimal for signature detection. At this level, several nodes contain frequencies 

corresponding to the signature of hunting. 

7.5.3 Feature Extraction 

Signature identification proceeds with the evaluation of the WPT feature coefficients. 

The feature co-efficient of each node is defined as the variance of the node’s coefficient 

vector, and is calculated from the following equations: 

𝐹𝑖,𝑗 = 𝜎𝑖,𝑗
2 =

1

𝐿 − 1
 ∑(𝐼𝑖,𝑗 [𝑘] − 𝜇𝑖,𝑗)

2
𝐿

𝑘=1

                 (7.35) 

𝜇𝑖,𝑗 =
1

𝐿
∑𝐼𝑖 ,𝑗[𝑘]

𝐿

𝑘=1

                                                       (7.36) 

where 𝐹𝑖,𝑗 is the feature co-efficient of the WPT node (i, j), 𝐼𝑖,𝑗 [𝑘] is the magnitude of the 

co-efficient k at node (i, j), 𝜎𝑖,𝑗
2 , 𝜇𝑖,𝑗 are the variance and the  mean of the coefficients at 

node (i, j), respectively and L is the total number of co-efficients inside that node. 

During hunting phenomena, the side band frequencies in the WPT are widely 

distributed, and will spread over more than one node in the WPT. The energy of the nodes 

containing the sideband frequency components will be very low and insignificant during 
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normal operation of the motor.  However, the energy contained within these nodes 

will be higher than the normal values during hunting, varying significantly 

corresponding to the frequency of the rotor speed oscillations. The energy within the 

other nodes will not change significantly. This relative variation of node energy is 

considered in this thesis as a signature for hunting detection in a line start IPM motor.  

7.6 Simulation Results 

Finite element (FE) simulations are carried out using ANSYS Maxwell to analyze 

hunting phenomena for a 3-phase 4-pole 208V 1-HP line-start IPM motor drive. 

Figure 7.10 displays a FE model of the motor. Hunting is introduced in the motor by 

periodic variations of the load torque. The load torque is assumed as time varying 

based on the following relationship, 

𝑇𝐿(𝑡) = 𝐴 + 𝐵 sin(2𝜋𝑓𝐿𝑡)                                (7.37) 

where A is constant load torque, B is the coefficient of the time varying load torque and 𝑓𝐿 

is the frequency of load torque oscillation. 
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The hunting phenomenon for the motor drive is studied for different operating 

frequencies. Figures 7.11a-7.11c illustrate the torque, speed and current responses of the 

motor, respectively, for both normal and hunting induced operations. The main supply 

frequency is fixed at 60Hz. Hunting is introduced after 2s by injecting load torque 

oscillations using (7.28). 𝑓𝐿 is selected as 20Hz. The effect of load variations is reflected 

into the motor electromagnetic torque and rotor speed, introducing significant torque and 

speed oscillations. This phenomenon is depicted in Figures 7.11a-7.11b. The variation of 

the air-gap torque influences the stator current, creating noticeable amplitude and phase 

modulation. The modulated stator current waveform is depicted in Figure 7.11c.  

 

Figure 7.10. Finite element model of the 1-HP LSIPM motor. 
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(a) 

 

 

 
 

(b) 
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(c) 

Frequency domain analysis of the simulated phase current signal is carried out using 

short-time Fourier Transform (STFT) and wavelet packet decomposition (WPD) 

techniques. The spectrogram of the stator current signal using STFT is illustrated in 

Figure 7.12a. Hunting is removed from the system after t=7s. At the onset of hunting, the 

rotor experiences severe torsional oscillations, resulting in significant phase and 

amplitude modulation of the stator current. The severity of phase modulation goes down 

but the stator current remains considerably amplitude modulated during the entire period 

of hunting. Due to the primary hunting frequency of 20Hz, the frequencies of the major 

lower and upper sidebands around the fundamental frequency are 40Hz and 80Hz, 

respectively. A large modulation also takes place in the stator current signal at the 

Figure 7.11. Responses of the motor during hunting at 60 Hz supply frequency: (a) 

torque, (b) speed and (c) current. 
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moment when the hunting is removed. During this period, the rotor snaps itself back 

to synchronism. 

 
(a) 

 
(b) 

 
Figure 7.12. Spectrogram for 60Hz using: (a) STFT and (b) WPD. 
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The frequency spectrum of the stator current using WPD is illustrated in Figure 7.12b. 

Only level 5 wavelet nodes are depicted in the figure. The frequency band of each node in 

level 5 is 15Hz for 60Hz supply frequency due to the sampling frequency of 960Hz. The 

level 5 nodes are numbered based on the natural ordering during the construction of the 

WPT. Node 31 is the first node in level 5 and corresponds to the node (5, 0) in the WPT. 

The fundamental component is distributed between nodes 33 and 37. The sideband 

components appear during the presence of hunting- appearing as hotspots around nodes 

33 and 37 in the stator current spectrum. The prominent lower sidebands around the 

fundamental are present in nodes 32 (15Hz-30Hz) and 34 (30Hz-45Hz). The higher 

sidebands are contained in nodes 38 (75Hz-90Hz) and 36 (90Hz-105Hz). The feature 

coefficients of these nodes are displayed in Figure 7.13. Nodes 32, 34, 36, 38 correspond 

to nodes (5, 1), (5, 2), (5, 6) and (5, 5) in the wavelet decomposition tree, respectively. 

These nodes are the descendants from the first level approximation at node (1, 0) in the 

tree. The magnitude of the feature coefficients of these nodes is low during normal 

operation of the motor, indicating stable operation with no significant mechanical 

vibration. The hunting phenomenon starts at time t =2 and the introduction of modulation 

causes the feature coefficients of nodes 32, 34, 36 and 38 to become high. The feature 

coefficients of nodes 34 and 38 have the highest values among the wavelet nodes because 

they contain the prominent lower and upper sidebands. The sharp rise of the coefficient 

values indicates the onset of hunting. 
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The hunting phenomenon for the 1-HP motor drive is also investigated for a 50Hz 

supply frequency. Hunting is created in the motor drive at t=2s by varying the load 

torque with 𝑓𝐿 equal to 15Hz. Figures 7.14a-7.14b depict the spectrogram of the stator 

current using STFT and WPD, respectively. The frequency band of each node in level 

5 is 12.5Hz for 50Hz supply frequency due to the sampling frequency of 800Hz. 

Frequencies of the major lower and upper sidebands are 35Hz and 65Hz, respectively.  

The feature coefficients of nodes 34 and 38 pick up the hunting instantly as shown 

in Figure 7.15. The steady high values of feature coefficients indicate sustained 

hunting in the system. The slopes of the trajectories of feature coefficients can be used 

to determine the beginning and end of hunting phenomenon in a motor drive. A 

Figure 7.13. Feature coefficients at 60Hz command frequency. 
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positive slope indicates the start of hunting whereas the negative slope shows the 

stabilization of the motor after load torque oscillation is removed from the system. 

 
(a) 

 
(b) 

 

 Figure 7.14. Spectrogram for 50Hz using: (a) STFT and (b) WPD. 
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7.7 Experimental Results 

A laboratory 1-HP, 3-phase, 208V, 4-pole line-start interior permanent magnet 

motor has been used for experimental validation of the proposed hunting detection 

algorithm. The detailed specifications of the motor are provided in table 7.2 in the 

appendix. The motor is run directly from a Y-connected 3-phase, 208V balanced fixed 

frequency 60 Hz ac line supply. Additionally, experiments were conducted using a 3-

phase full bridge open loop V/f controlled sinusoidal pulse-width modulated (SPWM) 

IGBT inverter to provide the supply voltage. An AC dynamometer is used as a 

loading machine. A pulley is attached to the shaft of the motor and another pulley is 

coupled with the dynamometer’s shaft. The motor and the dynamometer are 

connected by a belt running over the pulleys, allowing the inducement of hunting 

Figure 7.15. Feature coefficients at 50Hz command frequency. 
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phenomena. A dSPACE DS-1104 R&D controller board is used for data acquisition and 

online implementation of the algorithm for diagnosis of hunting in the motor drive.  

The speed and current responses of the motor during hunting condition for fixed 60 

Hz supply are presented in Figures 7.16a and 7.16b, respectively. The hunting 

phenomenon occurs after t=2s due to load variations and it is removed after t=7s. The 

rotor suffers from sustained oscillations around the synchronous speed. This oscillatory 

behavior influences the stator current, with amplitude modulation depicted in the current 

signal envelope. The magnitude of the stator current remains below the motor rating. In 

addition, the phase currents remain balanced. As a result, a traditional overcurrent relay or 

a differential motor protection relay will not pick up the effects of hunting. 

 

 

(a) 
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(b) 

 

A time frequency analysis of the current signal is carried out using short-time 

Fourier transform and wavelet packet decomposition techniques. Figures 7.17a and 

7.17b demonstrate spectrograms of the stator current obtained using STFT and WPD, 

respectively. Hunting introduces significant wide spread lower and upper sidebands 

around the fundamental frequency. Sidebands also exist around higher harmonics as 

evident from the wavelet spectrum in Figure 7.17b. However, the sidebands around 

the fundamental frequency have higher energy than the rest. Higher degree of phase 

modulation occurs in the stator current during experimental testing than simulation 

due to the non-linearity associated with the electromechanical system. 

 

 

Figure 7.16. Responses of the motor during hunting at 60 Hz: (a) speed and (b) current. 
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(a) 

 
(b) 

 

 
Figure 7.17. Spectrogram of the current using: (a) STFT and (b) WPD. 
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The coefficient vector of the node 32 using WPD of the motor phase current is 

plotted in Figure 7.18a. Figure 7.18b illustrates feature coefficients of nodes 32, 34, 

36 and 38 extracted from their coefficient vectors. The amplitude modulation 

introduces signals with low (<60 Hz) and high (>60Hz) frequency sidebands around 

the fundamental component of the signal. The low frequency sidebands are picked up 

by nodes 32 and 34, and the high frequency ones are detected by nodes 36 and 38. 

The magnitude of the feature coefficients are close to zero during normal operation of 

the motor i.e. before t= 2s and after t=7s. It starts rising to a nonzero value at the 

beginning of the hunting and becomes significantly high during the hunting condition. 

The magnitude of these feature coefficients is the signature that is used to detect 

hunting condition of the motor almost instantaneously. This will prevent the motor 

and the electromechanical system from suffering mechanical failures due to excessive 

torsional oscillations.  

 

(a) 
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(b)  

 

Figure 7.19a illustrates the speed response of the motor at 50 Hz command frequency. 

The corresponding motor phase current during hunting is depicted in Figure 7.19b. Figure 

7.19c presents the feature coefficients of nodes 32-38 for the 50 Hz supply. In this case, 

the motor is operated by the open loop V/f controlled inverter drive. The proposed method 

based on WPD of the stator current can confidently detect the hunting condition, even 

during the presence of extra harmonics due to the PWM switching and power electronics. 

Further investigations are carried out to observe the performance of the proposed method 

for above rated speed operation of the motor.  

Figure 7.18. Hunting at 60Hz: (a) Coefficients of node 32 and (b) feature coefficients. 
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(a) 

 
(b) 

 
(c) 

Figure 7.19. Hunting at 50 Hz: (a) speed, (b) current and (c) feature coefficients. 
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Figures 7.20a-7.20c present a case scenario where the motor is operating at 90 Hz 

command frequency and experiencing hunting. The proposed method is able to 

successfully detect the hunting at 90 Hz. The applied voltage is saturated at 60Hz 

command frequency and the motor is operating at constant power mode. As a result, the 

magnitude of the stator currents is significantly lower than in the normal operation in 

order to keep the output power constant. This is reflected in the feature nodes as the 

magnitude of the nodes is considerable smaller at 90 Hz than at frequency 60Hz or below. 

 
(a) 

 
(b) 
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(c) 

 

 

7.8 Conclusions 

This chapter has introduced a novel stator current signature analysis based 

technique for detection of hunting phenomena in IPM motor drives. An in-depth 

analysis of the modulation effects in non-stationary current signals during hunting is 

carried out using short-time Fourier transform and wavelet packet decomposition 

techniques. The proposed stator current signature for hunting is validated by 

performing simulation and experimental investigations for a prototype line-start IPM 

motor drive for different starting and loading conditions. Based on simulation and 

experimental results, the developed method can detect hunting in an IPM motor with a 

high degree of confidence.  

Figure 7.20. Hunting at 90 Hz: (a) speed, (b) current and (c) feature coefficients. 
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The following chapter provides a diagnostic system for real time detection of hunting 

in IPM motor drives using the stator current signature developed in this chapter. 

Appendix 

g[k] h[k] 

-0.0011 -0.1115 

0.0048 0.4946 

0.0006 -0.7511 

-0.0316 0.3153 

0.0275 0.2263 

0.0975 -0.1298 

-0.1298 -0.0975 

-0.2263 0.0275 

0.3153 0.0316 

0.7511 0.0006 

0.4946 -0.0048 

0.1115 -0.0011 

-0.0011 -0.1115 

 

 

Table 7.1.‘db6’ filter coefficients. 
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Symbol Name Value 

Np number of phases 3 

p number of pole pairs
 

2 

Irated rated line current 3 A 

frated rated frequency 60 Hz 

Prated rated power 1 hp 

Trated rated torque 4 N. m 

Vrated rated voltage (L-L) 208 V 

Lq q axis inductance 0.07957 H 

Ld d axis inductance 0.04244 H 

rs stator resistance/phase 1.93 Ω 

J rotor inertia 0.003 Kg. m
2
 

Bm rotor damping constant 0.0008 (N. m)/rad./sec.
 

Ψm magnet flux linkage 0.314 volts/rad./sec. 
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  Chapter 8

Real Time Diagnosis of Hunting in IPM Motor Drives 

8.1 Introduction 

Online diagnosis of motor faults has traditionally been achieved using different 

types of protection relays. These relays are equipped with various algorithms designed 

to detect and classify faults in drive systems. Some of the algorithms are based on 

frequency domain analysis while the others perform time domain analysis of different 

types of measured signals such as current, vibration, speed, etc. to determine 

signatures of both internal and external motor faults. Online fault diagnostic 

algorithms are run in real time in embedded microprocessors such as digital signal 

processors/FPGA systems. Due to real time operation of the protection relay, online 

fault diagnostic algorithms are designed to provide speedy responses to faults while 

working like a silent sentinel during normal operation. The performance of these 

types of algorithms is limited by the available computational power and memory. 

Thus, simplicity, reliability, quick responsiveness and selectivity are the major 

requirements for designing a real time fault diagnostic system for motor drive 

systems. 

Design of a digital protection system for motor fault diagnosis in real time has 

been a topic of interest among the researchers over the last four decades [1]-[13]. 

Faults in motor drives can be classified into two groups: electrical faults and 

mechanical faults. Online detection of mechanical faults such as broken rotor bars, 
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bearing damage, rotor eccentricity, mechanical vibration, etc. have been investigated in 

the existing literature [1]-[6].  

A simplified embedded real time rotor faults diagnostic system using d-q axes current 

spectra is proposed by Akin et. al. [1]. They have analyzed the stator current of an 

induction motor drive in a rotating reference frame to find the induced higher harmonics 

in the stator current due to various rotor faults, such as broken rotor bars and rotor 

eccentricity.  

Liu et. al. have presented an online fault diagnostic system for detecting various rotor 

faults in induction motor drives [2]. The frequency spectrum of the calculated motor 

instantaneous power is used to detect faults in the motor drive in real time. 

An open loop torque observer based mechanical unbalanced detection algorithm for 

high speed permanent magnet motors is proposed by Kim [3]. The mathematical models 

of permanent magnet motors are used along with instantaneous current readings to 

estimate the mechanical unbalance of a permanent magnet motor drive in real time. 

A FPGA based online rotor fault diagnostic system for induction motor drives is 

presented by Jose de Jesus Rangel-Magdaleno et. al. [4]. They have used frequency 

spectra of both vibration and current data to detect various types of rotor bar failures 

during online operation of the motor drive. 

A sensorless faults diagnostic system for induction motor drives is presented in [5]. 

The proposed technique does not require mechanical position/speed sensors and vibration 

sensors. It only uses electrical voltage and current signals to detect various electrical and 

mechanical faults in induction motor drives. The classification of faults using neural 

networks is also presented in this paper.   
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A motor current signature analysis based algorithm for online detection of broken 

rotor bars in induction motors is presented in [6]. A wavelet packet decomposition 

technique is used to extract the features of broken rotor bars from the stator current 

signal. An artificial neural network is used to detect the fault signature and distinguish 

between healthy and unhealthy induction motors. 

Online diagnosis of motor electrical faults has been carried out in the existing 

literature [7]-[13]. Electrical faults such as asymmetrical short-circuits, turn-turn 

faults and drive faults are detected using analysis of stator current signals or injected 

voltage/current signals. Various signal processing algorithms have been used to 

determine the appropriate signature related to a particular fault. 

In the previous chapter, analysis and offline diagnosis of the hunting phenomenon 

in IPM motor drives are presented. A stator current signature of hunting is also 

established in that chapter. Based on the analysis, hunting in IPM motor drives can be 

detected using the stator phase current. This chapter presents an algorithm for real 

time diagnosis of hunting in IPM motor drives. A multi-resolution analysis of the 

stator current signal is carried out in real time using wavelet packet decomposition for 

detection and extraction of the hunting induced sideband frequency components. 

Statistical properties such as mean and variance of the extracted sideband signals are 

calculated in real time. The severity of hunting in real time is determined using the 

relative magnitude of sideband signals. The developed algorithm is validated using 

simulation and experimental investigations for two line-start IPM motor drives of 

different power ratings. Both simulation and experimental results are presented in this 

chapter. 
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8.2 Real Time Diagnosis of Hunting 

The majority of MCSA-based fault diagnostic techniques are focused on induction 

motor drives, switch reluctance motor drives, traditional dual excitation synchronous 

motor drives, and closed loop feedback controlled variable speed permanent magnet 

motor drives. The application of line-start IPM motors was confined to low power usages 

in the past, and the analysis and development of a real time MCSA based diagnostic and 

protection technique for sustained hunting in IPM motors has not been conducted in the 

existing literature yet. MCSA based fault diagnosis is significantly faster than the 

traditional mechanical sensor based monitoring systems [13]. As the self-starting IPM 

motor is a special type of motor that suffers from hunting for various conditions, there 

exists a need to develop a MCSA-based fault diagnostic technique for the fast and reliable 

detection of hunting phenomenon in self-starting IPM motor drives in order to ensure its 

application in electric submersible pump systems.  

Figure 8.1 illustrates an overview of the algorithm for diagnosis of hunting in IPM 

motors using stator current signature analysis. The diagnostic process can be divided into 

four major parts: acquisition of sampled current signal, application of signal conditioning 

to filter out the noises as well as getting rid of the fundamental component of the current 

signal, application of the WPD to extract the sideband components of the current signal 

and finally checking the existence of hunting in the system along with its severity.  The 

complete diagnostic process is described in the following sections. 
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8.2.1 Signal Conditioning 

The diagnostic process for hunting begins with the acquisition of instantaneous 

current signals from the motor. The stator current signal can be divided into a 

fundamental current signal with the supply frequencies, and a modulating current 

signal containing the sideband components. The magnitude of the fundamental 

component does not change significantly during hunting and it is separated from the 

instantaneous signal using a 2
nd

 order notch filter.  The transfer function for a 2
nd

 

order notch filter is given below [14]: 

Figure 8.1. Block diagram of the hunting diagnostic process. 
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𝐼𝐹(𝑠)

𝐼𝑎(𝑠)
=

𝑠2 + 𝜔𝑛
2

𝑠2 +
𝜔𝑛
𝑄 𝑠 + 𝜔𝑛

2
                                                           (8.1) 

where 𝐼𝐹(𝑠) is the filtered current response, 𝐼𝑎(𝑠) is the input phase current, Q is the 

quality factor,  𝑓𝑛 is the natural frequency and 𝜔𝑛 = 2𝜋𝑓𝑛. 𝑓𝑛 is selected as the 

fundamental supply frequency 𝑓𝑠. The magnitude and phase responses of the applied 

notch filter with a Q=5 for 60Hz cut-off frequency are presented in Figures 8.2a and 8.2b, 

respectively. 

 
 

 

 

(a) 

 
(b) 

Figure 8.2. Frequency responses of the applied notch filter: (a) magnitude and (b) phase. 

Frequency (Hz) 
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During normal operation of the motor at a steady synchronous speed, the filtered 

current signal will only contain the higher harmonics induced by the power supply 

along with some external noise. If the rotor goes through speed oscillations, the 

filtered signal will contain the sidebands along with the higher harmonics and noise. 

8.2.2 Detection of Hunting Phenomenon 

The algorithm for detection of hunting using wavelet packet decomposition of the 

current signal is described in the following steps: 

I. The filtered current 𝐼𝐹 is sampled with a frequency 𝑓𝑑. The sampling frequency 𝑓𝑑 

is selected using the following equation: 

𝑓𝑑 = 2
𝑙  𝑓𝑠                                                                       (8.2) 

where l is the number of wavelet level and 𝑓𝑠 is the fundamental supply frequency. 

 

II. The input current samples are buffered into a sequence of frames. The window 

size N for the framing is selected as 1024 with an overlap by 1016 samples. A 

window size of 1024 samples provides high frequency resolution for the wavelet 

packet decomposition which is critical for reliable detection of the hunting 

phenomenon. Overlap by 1016 samples is considered to attain high time 

resolution for the detection of a fast transient abnormality in the current spectrum. 

 

III. Figure 8.3 illustrates a 3-level wavelet packet tree (WPT) of the decomposed 

stator current signal. The first level approximate and detail coefficients of the 

current samples using WPD are calculated from the following equations [15]: 
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𝑎1
𝐼 [𝑛] = ∑ 𝑔[𝑘]

𝑁−1

𝑘=0

𝐼𝐹[𝑁 − 𝑘]                                 (8.3) 

𝑑1
𝐼 [𝑛] = ∑ ℎ[𝑘]

𝑁−1

𝑘=0

𝐼𝐹[𝑁 − 𝑘]                                 (8.4) 

 

IV. The second level approximate and detail coefficients of 𝑎1
𝐼 [𝑁] are obtained from 

the following equations [15]: 

𝑎2,1
𝐼 [𝑛] = ∑ 𝑔[𝑘]

𝑁
2
−1

𝑘=0

𝑎1
𝐼 (
𝑁

2
− 𝑘)                           (8.5) 

𝑑2,1
𝐼 [𝑛] = ∑ ℎ[𝑘]

𝑁
2
−1

𝑘=0

𝑎1
𝐼 (
𝑁

2
− 𝑘)                            (8.6) 

 

V. The third level approximate and detail coefficients of 𝑎2
𝐼 [𝑛] and 𝑑2

𝐼 [𝑛] are 

calculated from the following equations [15]: 

𝑎3,1
𝐼 [𝑛] = ∑ 𝑔[𝑘]

𝑁
4
−1

𝑘=0

𝑎2,1
𝐼 (

𝑁

4
− 𝑘)                                     (8.7) 

𝑑3,1
𝐼 [𝑛] = ∑ ℎ[𝑘]

𝑁
4
−1

𝑘=0

𝑎2,1
𝐼 (

𝑁

4
− 𝑘)                                     (8.8) 

𝑎3,2
𝐼 [𝑛] = ∑ 𝑔[𝑘]

𝑁
4
−1

𝑘=0

𝑑2,1
𝐼 (

𝑁

4
− 𝑘)                                     (8.9) 
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𝑑3,2
𝐼 [𝑛] = ∑ ℎ[𝑘]

𝑁
4
−1

𝑘=0

𝑑2,1
𝐼 (

𝑁

4
− 𝑘)                                   (8.10) 

Coefficients of 𝑎3,1
𝐼 , 𝑑3,1

𝐼 , 𝑎3,2
𝐼  and 𝑑3,2

𝐼  represent the current signals in the frequency 

range of [0… 
𝑓𝑠

2
], [0...fs], [fs... 

3𝑓𝑠

2
] and [

3𝑓𝑠

2
 …2fs], respectively. Consequently, the lower 

sidebands will be present in 𝑎3,1
𝐼  and  𝑑3,1

𝐼  . 𝑎3,2
𝐼  and 𝑑3,2

𝐼  will contain the upper sidebands.  

 

VI. The level 3 node coefficients 𝑎3,1
𝐼 , 𝑑3,1

𝐼 , 𝑎3,2
𝐼 , 𝑑3,2

𝐼  are used to develop feature 

coefficients. The coefficients are used as a signature for the detection of hunting. 

The feature co-efficient of each node is defined as the variance of the node’s 

coefficient vector. The feature coefficient for nodes 𝑎𝑖,𝑗
𝐼  and 𝑑𝑖,𝑗

𝐼  are calculated 

from the following equations: 

𝐹𝑎𝑖,𝑗 = 𝜎𝑎𝑖,𝑗
2 =

1

𝐿 − 1
 ∑(𝑎𝑖,𝑗

𝐼 [𝑘] − 𝜇𝑎𝑖,𝑗)
2

𝐿

𝑘=1

                    (8.11) 

𝜇𝑎𝑖,𝑗 =
1

𝐿
∑𝑎𝑖,𝑗

𝐼 [𝑘]

𝐿

𝑘=1

                                                             (8.12) 

𝐹𝑑𝑖,𝑗 = 𝜎𝑑𝑖,𝑗
2 =

1

𝐿 − 1
 ∑(𝑑𝑖,𝑗

𝐼 [𝑘] − 𝜇𝑑𝑖,𝑗)
2

𝐿

𝑘=1

                   (8.13) 

𝜇𝑑𝑖,𝑗 =
1

𝐿
∑𝑑𝑖,𝑗

𝐼 [𝑘]

𝐿

𝑘=1

                                                             (8.14) 
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where 𝜎2𝑖,𝑗 is the variance of the node energy, 𝐹𝑎𝑖,𝑗  and 𝐹𝑑𝑖,𝑗are the feature coefficients, 

𝜇𝑎𝑖,𝑗  and 𝜇𝑑𝑖,𝑗  are the mean for 𝑎𝑖,𝑗
𝐼 and 𝑑𝑖,𝑗

𝐼 , respectively and L is the number of co-

efficient in nodes 𝑎𝑖,𝑗
𝐼  and 𝑑𝑖,𝑗

𝐼 . 

 

8.2.3 Identification of the Severity of Hunting 

The stator phase current modulation depends on the magnitude and frequency of the 

rotor oscillation based on (7.11) in the previous chapter. The amplitude of the modulating 

current 𝛽𝑟1𝑗 is directly proportional to the amplitude and the frequency of rotor oscillation 

𝜃𝑟𝑗 based on equation (7.10) in the previous chapter. Consequently, large rotor 

oscillations with a high value of 𝜃𝑟𝑗 introduce greater modulation in the stator current 

Figure 8.3. A 3-level wavelet packet tree of the current signal. 
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signals. The degree of stator current modulation can be used as a relative indication of 

the severity of hunting, and is obtained using the following equation: 

𝜒 =
(𝐼𝑚)𝑟𝑚𝑠

(𝐼𝑎 − 𝐼𝐹)𝑟𝑚𝑠
                                                           (8.15) 

where 𝐼𝑚 is the modulating current, 𝜒 is the degree of modulation (0 ≤ 𝜒 ≤ 1) and 

𝐼𝑎 − 𝐼𝐹 is the magnitude of the fundamental current signal.  

Figure 8.4 presents the block diagram showing the process for obtaining the 

modulating current using wavelet reconstruction of the level 3 nodes 𝑎3,1
𝐼 , 𝑑3,1

𝐼 , 𝑎3,2
𝐼  

and 𝑑3,2
𝐼  of the wavelet packet tree. The coefficients of the ‘db6’ wavelet 

reconstruction filters are provided in table 8.3 in the appendix. The reconstructed 

signal only contains the modulating signal due to hunting and gets rid of the external 

noise and higher harmonics present in the original filtered stator current signal 𝐼𝐹. 

 

Figure 8.4. Wavelet reconstruction of the level 3 nodes. 
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8.2.4 Decision 

A threshold value  𝜖𝐹 for feature coefficients is set to distinguish between hunting and 

normal operation of the motor. As hunting induces symmetrical sidebands around the 

fundamental, the feature coefficient for both approximates and corresponding details must 

be higher than the threshold during hunting i.e. (𝐹𝑎3,1& 𝐹𝑑3,2)  ≥ 𝜖𝐹 or (𝐹𝑑3,1& 𝐹𝑎3,2) ≥ 𝜖𝐹. 

Otherwise, it is not a hunting phenomenon and the presence of a single sideband may be a 

result of noise or disturbances.  

Another threshold value 𝜖𝑎 for the degree of stator current modulation is set to 

distinguish between practically stable operation of the motor with little oscillations in the 

speed and unstable operation of the motor with significant torsional oscillations. The 

decision of hunting is made based on the following conditions: 

{
𝐻𝑢𝑛𝑡𝑖𝑛𝑔 = 𝑇𝑟𝑢𝑒, 𝑖𝑓 (𝐹𝑙𝑜𝑤& 𝐹𝑢𝑝 ≥ 𝜖𝐹 )𝑎𝑛𝑑 𝜒 ≥  𝜖𝑎  

𝐻𝑢𝑛𝑡𝑖𝑛𝑔 = 𝐹𝑎𝑙𝑠𝑒, 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
          (8.16) 

Figure 8.5 illustrates a flow chart for the proposed hunting detection algorithm. A 

supervisory action is needed when the conditions for detecting hunting are met by the 

algorithm. 
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Figure 8.5. Flowchart of the hunting diagnosis algorithm. 
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8.3 Simulation Results 

The hunting phenomenon is studied using finite element simulations of two 3-phase 

4-pole line-start IPM motor models of different power ratings in order to observe the 

effects of motor parameters such as inductances, magnet flux linkage, inertia, viscous 

damping, cage resistances, etc. on the performance of the proposed diagnostic technique. 

ANSYS Maxwell software is used for time stepping finite element (FE) analysis of the 

motors. The first motor is rated as 5-kW and has Δ-connected stator windings. The 

second motor is rated as 1-HP with Y-connected windings. The FE models of the motors 

are displayed in Figures 8.6a and 8.6b, respectively. The motors are run directly from a 3-

phase, 208V balanced fixed frequency 60Hz ac supply. The detailed specifications of the 

motors are presented in table 8.4 in the appendix. 

 

 

Figure 8.6. Finite element models of line-start IPM motors: (a) 5-kW and (b) 1-HP. 

(a) (b) 
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A hunting phenomenon is introduced in the 5kW motor at t = 5s by periodic 

variations of the load torque. The speed and current responses of the motor before and 

during hunting are presented in Figures 8.7a and 8.7b, respectively. The phase current 

waveform during hunting is zoomed in Figure 8.7b for better illustration of the 

modulation effects. The modulation in the current signal starts instantaneously when 

the rotor oscillates. The level of modulation depends on the frequency and amplitude 

of the oscillations. The Fourier spectrum of the current signal during hunting is 

illustrated in Figure 8.7c. The frequency of the rotor oscillation is 10Hz. Thus, 

symmetric sidebands with frequencies of 50Hz and 70Hz are present in the spectrum 

along with the fundamental. The magnitude of the stator current remains below the 

motor rating during hunting. In addition, the phase currents remain balanced. As a 

result, a traditional overcurrent relay or a differential motor protection relay will not 

pick up the effects of hunting. 

 

 
(a) 
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(b) 

 
(c) 

The hunting diagnosis algorithm presented in section 8.2 is applied on the phase 

current data as shown in Figure 8.7b. Figures 8.8a-8.8c illustrate the responses of the 

algorithm for the given dataset. The feature coefficients of level three nodes 

𝑎3,1
𝐼 , 𝑑3,1

𝐼 , 𝑎3,2
𝐼  and  𝑑3,2

𝐼  are presented in Figure 8.8a. These nodes are descendants from 

Figure 8.7. Responses of the motor: (a) rotor speed, (b) stator phase current and (c) 

Fourier spectrum of the motor current during hunting. 
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the first level approximations 𝑎1 
𝐼  in the wavelet packet tree in Figure 8.3, and are 

constructed based on the frequency ordering of (0-30)Hz, (30-60)Hz, (60-90)Hz, and 

(90-120)Hz, respectively, for fs =60 Hz. The magnitude of the feature coefficients is 

close to zero before hunting is introduced, indicating stable operation with no 

modulation in the current signals. The hunting phenomenon starts at time t = 5s. 

Consequently, the modulation causes the feature coefficients of 𝑑3,1
𝐼 , 𝑎3,2

𝐼  to become 

greater than zero immediately. This implies that the frequencies of the lower 

sidebands are in between (30-60) Hz and the upper sidebands have frequencies in the 

range of (60-90)Hz. The magnitude of these feature coefficients keeps rising with a 

constant slope, and becomes constant after few seconds. A steady large value of the 

feature coefficient denotes the presence of sustained hunting in the drive system. A 

sample threshold  𝜖𝐹 = 0.2 is selected for fast detection of the hunting, and the 

zoomed-in response of the algorithm is depicted at the topmost portion of Figure 8.8a. 

Wavelet reconstruction is applied to the decomposed stator current in order to 

extract the modulating current signal superimposed on the fundamental. Figure 8.7b 

presents the modulating current signal extracted by the wavelet reconstruction 

procedures. The degree of stator current modulation 𝜒 obtained using the proposed 

algorithm is shown in Figure 8.8c. The value of 𝜒 is zero when the current is not 

modulated and becomes almost 25% during sustained hunting. 𝜒 reaches a steady 

value a lot faster than the feature coefficients. A sample threshold  𝜖𝑎 = 0.15  is 

selected for the 5-kW motor as the acceptable limit of modulation due to hunting. The 

response of the algorithm for   𝜖𝑎 = 0.15  is zoomed in Figure 8.8c.  
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(a) 

 
(b) 

 
(c) 

Figure 8.8. Response of the hunting diagnostic algorithm: (a) magnitude of the feature 

coefficient, (b) modulating current signal and (c) degree of stator current modulation. 
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The results indicate that the developed diagnostic technique can be used to detect 

and identify the hunting phenomenon in a line-start IPM motor in fraction of a 

second. The robustness of the hunting detection algorithm is investigated by 

additional testing using the 1-HP motor model. Figures 8.9-8.10 present the responses 

of the algorithm for hunting and normal behavior of the motor. The motor is operated 

from a fixed frequency balanced 60Hz ac supply. The hunting phenomenon is 

introduced in the motor at t = 2s and removed at t = 7s. The rotor oscillation due to 

hunting is depicted in Figure 8.9a. The stator phase current becomes modulated as 

shown in Figure 8.9b. Figure 8.9c illustrates the modulating current superimposed on 

the fundamental current signal. The developed detection algorithm responds to the 

onset of hunting instantaneously. Feature coefficients of the level 3 nodes 

𝑎3,1
𝐼 , 𝑑3,1

𝐼 , 𝑎3,2
𝐼  and  𝑑3,2

𝐼  are presented in Figures 8.9d, 8.10a, 8.10b and 8.10c, 

respectively. These feature coefficients become nonzero with a sharp rise in their 

magnitude during the onset of hunting, indicating the presence of sidebands with 

frequencies in the range of (0-30)Hz, (30-60)Hz, (60-90)Hz and (90-120)Hz. The 

values of feature coefficients are smaller in the 1-HP motor than the 5-kW motor 

because the magnitude of the motor phase current is lower in a 1-HP motor drive in 

comparison to a 5kW motor drive. The severity of hunting 𝜒 is illustrated in Figure 

8.10d, corresponding with the level of modulation in the stator phase currents. 
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Figure 8.9. Responses for the 1HP motor drive: (a) rotor speed, (b) phase current, (c) 

modulating current signal and (d) magnitude of the feature coefficient 𝐹𝑎3,1. 
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Figure 8.10. Responses for the 1HP motor drive: (a) magnitude of the feature coefficient 

𝐹𝑑3,1 (b) magnitude of the feature coefficient 𝐹𝑎3,2, (c) magnitude of the feature coefficient 

𝐹𝑑3,2 and (d) degree of stator current modulation. 
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A line-start IPM motor operates in a practically stable mode if the magnitude of 

torsional oscillation is not severe and stays within the allowable limit. In such cases, the 

rotor goes into sustained hunting around the synchronous speed with slight speed 

overshoots and undershoots. Figures 8.11a-8.11d present a case scenario where the 5-kW 

IPM motor is experiencing hunting with low torsional oscillations. The rotor is oscillating 

around 1800rpm with a peak-peak magnitude of only 40rpm. The speed of the motor is 

depicted in Figure 8.11a. The rotor oscillation creates an insignificant level of amplitude 

modulation in the stator current signals. The modulating current signal is illustrated in 

Figure 8.11b. However, the modulation in the stator current is still picked up by the 

feature coefficients. Figure 8.11c illustrates trajectories of the feature coefficients. The 

degree of modulation in the current signal is presented in Figure 8.11d. As the value of 𝜒 

is less than the selected threshold, the response of the algorithm indicates that the severity 

of hunting is low.  

The performance of the proposed hunting diagnostic algorithm for different levels of 

rotor oscillations in the 5-kW motor drive due to hunting is presented in table 8.1. The 

value of χ is related with the degree of rotor oscillations and becomes higher as the 

hunting becomes more severe. 
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(a) 

 
(b) 

 
(c) 
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(d) 

 

 

8.4 Experimental Results 

Figure 8.12 illustrates the block diagram for real time experimental validation of the 

proposed wavelet packet decomposition based hunting diagnostic algorithm. A 1-HP, 3-

phase, 208V, 4-pole line-start interior permanent magnet motor is used for the 

experiments. The detailed specifications of the motor are provided in table 8.4 in the 

appendix. The motor is run directly from a Y-connected 3-phase, 208V balanced fixed 

frequency 60 Hz ac line supply. Additionally, experiments are conducted using a 3-phase 

full bridge open loop V/f controlled sinusoidal pulse-width modulated IGBT inverter to 

provide the supply voltage. An AC dynamometer is used as a loading machine.  A pulley 

is attached to the shaft of the motor and another pulley is connected with the 

Figure 8.11. Responses during practically stable hunting: (a) rotor speed (b) modulating 

current signal, (c) magnitude of the feature coefficients and (d) degree of stator current 

modulation. 
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dynamometer’s shaft. The motor and the dynamometer are connected by a belt 

running over the pulleys, allowing the inducement of hunting phenomena. A dSPACE 

DS-1104 R&D controller board is used for data acquisition and online 

implementation of the algorithm for diagnosis of hunting in the motor drive. 

 

 

8.4.1 Operated from the Line Supply 

The speed and current response of the motor during a hunting condition for a fixed 

60 Hz supply are presented in Figures 8.13a and 8.13b, respectively. The hunting 

phenomenon is introduced after t=3.5s by load variations and it is removed after t=8s. 

The responses of the developed hunting detection algorithm are provided in Figure 

8.13c-8.13d and Figures 8.14a-8.14d. The motor operates at a steady synchronous 

Figure 8.12. Block diagram for the real time diagnosis of hunting. 
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speed of 1800 rpm before hunting, and goes through successive torsional oscillations 

around the synchronous speed as depicted in Figure 8.13a. The peak to peak speed 

oscillation is around 135 rpm. Figure 8.13b depicts the modulation in the current signal 

due to torsional oscillations. The level 3 nodes in the WPT pick up the amplitude 

modulation in real time. The extracted modulating current from the instantaneous current 

signals using the wavelet reconstruction is illustrated in Figure 8.13c. The magnitude of 

the feature coefficients for nodes 𝑎3,1
𝐼 , 𝑑3,1

𝐼 , 𝑎3,2
𝐼 , 𝑑3,2

𝐼  starts rising towards a steady state 

value as soon as the modulation takes place in the current signal. The feature coefficients 

of  𝑎3,1
𝐼 , 𝑑3,1

𝐼 , 𝑎3,2
𝐼 , 𝑑3,2

𝐼  are presented in Figure 8.13d and Figures 8.14a-8.14c, 

respectively.  The severity of hunting is related to the amount of modulation happening in 

the current waveform, and is picked up in real time by χ . Figure 8.14d illustrates the 

trajectory of 𝜒. The magnitude of 𝜒 is close to zero during normal operation, and becomes 

more than 40% indicating the existence of severe torsional vibration in the system. Thus, 

the hunting diagnosis algorithm is able to detect hunting and identify the severity of 

hunting in real time.  

There is a close relationship between experimental results and simulation results that 

further validates the performance of the hunting diagnostic algorithm. However, the 

severity of hunting and the magnitude of feature coefficients are slightly lower in the 

experimental investigation in comparison to their values during the simulated hunting of 

the motor. This is due to the availability of higher stiffness and viscous damping in the 

experimental setup than in the finite element simulation model. 
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Figure 8.13. Responses of the diagnostic technique for detecting hunting at 60Hz: (a) 

rotor speed, (b) motor phase current, (c) modulating current signal and (d) magnitude of 

the feature coefficient of node a(3,1).  

Scales: Speed, 240rpm/V, phase current, 1A/V, modulating current, 1A/V and Fa(3,1), 

0.5unit/V. 

Time (sec.) 



 

293 

 

 

 

 

 

 

 

Figure 8.14. Responses of the diagnostic technique for detecting hunting at 60Hz:  

(a) Fd(3, 1), (b) Fa(3, 2), (c) Fd(3, 2) and (d) relative degree of modulation.  

Scales: Fa(3, 1) to Fd(3, 2), 0.5unit/V and degree of modulation, 10%/V. 

 

Time (sec.) 
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8.4.2 Operation from a V/f Controlled Inverter 

A power electronics based V/f controlled inverter introduces extra harmonics in 

the motor line current due to PWM switching. In order to observe the robustness of 

the hunting detection algorithm, the motor is run from a V/f controlled inverter drive. 

The switching frequency of the inverter is selected to be 5 kHz. Figure 8.15a 

illustrates the speed response of the motor at 50 Hz command frequency. The 

corresponding motor phase current during hunting is depicted in Figure 8.15b. The 

extracted modulating current is illustrated in Figure 8.15c. The feature coefficients of 

nodes 𝑎3,1
𝐼 , 𝑑3,1

𝐼 , 𝑎3,2
𝐼 , 𝑑3,2

𝐼  are presented in Figure 8.15d and Figures 8.16a-8.16c, 

respectively. The severity of hunting is presented in Figure 8.16d. In table 8.2, test 

results for different cases of hunting induced oscillations using the proposed 

technique are depicted. Extreme levels of hunting are not induced in the system, in 

order to maintain the integrity of the mechanical set-up. Based on the experimental 

results, the proposed method based on WPD of the stator current can confidently 

detect the hunting condition, even during the presence of extra harmonics due to 

power electronics and PWM switching. 
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Figure 8.15. Responses of the diagnostic technique for detecting hunting at 50Hz: (a) 

rotor speed, (b) motor phase current, (c) modulating current signal and (d) magnitude 

of the feature coefficient of node a(3,1).  

Scales: speed, 240rpm/V, phase current, 1A/V, modulating current, 1A/V and Fa(3,1), 

0.5unit/V. 

 

Time (sec.) 
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Figure 8.16. Responses of the diagnostic technique for detecting hunting at 50Hz: (a) Fd(3, 

1), (b) Fa(3, 2), (c) Fd(3, 2) and (d) relative degree of modulation.  

Scales: Fa(3, 1) to Fd(3, 2), 0.5unit/V and degree of modulation, 10%/V. 

 

Time (sec.) 
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8.4.3 Effects of Source Impedance 

The effects of source impedance on the starting and synchronization of line-start IPM 

(LSIPM) motors are demonstrated in Figures 8.17a-8.17c. An inductor bank is connected 

in series with the 3-phase AC supply to increase the source impedance. Initially, the 

inductance value is set to 5mH. The high source impedance induces a start-up failure by 

decreasing the effective stator voltage. The motor assembly exhibits hunting around a 

steady sub-synchronous speed of 200rpm as shown in Figure 8.17a. The phase-A voltage 

waveform is illustrated in Figure 8.17b. The phase-A current remains high as the 

magnitude of the motor’s back-emf is small at the sub-synchronous speed as depicted in 

Figure 8.17c. The inductance is reduced to a small value of 0.8mH after t = 4.65s. The 

increased effective stator voltage induces rotor acceleration with hunting continuing 

during the ramp-up process. The LSIPM motor successfully synchronizes within 1 second 

of the impedance change, with the phase current magnitude and modulation decreasing to 

their small, steady-state values. 

The hunting diagnostic algorithm successfully detects the rotor oscillations around the 

sub-synchronous speed. The performance of the algorithm is illustrated in Figures 8.18a-

8.18f. During sub-synchronous hunting, the main frequency of rotor oscillations is the 

product of the slip and the supply frequency. In this case, the slip of the rotor is 0.89 and 

the supply frequency is 60Hz. As a result, the rotor is hunting with a frequency of 53.4Hz 

around the sub-synchronous speed of 200 rpm. The modulating current caused by the 

hunting is shown in Figure 8.18a. The most prominent lower sidebands in the current 

signal have low frequencies in between (0-30) Hz. The upper sidebands contain 
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frequencies in between (90-120) Hz. This phenomenon can be recognized from the 

feature coefficients depicted in Figures 8.18b-8.18e. Nodes 𝑎3,1
𝐼  and 𝑑3,2

𝐼  correspond 

to the frequency bands of (0-30) Hz and (90-120) Hz, respectively. Accordingly, the 

feature coefficients of these nodes are higher in comparison to the rest of the nodes. 

The magnitudes of all the feature coefficients remain high while the motor ramps up 

to the synchronous speed. This implies the presence of significant hunting during the 

acceleration period. After the successful synchronization, there exist no hunting 

induced torsional oscillations in the motor. Consequently, the magnitude of the 

feature coefficients of nodes 𝑎3,1
𝐼 , 𝑑3,1

𝐼 , 𝑎3,2
𝐼  and 𝑑3,2

𝐼  falls to zero, indicating stable 

operation of the motor. The severity of hunting indicated by the degree of modulation 

in the stator current signal is illustrated in Figure 8.18f. 
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Figure 8.17. Effects of source impedance on the: (a) rotor speed, (b) phase voltage and (c) 

phase current. 
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Figure 8.18. Performance of the sub-synchronous hunting detection algorithm: (a) 

modulating current (b) Fa(3, 1), (c) Fd(3, 1), (d) Fa(3, 2) , (e) Fd(3, 2) and (f) χ. 
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8.5 Conclusion 

This chapter presents a novel wavelet packet decomposition (WPD) based current 

signature analysis technique for real time diagnosis of hunting phenomena in IPM motors 

operated by the fixed frequency line supply. The efficacy of the proposed method is 

validated by performing finite element simulation and experimental investigations on 

different line-start IPM motor drives for various starting and loading conditions. Based on 

the simulation and experimental results, the developed method can detect hunting in a 

line-start IPM motor instantaneously and can identify the severity of it with a high degree 

of confidence. It is fast, remote, non-intrusive, and invisibly works as a silent sentinel for 

the motor drive system. It is highly suitable to be a part of protection relays for any type 

of IPM motor drive system. 

However, the processing time to recognize severe hunting by the proposed algorithm 

depends on the relative thresholds defined by the user. In this work, absolute values for 

the thresholds are not set and left for the users because the experimental investigation has 

been performed on a laboratory prototype system and an AC dynamometer has been used 

to emulate real life loads for the motor drive. In practical case scenarios, the loads will 

more likely be pumps, compressors, conveyor belts, fans, etc. The allowable limits of 

torsional vibration for such loads are defined by the IEEE/NEMA standards. This chapter 

presents a generalized algorithm that can be easily customized for any type of application. 

An experimental basis for a hunting diagnosis algorithm for IPM motors is presented in 

this thesis. In the following chapter, a sensorless control technique for IPM motor driven 

ESP drive systems is developed using the online hunting detection algorithm.  
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Appendix 

Properties Severity:  

Low 

Severity:  

Moderate 

Severity: 

 High 

Severity:  

Extreme 

% Slip 1 3.5 10 36 

𝑭𝒂(𝟑,𝟏) 0 0.02 0.1 8 

𝑭𝒅(𝟑,𝟏) 0.24 1.26 10.6 350 

𝑭𝒂(𝟑,𝟐) 0.155 1.16 2.1 9 

𝑭𝒅(𝟑,𝟐) 0.002 0.012 0.04 0.25 

𝝌 0.034 0.085 0.3 0.6 

 

Properties Severity: Low Severity: Moderate Severity: High 

% Slip 1.2 4 10 

𝑭𝒂(𝟑,𝟏) 0.0015 0.35 0.8 

𝑭𝒅(𝟑,𝟏) 0.0012 1.1 1.65 

𝑭𝒂(𝟑,𝟐) 0.0025 1.0 2.2 

𝑭𝒅(𝟑,𝟐) 0.0012 0.3 0.44 

𝝌 0.03 0.3 0.41 

 

Table 8.1. Performance of the proposed technique for different levels of hunting in the 5-

kW line-start IPM motor drive. 

Table 8.2. Performance of the proposed technique for different levels of hunting in the 1-

HP line-start IPM motor drive. 
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g[k] g
R
[k] h[k] h

R
[k] 

-0.0011 -0.0011 -0.1115 0.1115 

0.0048 -0.0048 0.4946 0.4946 

0.0006 0.0006 -0.7511 0.7511 

-0.0316 0.0316 0.3153 0.3153 

0.0275 0.0275 0.2263 -0.2263 

0.0975 -0.0975 -0.1298 -0.1298 

-0.1298 -0.1298 -0.0975 0.0975 

-0.2263 0.2263 0.0275 0.0275 

0.3153 0.3153 0.0316 -0.0316 

0.7511 -0.7511 0.0006 0.0006 

0.4946 0.4946 -0.0048 0.0048 

0.1115 -0.1115 -0.0011 -0.0011 

 

 

 

 

 

 

 

 

 

 

 

 

Table 8.3. ‘db6’ wavelet decomposition and reconstruction filter coefficients. 
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Symbol Name 5 kW LSIPM Motor 1 HP LSIPM Motor 

Np number of phases 3 3 

p number of pole pairs
 

2 2 

Irated rated line current 15.0219 A 3 A 

frated rated frequency 60 Hz 60 Hz 

Prated rated power 5 kW 1 HP 

Trated rated torque 26.5 N. m 4 N. m 

Vrated rated voltage (L-L) 208 V 208 V 

Lqs q-axis inductance 0.0805 H 0.07957 H 

Lds d-axis inductance 0.01254 H 0.04244 H 

Rs stator resistance/phase 0.1 Ω 1.93 Ω 

J rotor inertia 0.0807 Kg. m
2
 0.003 Kg. m2 

Dm rotor damping constant 0.0069 (N. m.)/rad./sec. 0.0008 (N.m.)/rad./sec. 

λm magnet flux linkage 0.3265 volts/rad./sec. 0.314 volts/rad./sec. 

 

 

 

Table 8.4. Parameters of the 5kW and 1-HP line-start IPM (LSIPM) motors. 
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  Chapter 9

Sensorless Control of a Submersible IPM Motor Drive 

9.1 Introduction  

The squirrel cage submersible induction motor has been the industrial standard for 

electric submersible pump (ESP) drives [1]. In recent years, permanent magnet 

submersible motor (PMSM) driven ESPs have been introduced in the market which 

indicates better efficiency, smaller dimensions, wide operating range, lower heat 

generation and superior performance than similar IM driven ESPs [2]-[5]. However, 

PMSM-ESPs have not gained popularity due to control problems associated with the 

nonlinearity in PM motors [4]-[5].  The control system for a PM motor drive is 

complicated, and requires information on the instantaneous rotor position. For downhole 

ESPs operated in oil and gas production units, it is not feasible to have position sensors 

under thousands of feet from the surface. It requires the design of a position sensorless 

control technique for a PMSM-ESP system. Sensorless control techniques can be 

summarized into two broad categories including equivalent circuit model based sensorless 

control and magnetic saliency based sensorless control methods. In model based 

techniques, the equivalent circuits of an IPM motor in a stationary/rotating reference 

frame coupled with a linear/non-linear observer are used to estimate the back-emfs of the 

motor [7]-[16]. The rotor position and speed are obtained either directly from the back-

emfs or through the use of a PLL. Different types of observers have been used for the 

back-emf estimation such as linear Luenberger observer, Kalman filter, extended Kalman 
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filter, model reference adaptive controller and non-linear sliding mode observer. The 

non-linear sliding mode observers are the most popular for back-emf estimation, and 

widely used in the industry for sensorless control of permanent magnet motors [7]-

[10], [12] and [16]. However, sliding mode based controllers/observers suffer from an 

inherent chattering phenomenon due to high frequency oscillations of the control 

signal around the sliding surface, created by discontinuous switching actions. In order 

to reduce the chattering associated with sliding mode observers, many researchers 

have proposed different solutions such as low pass filtering, use of sigmoid functions, 

application of a secondary observer and higher order sliding mode observers. 

Although the back-emf estimation based sensorless control techniques can confidently 

estimate the rotor position, these are suitable for medium and high speed operation of 

the motor.  At a low speed, the magnitude of the motor back-emf is too low to be used 

for position estimation, making the back-emf estimation based sensorless controller 

infeasible at stand-still and low speed [17]-[18]. 

IPM motors have inherent magnetic saliency due to the positioning and orientation 

of permanent magnets inside the rotor. The saliency of IPM motors can be used to 

determine the rotor position by injecting high frequency voltage/current signals into 

the motor [17]-[21]. At stand-still, high frequency signals with various injection 

angles are superimposed over the torque producing command currents to calculate the 

spatial distribution of d-q axis inductances which vary with the injection angle. The d-

q axis inductances are functions of the rotor position. Thus, the position of the rotor 

can be obtained from the inductance variation. However, the presence of a load-side 

power transformer and long power cables in ESP drives prohibits the injection of high 
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frequency ac signals. Thus, existing high-frequency signal injection based sensorless 

control techniques are inapplicable for ESP systems. 

Sensorless V/f or I/f control techniques are suitable for IPM motor drives where high 

dynamic performances are not required. Some researchers have proposed sensorless V/f 

controllers for permanent magnet motor drives without shaft sensors [21]-[23]. A stable 

V/f controller has been proposed by Perera et. al. for permanent magnet motors without 

any squirrel cage or damper windings [22]. Their proposed sensorless V/f can start an 

IPM motor from standstill by modulating the applied frequency to stabilize the rotor 

hunting at the command frequency.  

Stellas et. al. have proposed a sensorless control technique for submersible permanent 

magnet motor drives fed over a long subsea cable and a load side transformer [23]. They 

have used a close loop V/f controller similar to [22] to start the submersible drive from 

arbitrary starting positions. In their paper, the control technique for the submersible motor 

drive has been switched to a sensorless vector control technique at a certain speed. 

Although their proposed V/f algorithm can start a submersible IPM motor drive from 

stand-still, it does not use any information from the position estimator. Thus, it is 

vulnerable to instability due to any dynamic change in the motor drive during the 

transition to a vector control technique. Also, their sensorless vector control technique 

uses a linear observer that does not account for the effects of magnetic saliency and cross 

couplings. Thus, it is inapplicable for IPM motors.  

This chapter introduces a novel sensorless control strategy for submersible interior 

permanent magnet (IPM) motor drives. The design of a prototype submersible IPM motor 

is presented in this chapter. The performance of the designed motor is investigated using 
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finite element simulations. A non-linear sliding mode observer (SMO) based 

equivalent back-emf estimation algorithm is developed to determine the rotor 

position. An adaptive low pass filter is designed to reduce the chattering caused by the 

SMO. A novel sensorless V/f controller coupled with the back-emf estimation 

algorithm is designed for starting the motor drive. The proposed controller applies 

both voltage and frequency stabilization loops to run the ESP at a low speed. A 

sensorless vector controller is developed to run the ESP at the command frequency. A 

transition algorithm is used to switch from the sensorless V/f controller to the 

sensorless vector controller without any significant mechanical vibration. The 

proposed method is validated using extensive simulations for various case scenarios. 

Pertinent simulation results are presented in this chapter. 

9.2 Submersible IPM Motor Drive 

Submersible motors operate in a hostile environment and experience severe 

temperature, high pressure and the presence of debris. The diameter of an ESP motor 

is restricted by the outside diameter of the casing which is between 4 and 10 inches 

[3]. Submersible motors in ESPs are modular in nature and comprised of multiple 

rotors. The multi-rotor assembly is supported by intermediate bearings between 

consecutive rotors. Submersible induction motors have been the de-facto standard for 

ESPs. There are two types of most widely used submersible induction motors: IM5 

and IM10 [3]-[4]. Brushless permanent magnet motors (PMMs) have been recently 

introduced in the market [2]-[3]. The relative comparison between these three types of 

motors is provided in table 3.1. Each of the rotors in IM5, IM10 and PMM are rated 
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as 5-HP, 10-HP and 22-HP, respectively. During field tests, the PMM indicates better 

efficiency, higher reliability, wider operating range, lower heat generation and superior 

performance than IM5 and IM10 [3].  However, the PMM is not a self-starting type of 

motor. It has trapezoidal windings in the stator and operates as a sensorless brushless dc 

motor using electronic commutation of the excitation to the stator windings [3]-[4]. Due 

to a fixed set of commutation steps with a constant interval angle, it suffers from 

significant torque ripples and total harmonics distortion. Also, the control system for a 

brushless dc motor is slow and does not provide high dynamic responses [26]. Thus, it 

reduces the reliability of an ESP system against any dynamic changes in the operating 

condition. Furthermore, the IM5, IM10 and PMM are designed to fit inside a 6-inch 

casing and are expensive when used for offshore oil and gas recovery.  

 

Properties IM5 IM10 PMM 

Power/rotor (HP) 5 100 22 

Input Voltage (kV) 2.4 2.4 2.4 

Number of Poles 2 2 4 

Stator Outside Diameter (inches) 4.56 4.56 4.62 

Rotor Outside Diameter (inches) 2.27 2.21 2.64 

Rotor Length (inches) 13 13.9 13.5 

 

 

 

 

Table 9.1. Relative comparison between different types of submersible motors. 
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Figure 9.1a illustrates a prototype low voltage submersible IPM motor. The cross 

section of its rotor is depicted in Figure 9.1b. The motor is designed using the same 

frame size of a 5-HP Franklin submersible oil stripper induction motor that fits inside 

a 4-inch casing. The outer diameter of the motor is 3.75 inches and the stack length is 

25.68 inches. The motor is rated at 3-phase, 6-pole, 460V, 3600 rpm. Each rotor of 

the motor is rated at 10-HP. 

 

 
(a) 
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(b) 

Figure 9.2 shows the performance of the IPM-ESP motor. The maximum efficiency 

and power factor maps of the motor with one IPM rotor are displayed in Figures 9.2a and 

9.2b, respectively. The motor is capable to operate with a high efficiency (>90%) over the 

entire operating speed range. The efficiency reaches to its peak when the motor is 

operated at a speed over 2400rpm with a load torque between 50% of the rated torque and 

rated torque. The motor can operate at the constant torque mode with a rotor speed up to 

3600 rpm. It operates in the constant power mode when the rotor speed becomes higher 

than 3600 rpm. These operating zones are defined in Figure 9.2b with black border lines. 

The power factor becomes high (>0.95) when the motor is operated at a command 

frequency higher than 60 Hz. The power factor remains high over a wide range of the 

load torque. Thus, the designed IPM submersible motor can be driven efficiently with a 

high power factor for ESP systems if it is controlled precisely to operate within the 

preferred operating zones.  

Figure 9.1. Submersible IPM motor: (a) assembly and (b) rotor cross section. 
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(a) 

 
(b) 

 

Figure 9.2. Performance of the submersible IPM motor: (a) efficiency and (b) power 

factor. 
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The detailed specifications of this motor are provided in table 9.2. A comparison 

between the Franklin motor and the designed IPM submersible motor is provided in table 

9.3. The IPM motor has higher power and torque density than the Franklin motor. Thus, 

replacing the Franklin induction submersible motor by the proposed submersible IPM 

motor will reduce the overall length of the ESP by half, making it viable for wells where 

the length is a restricting factor such as deviated or horizontal wells. 

Symbol Name Value 

Np number of phases 3 

p number of pole pairs
 

3 

Irated rated line current 15 A 

frated rated frequency 180 Hz 

Prated rated power 10 HP 

Trated rated torque 20 N. m. 

Vrated rated voltage (L-L) 460 V 

Lqs q-axis inductance 0.008H 

Lds d-axis inductance 0.0048 H 

rs stator resistance/phase 0.417 Ω 

J Total inertia 0.02 Kg. m
2
 

Dm rotor damping constant 0.001 (N.m.)/rad./sec. 

𝜆𝑚 magnet flux linkage 0.2706 volts/rad./sec. 

 

 

 

 

Table 9.2. Specification of the 10-HP submersible IPM motor. 
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9.3 Sensorless Control of IPM-ESP Drives 

Electric submersible pump (ESP) motors are subjected to severe mechanical 

vibrations due to their unique construction. Also, the presence of gas and solids 

creates time varying transients in the downhole system. The price of an ESP system is 

only a small fraction of the total operating cost. ESP failures may result in a long 

downtime for the plant. The cost to replace and/or repair an ESP unit can run into 

millions of dollars, especially for offshore installations. Thus, the design of the 

control system for IPM motor driven ESPs must exhibit a high level of dynamic 

response, and should be extremely reliable. In order to meet these demands, the 

sensorless control strategy for submersible IPM drives is divided into the following 

sections: 

 Develop a rotor position sensing algorithm using the motor back-emf, 

Table 9.3. Comparison between a Franklin submersible motor and the IPM motor. 
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 implement a sensorless start-up V/f controller to run the IPM-ESP system at a low 

speed, 

 design a transition algorithm to switch the controller smoothly from the V/f to 

vector control technique, and 

 create a ramp-up procedure for the ESP drive towards a command speed using a 

sensorless vector controller. 

Figure 9.3 displays the flowchart of the sensorless control technique for IPM-ESP 

drives. The IPM-ESP drive is started using a sensorless V/f controller that uses the 

estimated position of the motor. The V/f uses estimated d-q axes currents of the motor and 

the estimated active power to provide active damping to the system for avoiding any 

significant torsional vibration. The rotor stabilization is checked with the on-line hunting 

diagnostic algorithm presented in chapter 8. The hunting diagnostic algorithm monitors 

the degree of rotor stabilization using the stator current signal. After successful 

stabilization of the rotor, the diagnostic algorithm provides a command signal to switch 

the controller from a sensorless V/f technique to a sensorless vector control technique for 

improving the dynamic performance and efficiency of the IPM-ESP drive system. The 

vector controller can be operated at either unity power factor mode or maximum torque 

per ampere (MTPA) mode. The MTPA mode of operation improves the efficiency of the 

IPM motor, maximizes its capability to produce high output torque and makes it viable 

for wide-speed operations. 
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Figure 9.3. Flowchart of the sensorless controller for IPM-ESP drives. 
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9.3.1 Estimation of the Rotor Position Using Motor Back-Emfs 

The d-q axis model of an interior permanent magnet motor can be expressed as [26], 

𝑑𝑖𝑑𝑞

𝑑𝑡
= 𝐴𝑖𝑑𝑞 + 𝐵(𝑣𝑑𝑞 − 𝑒𝑑𝑞)                                              (9.1) 

where, 

𝑖𝑑𝑞 = [
𝑖𝑑𝑠
𝑖𝑞𝑠
] , 𝑣𝑑𝑞 = [

𝑣𝑑𝑠
𝑣𝑞𝑠
] , 𝑒𝑑𝑞 = [

𝑒𝑑𝑠
𝑒𝑞𝑠
]                                  (9.2) 

𝐴 = [
−
𝑅𝑠
𝐿𝑑𝑠

𝜔𝑟𝑒𝐿𝑞𝑠
𝐿𝑑𝑠

−
𝜔𝑟𝑒𝐿𝑑𝑠
𝐿𝑞𝑠

−
𝑅𝑠
𝐿𝑞𝑠

] , 𝐵 =

[
 
 
 
 
1

𝐿𝑑𝑠
0

0
1

𝐿𝑞𝑠]
 
 
 
 

                      (9.3) 

𝑖𝑑𝑞 are the currents in (𝑑 − 𝑞) axes with respect to rotor reference frame, 𝑣𝑑𝑞 are the 

input voltages in the (𝑑 − 𝑞) reference frame, 𝑒𝑑𝑞 are the back-emfs, 𝑅𝑠 is the stator 

phase resistance,  𝐿𝑑𝑠 and 𝐿𝑞𝑠 are the motor inductances in the (𝑑 − 𝑞) reference frame, 

and 𝜔𝑟𝑒 is the rotor electrical angular frequency. 

An IPM motor has high magnetic saliency which results in significant cross-coupling 

effects. Thus, the back-emfs in an IPM motor can be expressed as a function of motor 

saliency and the permanent magnet excitation. Expressing back-emfs as a function of 

saliency, (9.1)-(9.3) can be represented in the following forms [14]-[15],  

𝑑𝑖𝑑𝑞

𝑑𝑡
= [

−
𝑅𝑠
𝐿𝑑𝑠

𝜔𝑟𝑒𝐿𝑞𝑠
𝐿𝑑𝑠

−
𝜔𝑟𝑒𝐿𝑞𝑠
𝐿𝑑𝑠

−
𝑅𝑠
𝐿𝑑𝑠

] [
𝑖𝑑𝑠
𝑖𝑞𝑠
] +

[
 
 
 
1

𝐿𝑑𝑠
0

0
1

𝐿𝑑𝑠]
 
 
 

 [
𝑣𝑑𝑠 − 𝑒𝑑𝑠
𝑣𝑞𝑠 − 𝑒𝑞𝑠

]               (9.4) 
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𝑒𝑑𝑞 = [
𝑒𝑑𝑠
𝑒𝑞𝑠
] = [

0

𝜔𝑟𝑒[(𝐿𝑑𝑠 − 𝐿𝑞𝑠)𝑖𝑑𝑠 + 𝜆𝑚] − (𝐿𝑑𝑠 − 𝐿𝑞𝑠)
𝑑𝑖𝑞𝑠
𝑑𝑡

]      (9.5)  

where  𝜆𝑚 is the flux linkage due to permanent magnet excitation and 𝑒𝑑𝑞 are the 

extended back-emfs.               

The proposed sensorless control technique estimates back-emfs of the IPM motor 

in the alpha-beta (𝛼 − 𝛽) reference frame. The model of an IPM motor in (9.5) is 

converted into the (𝛼 − 𝛽) frame using the following equation [14], 

𝑑𝑖𝛼𝛽

𝑑𝑡
= 𝐴𝑒𝑥𝑡𝑖𝛼𝛽 + 𝐵𝑒𝑥𝑡(𝑣𝛼𝛽 − 𝑒𝛼𝛽

𝑒𝑥𝑡)                                          (9.6) 

where, 

𝑖𝛼𝛽 = [
𝑖𝛼
𝑖𝛽
] , 𝑣𝛼𝛽 = [

𝑣𝛼
𝑣𝛽
] , 𝑒𝛼𝛽

𝑒𝑥𝑡 = [
𝑒𝛼
𝑒𝑥𝑡

𝑒𝛽𝑒𝑥𝑡
]                                  (9.7) 

 

𝐴𝑒𝑥𝑡 = [
−
𝑅𝑠
𝐿𝑑𝑠

−(1 − 𝜁)𝜔𝑟𝑒

(1 − 𝜁)𝜔𝑟𝑒 −
𝑅𝑠
𝐿𝑑𝑠

] , 𝐵𝑒𝑥𝑡 =

[
 
 
 
1

𝐿𝑑𝑠
0

0
1

𝐿𝑑𝑠]
 
 
 

                   (9.8) 

where 𝑖𝛼𝛽 are the currents in the (𝛼 − 𝛽) reference frame, 𝑣𝛼𝛽 are the input voltages in 

the (𝛼 − 𝛽) reference frame, 𝑒𝛼𝛽
𝑒𝑥𝑡 are the extended back-emfs and 𝜁 =

𝐿𝑞𝑠

𝐿𝑑𝑠
 is the 

saliency ratio. 

Sensorless control of an IPM motor using its extended back-emfs requires the 

knowledge of the instantaneous rotor angular speed. Thus, it is sensitive to speed 

transients. In order to remove the speed dependency from the back-emf estimation 

(a) 
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algorithm, the equivalent emf can be used instead of the extended emf to model the 

dynamics of an IPM motor [24]. The equivalent emf based model of an IPM motor in the 

(𝛼 − 𝛽) reference frame is given below [24], 

𝑑𝑖𝛼𝛽

𝑑𝑡
= 𝐴′𝑖𝛼𝛽 + 𝐵

′(𝑣𝛼𝛽 − 𝑒𝛼𝛽
′ )                                         (9.9) 

where 

𝐴′ = [

−
𝑅𝑠
𝐿𝑞𝑠

0

0 −
𝑅𝑠
𝐿𝑞𝑠

] , 𝐵′ =

[
 
 
 
 
1

𝐿𝑞𝑠
0

0
1

𝐿𝑞𝑠]
 
 
 
 

, 𝑒𝛼𝛽
′ = [

𝑒𝛼
′

𝑒𝛽′
]          (9.10) 

Equivalent back-emfs in the (𝛼 − 𝛽) reference frame are related with the motor actual 

emf based on the following relationship [24], 

𝑒𝛼
′ = −[(2𝐿1)𝑖𝑑𝑠𝜔𝑟𝑒 + 𝐸] sin 𝜃𝑟𝑒                         (9.11) 

𝑒𝛽
′ = [(2𝐿1)𝑖𝑑𝑠𝜔𝑟𝑒 + 𝐸] cos 𝜃𝑟𝑒                           (9.12) 

where = 𝜔𝑟𝑒𝜆𝑚 , 𝜃𝑟𝑒 is the rotor electrical angular position and, 

𝐿1 =
𝐿𝑑𝑠 − 𝐿𝑞𝑠

2
                                                           (9.13) 

A non-linear sliding mode observer is designed to estimate the motor back-emfs of an 

IPM motor from its equivalent model presented in (9.9)-(9.13). These estimated back-

emfs are used to calculate the rotor position 𝜃𝑟𝑒.  
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Figure 9.4 presents the overall block diagram of the back-emf estimation 

algorithm. The non-linear sliding mode observer for estimating the rotor position can 

be expressed as [28]-[29], 

𝑑𝑖𝛼𝛽̂

𝑑𝑥
= 𝐴𝑖𝛼𝛽̂ + 𝐵𝑣𝛼𝛽 − 𝑒𝛼𝛽

𝑐𝑜𝑛                                             (9.14) 

𝑒𝛼𝛽
𝑐𝑜𝑛 = [

𝑒𝛼
𝑐𝑜𝑛

𝑒𝛽
𝑐𝑜𝑛] = [

𝑘 ∗ 𝑠𝑔𝑛(𝑖𝛼̂ − 𝑖𝛼)

𝑘 ∗ 𝑠𝑔𝑛(𝑖𝛽̂ − 𝑖𝛽)
]                             (9.15) 

where 𝑖𝛼𝛽̂ are estimated currents in the (𝛼 − 𝛽) reference frame, 𝑒𝛼𝛽
𝑐𝑜𝑛 are the control 

signals obtained using the sliding mode controller, k is switching gain which is chosen as 

sufficiently high for the observer stability. The detailed proof of the SMO stability is 

provided in the appendix.  

The equivalent emfs 𝑒𝛼𝛽
′ are obtained by performing low pass filtering operations 

on the discontinuous control signals  𝑒𝛼𝛽
𝑐𝑜𝑛.  𝑒𝛼𝛽

′  can be obtained using the following 

expression, 

𝑒𝛼𝛽
′   =

𝜔𝑐
2

𝑠2 + 2𝜉𝜔𝑐𝑠 + 𝜔𝑐2
𝑒𝛼𝛽
𝑐𝑜𝑛                                      (9.16) 

where 𝜔𝑐 is the cut-off frequency and 𝜉 is the damping ratio.  𝜔𝑐 is varied adaptively with 

the command frequency and 𝜉 is chosen judiciously for minimizing the phase lag in the 

system. 
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The rotor position and speed can be calculated using the following equation: 

𝜃𝑟𝑒
𝑒𝑠𝑡 = −arctan (

𝑒𝛼
′

𝑒𝛽′
) +  𝜃𝑐𝑜𝑚                                  (9.17) 

𝜔𝑟𝑒
𝑒𝑠𝑡 =

𝑑𝜃𝑟𝑒
𝑒𝑠𝑡

𝑑𝑡
                                                                  (9.18) 

where 𝜃𝑟𝑒
𝑒𝑠𝑡 is the estimated rotor electrical angular position and 𝜃𝑐𝑜𝑚 is the phase 

compensation due to the phase delay incurred by the low pass filter.  

Although the arctan calculation has no intrinsic phase lag, it is sensitive to signal to 

noise ratio. It can provide a significant rotor position estimation error when there is noise 

in the system. SMO suffers from an inherent chattering phenomenon and introduces noise 

in the system. Thus, applying the arctan operation on the extended back-emfs obtained 

from the SMO for estimating the dynamic rotor position can create significant chattering 

Figure 9.4. Block diagram of the back-emf estimation algorithm. 
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in the estimated rotor position. Also, the differentiation operation for obtaining the 

motor speed can cause singularity phenomena during implementation. 

In order to avoid the chattering and singularity phenomena, an observer is applied 

to calculate the rotor electrical speed and position using 𝑒𝛼𝛽
′ . The equivalent emfs can 

be expressed as, 

𝑒𝛼
′ = −𝐸𝑠𝑎𝑙 sin 𝜃𝑟𝑒 − 𝜔𝑟𝑒𝜆𝑚 sin 𝜃𝑟𝑒                      (9.19)  

𝑒𝛽
′ = 𝐸𝑠𝑎𝑙 cos 𝜃𝑟𝑒 + 𝜔𝑟𝑒𝜆𝑚 cos 𝜃𝑟𝑒                        (9.20) 

where 𝐸𝑠𝑎𝑙 = (2𝐿1)𝑖𝑑𝜔𝑟𝑒. 

Assuming 𝐸𝑠𝑎𝑙 ≪ 𝜔𝑟𝑒𝜆𝑚, the extended back-emfs can be expressed as, 

𝑒𝛼
′ = −𝜔𝑟𝑒𝜆𝑚 sin 𝜃𝑟𝑒                                                (9.21) 

𝑒𝛽
′ = 𝜔𝑟𝑒𝜆𝑚 cos 𝜃𝑟𝑒                                                  (9.22) 

Using (9.20) and (9.21), an observer similar to [8] can used to calculate the rotor 

electrical position and speed. The observer also avoids the differentiation operation of 

the rotor position for obtaining the motor speed as it creates singularity phenomena 

during implementation. It can be formulated as [8], 

𝑑𝑒𝛼̂
𝑑𝑥

= −𝜔𝑟𝑒̂𝑒𝛽̂ − 𝑙(𝑒𝛼̂ − 𝑒𝛼
′)                                       (9.23) 

𝑑𝑒𝛽̂

𝑑𝑥
=  𝜔𝑟𝑒̂𝑒𝛼̂ − 𝑙(𝑒𝛽̂ − 𝑒𝛽

′)                                         (9.24) 

𝑑𝜔𝑟𝑒̂
𝑑𝑥

=  (𝑒𝛼̂ − 𝑒𝛼
′)𝑒𝛽̂ − 𝑒𝛼̂(𝑒𝛽̂ − 𝑒𝛽

′)                       (9.25) 

𝜃𝑟𝑒
𝑒𝑠𝑡 = −arctan (

𝑒𝛼̂
𝑒𝛽̂
)                                                   (9.26) 
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where 𝑒𝛼̂, 𝑒𝛽̂ and 𝜔𝑟𝑒̂ are the estimated back-emfs in the α-β reference frame and rotor 

electrical speed, respectively and l is the observer gain. The magnitude of l is less than k 

but sufficiently high to gain fast convergence. 

9.3.2 Sensorless V/f Controller for Starting an IPM-ESP Drive 

Figure 9.5 presents a block-diagram of the designed sensorless V/f controller. The 

controller consists of double stabilization loops. The first loop calculates the command 

voltage for the motor drive using the line current feedbacks from the current sensors and 

the estimated back-emfs from the observer. It also performs the voltage stabilization 

using the current feedbacks and compensates for voltage drops in the line resistance 

[22].  As the load torque for ESPs varies with the speed, the stabilizing loop changes the 

command voltage dynamically. The equations for the voltage stabilizing loop are 

expressed as, 

𝑉𝑠
∗ = 𝑖𝑞

𝑒𝑅𝑠 +√(𝐸0)2 + (𝑖𝑞
𝑒)
2
𝑅𝑠2 − 𝐼𝑠2𝑅𝑠2                                                 (9.27)   

𝑖𝑞
𝑒 =

2

3
{𝑖𝑎 cos 𝜃𝑟𝑒

𝑒𝑠𝑡 + 𝑖𝑏 cos(𝜃𝑟𝑒
𝑒𝑠𝑡 −

2𝜋

3
) + 𝑖𝑐 cos(𝜃𝑟𝑒

𝑒𝑠𝑡 +
2𝜋

3
)}         (9.28) 

  𝐼𝑠 = √(𝑖𝛼)2 + (𝑖𝛽)
2
                                                                                    (9.29) 

𝐸0 = 𝜔𝑟𝑒̂𝜆𝑚                                                                                                  (9.30) 

where 𝑉𝑠
∗ is the command voltage, 𝐸0 is the estimated back-emf and  𝑖𝑞

𝑒 is the estimated 

q-axis current. 
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The second stabilizing loop is needed for variable speed IPM motors incapable of 

self-starting. This loop works to modulate the applied frequency to the motor drive in 

order to prohibit the rotor from losing the synchronism with the stator field. The 

frequency stabilizing loop provides the necessary damping to the motor by active 

power perturbation [22]. The equations for the frequency stabilizing loops are given 

below: 

𝑃 =
3

2
(𝑉𝑑𝑖𝑑

𝑒 + 𝑉𝑞𝑖𝑞
𝑒) = 𝑃0 + ∆𝑃                                            (9.31) 

∆𝑃 =
3

2
∆𝑉𝑑𝑖𝑑

0 +
3

2
𝑉𝑑
0∆𝑖𝑑 +

3

2
∆𝑉𝑞𝑖𝑞

0 +
3

2
𝑉𝑞
0∆𝑖𝑞                  (9.32) 

Figure 9.5. Sensorless V/f control algorithm for starting the IPM-ESP drive. 



 

327 

 

∆𝜔𝑒 = −𝑘𝜔∆𝑃; 𝑘𝜔 =
𝑘𝑝

𝜔0
; 𝜔0 = 2𝜋𝑓0                                (9.33) 

𝜔∗ = 𝜔0 + ∆𝜔𝑒                                                                        (9.34) 

where P is the active power, 𝑖𝑑
𝑒  and  𝑖𝑞

𝑒 are the estimated d-q axes currents, respectively, 

𝑉𝑑 and 𝑉𝑞 are d-q axes command voltages, respectively, ∆𝑃 is the perturbed active power 

obtained using a high-pass filter, ∆𝜔𝑒 is the frequency damping coefficient and 𝜔∗is the 

command angular frequency. 

9.3.3 Sensorless Vector Controller for IPM-ESP Drives 

Figure 9.6 illustrates a block diagram of the developed sensorless vector control 

technique for a submersible IPM-ESP drive system. Decoupled PI-controllers are used to 

generate the reference d-q axes voltages to the 6-pulse PWM generator. The simplified d-

axis current loop is presented in Figure 9.7. The id,ref is considered zero for unity power 

factor operation of the IPM motor. 𝐾𝑖𝑑 and 𝑇𝑖𝑑 are the proportional gain and integral time 

constant of the d-axis current PI controller, respectively. 𝐿𝑑 is the d-axis motor 

inductance and, motor d-axis times constants can be expressed as [26], 

𝐾𝑚𝑑 =
1

𝑅𝑠
, 𝑇𝑚𝑑 =

𝐿𝑑
𝑅𝑠
                                                    (9.35) 
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Figure 9.6. Sensorless vector control technique for the IPM-ESP drive. 

Figure 9.7. The simplified d-axis current controller. 
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Figure 9.8 illustrates the simplified speed and q-axis current loops. The reference q-

axis current iq,ref is calculated from the speed controller. 𝐾𝑖𝜔 , 𝐾𝑖𝑞 and 𝑇𝑖𝜔, 𝑇𝑖𝑞 are the 

proportional gains and integral time constants of the speed PI controller and q-axis 

current PI controller, respectively. 𝐿𝑑 is the d-axis motor inductance and motor q-axis 

times constants are given by [26], 

𝐾𝑚𝑞 =
1

𝑅𝑠
, 𝑇𝑚𝑞 =

𝐿𝑞

𝑅𝑠
                                                       (9.36) 

The q-axis reference current is obtained from the PI speed controller. The d-axis 

current is calculated from the maximum torque per amp (MTPA)-trajectory of an IPM 

motor, as shown in Figure 9.9.  

The d- axis reference current for the MTPA control can be expressed as [27], 

𝑖𝑑,𝑟𝑒𝑓 =
𝜆𝑚

2(𝐿𝑑𝑠 − 𝐿𝑞𝑠)
− √

𝜆𝑚2

4(𝐿𝑞𝑠 − 𝐿𝑑𝑠)
2 + 𝑖𝑞,𝑟𝑒𝑓

2                       (9.37) 

𝐼𝑟𝑒𝑓 = √𝑖𝑑,𝑟𝑒𝑓
2 + 𝑖𝑞,𝑟𝑒𝑓

2                                                                         (9.38) 

where 𝐼𝑟𝑒𝑓 is the reference stator phase current to follow the MTPA trajectory of the 

motor. The d-q axis inductances and 𝜆𝑚 are obtained from the finite element simulation 

results using ANSYS Maxwell.  
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Figure 9.8. The simplified speed and q-axis current controllers. 

Figure 9.9. The MTPA trajectory for an IPM motor. 
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9.4 Simulation Results 

The proposed sensorless control technique is simulated for a 3-phase, 6-pole, 460V, 

10-HP IPM-ESP drive system. The parameters of the submersible IPM motor are 

obtained from finite element simulations using Ansys Maxwell. The ESP load is 

modelled using the characteristics curves of a standard 3-stage centrifugal pump as shown 

in chapter 5. The control system is implemented in the Matlab/Simulink environment. 

The dc-link voltage of the inverter is selected as 800V. The performance of the control 

system is tested for different command frequencies. The load torque for the motor 

induced by the ESP varies with the rotor speed. Figures 9.10a-9.10c illustrate the load 

torque behavior of the ESP system for different command frequencies. The command 

frequency is applied on the motor drive system gradually using a rate limiter in order to 

reduce torsional vibration in the system. The load torque for a ESP motor drive is low 

during start, making the V/f controller a feasible control strategy for starting of the motor. 

It becomes gradually higher with the rising speed of the motor drive, becoming steady 

when the applied frequency matches the command frequency.  
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The actual vs. estimated run-up responses of the IPM-ESP drive system using the 

sensorless control algorithm is presented in Figure 9.11. The ESP drive system is 

started at a command frequency of 15Hz using the sensorless V/f controller. The 

Figure 9.10. Variation of the ESP load torque with command frequency: (a) supply 

frequency, (b) speed and (c) ESP load torque. 
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control action is switched to sensorless vector control after the motor is stabilized at t = 

4s. The operating frequency is changed to a command frequency of 180Hz at t = 8s. The 

motor ramps up smoothly; reaching the synchronous speed with no significant speed 

overshoot. The command frequency is changed to 90Hz at t = 15s in order to observe the 

performance of the control system for the speed reversal phenomenon. The control 

system is able to track the command frequency without any significant rotor vibration. 

The speed observer converges quickly and precisely estimates the rotor speed. There is a 

strict agreement between actual and estimated rotor speeds. The slight oscillations in the 

estimated speed are created by chattering because of the sliding mode observer (SMO). 

 

 
Figure 9.11. Actual vs estimated run-up responses of the IPM motor. 
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The actual and estimated rotor positions during low and high speed operations are 

depicted in Figures 9.12 and 9.13, respectively. The developed sensorless controller 

can accurately track the rotor position without any noticeable phase delay.  

 

 
 

 

 

 

 

Figure 9.12. Actual vs estimated rotor position of the motor at low speed. 
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The trajectories of the position error between actual and estimated values for low 

speed as well as high speed operations are illustrated in Figure 9.14a and 9.14b, 

respectively. There exist some oscillations in the error trajectory due to the chattering 

phenomenon caused by the discontinuous switching of the SMO. However, this has 

negligible effects on the overall performance of the system as the developed PI 

controllers can reject the disturbances. 

Figure 9.13. Actual vs estimated position of the rotor at a high speed. 
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(a) 

 

 
(b) 

 

Figure 9.14. Trajectory of the position error for: (a) low speed operation and (b) high 

speed operation. 
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The d-q axis currents are illustrated in Figures 9.15a and 9.15b, respectively. The d-q 

axis currents are regulated to generate the necessary torque for the motor in order to keep 

it synchronized with the ESP. These currents also provide active stabilization to the 

system for maintaining a smooth operation with low torsional vibration. The d-axis 

current is regulated dynamically for operating the ESP drive at its best efficiency point. 

There is a close agreement between actual and estimated d-q axis currents that further 

validates the position sensing capability of the proposed control system. 

 

 
 

 

 

Figure 9.15. Actual vs. estimated currents: (a) d-axis and (b) q-axis. 

(a) 

(b) 
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The electromagnetic torque and the rms line current are depicted in Figures 9.16a 

and 9.16b, respectively. The electromagnetic torque increases as the rotor speed goes 

up and settles down to a steady state value when the motor attains synchronism. The 

torque and current oscillations are reduced when the control strategy is switched from 

the sensorless V/f controller to the sensorless vector controller. 

 

 

 

Figure 9.16. Responses of the motor: (a) torque and (b) line current. 
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The performance of the developed sensorless controller for a step change in the 

command frequency is demonstrated in Figure 9.17. The motor was operating at a 

command frequency of 180Hz using the standard sensorless vector controller. The 

command frequency is changed to 120Hz at t = 12s. The sensorless controller is able to 

smoothly track the command frequency, and is able to stabilize the rotor at the operating 

frequency.  

 

 

In order to investigate the robustness of the controller, a sudden step change in the 

load torque is introduced in the system at t = 14s which is depicted in Figure 9.18a. The 

speed and torque responses are presented in Figures 9.18b and 9.18c, respectively. The 

controller exhibits high dynamic performance by fast stabilization of the rotor speed for 

Figure 9.17. Performance of the controller for a step change in the command frequency. 
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maintaining the motor synchronization. The rotor experiences slight speed 

undershoots but overcomes it very quickly by the control action. This phenomenon is 

shown in Figure 9.18b.  

 

 

Figure 9.18. Performance of the sensorless controller for a step change in the load: (a) 

load torque, (b) speed and (c) electromagnetic torque. 
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Figures 9.19a and 9.19b illustrate the performance of the SMO for a step change in 

the load torque. The SMO can track the dynamic changes in the motor position and speed 

confidently during sudden speed/torque variations. There are no phase lags and speed 

estimation errors during a sudden change in the speed of the motor. 

 

Figure 9.19. Performance of the sensorless controller for a step change in the load: (a) 

actual vs. estimated rotor position and (b) actual vs. estimated speed of the rotor. 
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9.5 Conclusion 

This chapter presents a novel sensorless control strategy for submersible IPM 

motor drives. The proposed technique does not require any high frequency signal 

injections for starting an IPM motor unlike existing sensorless control techniques for 

IPM motor drives. The effectiveness of the algorithm is investigated on a 10-HP 

submersible IPM motor drive using Matlab/Simulink. Simulation results confirm the 

proposed control technique can start an IPM motor from stand-still without the need 

for position sensors. The developed sensorless vector controller can reliably operate 

the IPM-ESP drive at high speeds. It is robust against any sudden change in the 

operating condition for the motor drive. 

Appendix 

The sliding surface for a sliding mode observer (SMO) is selected based on the 

variable structure theory, and follows the trajectory of the error. The surfaces of the 

SMO for back-emf estimation are given by, 

𝑆𝛼 = 𝑖𝛼̂ − 𝑖𝛼                                                            (9.39) 

𝑆𝛽 = 𝑖𝛽̂ − 𝑖𝛽                                                            (9.40) 

The following Lyapunov function can be selected to prove the stability of the SMO [23], 

𝑉 =
1

2
(𝑆𝛼

2 + 𝑆𝛽
2)                                                (9.41) 

where V is a positive definite function. 

The sliding mode observer is stable if the following condition is met [27]-[28], 

𝑉𝑉̇ ≤ 0                                                                      (9.42) 
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As V is a positive definite function, the following condition must be satisfied in order to 

meet the condition in (9.40), 

𝑉̇ ≤ 0                                                                       (9.43) 

Differentiating (9.41), one gets, 

𝑉̇ = 𝑆𝛼𝑆𝛼̇ + 𝑆𝛽𝑆𝛽̇                                                  (9.44) 

or, 

𝑉̇ = (𝑖𝛼̂ − 𝑖𝛼)(𝑖𝛼̇̂ − 𝑖𝛼̇) + (𝑖𝛽̂ − 𝑖𝛽)(𝑖𝛽̇̂ − 𝑖𝛽̇)                         (9.45) 

Using (9.14) and (9.15),  

𝑆𝛼̇ = (𝑖𝛼̇̂ − 𝑖𝛼̇) = −
𝑅

𝐿𝑞
(𝑖𝛼̂ − 𝑖𝛼) − 

𝑘

𝐿𝑞
 sgn(𝑖𝛼̂ − 𝑖𝛼) +

1

𝐿𝑞
𝑒𝛼
′             (9.46) 

𝑆𝛽̇ =  (𝑖𝛽̇̂ − 𝑖𝛽̇)  = −
𝑅

𝐿𝑞
(𝑖𝛽̂ − 𝑖𝛽) − 

𝑘

𝐿𝑞
 sgn(𝑖𝛽̂ − 𝑖𝛽) +

1

𝐿𝑞
𝑒𝛽
′             (9.47) 

Replacing (9.46) and (9.47) into (9.44), the following expression is obtained, 

𝑉̇ = −
𝑅

𝐿𝑞
𝑆𝛼
2 −

𝑅

𝐿𝑞
𝑆𝛽
2 − 

𝑘

𝐿𝑞
(𝑖𝛼̂ − 𝑖𝛼)sgn(𝑖𝛼̂ − 𝑖𝛼) +

1

𝐿𝑞
𝑒𝛼
′ (𝑖𝛼̂ − 𝑖𝛼)                                    

− 
𝑘

𝐿𝑞
(𝑖𝛽̂ − 𝑖𝛽)sgn(𝑖𝛽̂ − 𝑖𝛽) +

1

𝐿𝑞
𝑒𝛽
′ (𝑖𝛽̂ − 𝑖𝛽)                       (9.48) 

Simplifying (9.48), 

𝑉̇ = −
𝑅

𝐿𝑞
𝑆𝛼
2 −

𝑅

𝐿𝑞
𝑆𝛽
2 + 

1

𝐿𝑞
(𝑒𝛼
′ 𝑆𝛼 − 𝑘|𝑆𝛼|) +

1

𝐿𝑞
(𝑒𝛽
′ 𝑆𝛽 − 𝑘|𝑆𝛽|)                           (9.49) 

The condition in (9.43) will be satisfied for Lyapunov stability if the gain k is larger than 

both 𝑒𝛼
′  and 𝑒𝛽

′ . The gain k is selected to meet the following criterion, 

𝑘 ≥ max {𝑒𝛼
′ , 𝑒𝛽

′ }                                                     (9.50)  
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Selection of a sufficiently large gain k will meet the condition in (9.42) and will guarantee 

the stability of the sliding mode observe based on Lyapunov’s second method of stability 

[27]. 
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  Chapter 10

Conclusions and Future Works 

10.1 Research Conclusions 

A detailed analysis of the synchronization process for determining the critical slip 

and the critical inertia of a cage-equipped interior permanent magnet (IPM) motor for 

both constant loads and dynamic fluid pumping loads is carried out for the first time 

in chapter 2 of this thesis. Chapter 2 has established that although a cage-equipped 

IPM motor is a favorable alternative to an induction motor in the case of both constant 

and variable loads, its synchronization capability becomes limited if the load inertia 

goes up. This chapter also provides a new simplified algorithm to evaluate the critical 

criteria of an IPM motor’s synchronization capability for high inertial fluid pumping 

loads. 

Chapter 3 of this thesis has dealt with the equivalent circuit modeling of self-

starting hysteresis IPM motors. The magnetic and electrical equivalent circuits of 

hybrid hysteresis IPM motors using a new elliptical approximation of the hysteresis 

loops are presented in this thesis. The developed equivalent circuit models consider 

the dynamic variation of the rotor hysteresis impedances during line starting from a 

balanced ac supply. The results obtained from the equivalent circuit models are 

compared with finite element simulation results and experimental test results. The 

developed equivalent circuits can confidently predict the run-up responses of 

hysteresis IPM motors when fed directly from the line. 
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Chapter 4 introduces a new type of self-starting IPM motor named radial flux 

hysteresis IPM motor. A comparison between circumferential flux and radial flux type 

hysteresis motors is provided in this chapter. The design of a 1-HP radial flux hysteresis 

IPM motor is provided in chapter 4. Parametric analysis of the motor is conducted for 

variations of different design parameters. The proposed radial flux hysteresis IPM motor 

has higher starting and synchronization capabilities than similar circumferential flux 

hysteresis and cage-equipped IPM motors. It also reduces the amount of rare earth 

magnets in the rotor. The proposed motor is highly efficient and has high power factor. 

Chapter 5 provides a short description of the artificial lift technology. A detailed 

modeling of the mechanical dynamics of an ESP drive system is provided in this chapter. 

It presents an original analysis of a hysteresis IPM motor driven ESP system for different 

shaft geometries using bond graph simulations. The effects of shaft diameter and shaft 

length on the pump torsional vibration are also presented in this chapter. 

In chapter 6, a soft-starter using a voltage source inverter drive is designed for 

operating a hysteresis IPM motor driven ESP system. The soft-starter limits the amount of 

inrush torque on the ESP system, reducing the mechanical stress on pump impellers. This 

chapter does an original investigation on the damping capability of a hysteresis ring for 

IPM motors. Chapter 6 establishes the fact that a hysteresis IPM motor has inherent 

damping capability and does not require any active damping using an external controller. 

Chapter 7 presents an original investigation of the hunting phenomenon in self-start 

IPM motors. An IPM motor suffers from inherent hunting during starting and 

synchronization periods. Sustained hunting also takes place in an IPM motor if it fails to 

synchronize with the stator field. Chapter 7 analyzes the effects of hunting induced rotor 
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oscillations on the stator current signal of the motor. It presents a motor current 

signature for detection of hunting in IPM motor drives. An offline diagnosis of 

hunting in a cage-equipped self-starting IPM motor drive using short-time Fourier 

transform and wavelet packet decomposition techniques are presented in this chapter. 

Chapter 8 presents a new algorithm for on-line diagnosis of hunting in IPM motor 

drives. A multi-resolution analysis of the stator current signal using wavelet packet 

decomposition is carried out in real time for identifying the presence of hunting in the 

drive system. In this chapter, a novel technique for determining the severity of 

hunting is also provided in order to avoid false alarms. The developed algorithm is 

first verified by finite element simulations for 1-HP and 5-kW IPM motor drives. Real 

time experimental investigation is performed for the 1-HP motor drive. 

Chapter 9 proposes a novel sensorless control strategy for submersible IPM motor 

drives. The design of a new 3-phase 6-pole 10-HP submersible IPM motor is 

presented in this chapter. An equivalent emf based position estimation algorithm is 

used to track the rotor position instantaneously. A sensorless V/f controller using the 

estimated rotor position is developed to start the IPM motor drive from standstill. A 

sensorless vector controller is designed to operate the motor drive at the command 

speed. The control action is switched from the sensorless V/f control to sensorless 

vector control when the rotor is stabilized after a successful start-up. Performances of 

the sensorless V/f and sensorless vector controller are investigated for the 10-HP IPM 

motor drive under various operating conditions. 
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10.2 Major Contributions 

The major contributions of this thesis are listed below: 

 A novel technique for determining the critical criteria for successful 

synchronization of interior permanent magnet motors with cage windings in the 

rotor is presented in chapter 2 of this thesis. The critical inertia vs. load torque for 

fluid pumping type of loads is provided in this thesis. The technique can be useful 

for designing a self-starting IPM motor drive for high inertial loads. 

 A new simplified way of modeling equivalent circuits of hybrid hysteresis interior 

permanent magnet motors using elliptical approximation of the hysteresis loop is 

provided in chapter 3 of this thesis. The developed equivalent circuits provided a 

close approximation of the dynamic behavior of a hysteresis IPM motor. This 

model is computationally less intensive than other modeling techniques for 

hysteresis and hybrid hysteresis motors. 

 A key contribution of this thesis is the introduction of a new hybrid self-starting 

IPM motor in chapter 4. This motor is named radial flux hysteresis IPM motor. It 

indicates higher torque density than the previously developed circumferential flux 

type hysteresis IPM motor. It also demonstrates higher starting and 

synchronization capabilities than conventional squirrel cage IPM motors. This 

motor can be a potential replacement of the cage IPM motor. 

 An analysis of the mechanical dynamics of an ESP drive system is carried out in 

chapter 5 of this thesis. The torsional dynamics of intermediate shafts between 
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pump impellers is modelled in this thesis. Bond graph modeling of a hysteresis 

IPM motor driven ESP system is provided for the first time in this thesis.  

 An analysis of hunting phenomenon for self-starting IPM motor drives is 

presented for the first time in chapter 7 of this thesis. The effect of hunting on the 

stator current signal of an IPM motor is mathematically modelled. Frequency 

domain analysis of the stator current is carried out using various signal processing 

techniques to detect hunting in the motor drive system.  

 A new algorithm for real time diagnosis of hunting in IPM motor drives is 

presented in chapter 8 of this thesis. The proposed algorithm is simulated and 

experimentally validated. It is non-intrusive and highly suitable to be a part of the 

protection relay for remote condition monitoring of ESP systems. 

 The final contribution of this thesis is a novel sensorless control technique for 

submersible IPM motor drives powered by long downhole cables. The developed 

sensorless controller can accurately estimate the rotor position of an IPM motor, 

considering the motor magnetic saliency. It is also robust and can start an IPM 

motor drive from the stand still position without any significant rotor vibration. It 

is applicable to both self-starting and variable speed IPM motor drives. 

 

 

 

 

 



 

353 

 

10.3 Future Works 

Each chapter of this thesis explores areas of research that can be further investigated 

in future. This study has focused on different aspects of self-starting interior permanent 

magnet motor drives. The starting and synchronization of self-starting IPM motors have 

been the major area of research in this thesis. Future works for this thesis may include the 

following:  

 Further experimental studies will be carried out in future to perform more detailed 

investigation on the synchronization capability of cage-equipped IPM motors for 

high inertial loads. 

 Analytical and experimental studies will be carried out in future for exact 

modeling of a hysteresis IPM motor including higher harmonics and 

nonlinearities. 

 Further research will be carried out to minimize torque ripples and total harmonic 

distortions in hysteresis IPM motors.  

 Future works will be carried out to integrate the online hunting detection 

technique in a protection relay system for remote monitoring of practical 

applications such as ESP and compressor drive systems. 

 A prototype submersible self-starting hysteresis IPM motor will be designed and 

fabricated in future. 

 The start-up and synchronization capability of the motor for various operating 

conditions will be investigated. 
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 The sensorless controller for the prototype submersible IPM motor will be 

implemented to operate a multi-stage centrifugal pump drive system for lifting 

viscous fluids.  

 Analysis of the robustness of the sensorless controller for noise and disturbance 

scenarios will be a subject matter for future works. 

 The effects of electromagnetic transients in an offshore power system including 

long power cables and a load side transformer will be investigated in future. 

 Further works will be carried to develop a hunting suppression control technique 

for submersible IPM-ESP motor drives. 

 


