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ABSTRACT 

 

MITIGATION OF VIBRATION IN A PERMANENT MAGNET 

SYNCHRONOUS MACHINE USING FIELD 

RECONSTRUCTION  

 

 

 

 

Umamaheshwar Krishnamurthy, PhD. 

 

The University of Texas at Arlington, 2008. 

 

Supervising Professor:  Dr. Babak Fahimi 

Permanent magnet synchronous machines (PMSM) are widely used due to their 

unique characteristics including high efficiency, high power density, simple 

construction, simple maintenance, and relative ease of control. With increasing need for 

automation, survivable and fault tolerant motor drives are highly in demand in many 

sectors of industry. Advancement in the area of modern power electronics has allowed 

researchers a great deal of flexibility in implementing complex control routines. While 

considerable of focus has been placed on improving schemes of control, not much effort 

has been put improvements in the performance of electric drives.  
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It is also important to note that in some cases solving a problem has resulted in 

counter effects on other performance indices of the energy conversion device. This 

study investigates a new approach to solving these problems. It presents a design and 

analysis technique based on the required target specification for each system. Salient 

attributes of this approach include:  

• Development of a systematic synthesis methodology for PMSM drives. 

• Development of a new optimal control resulting in 75% reduction in 

torque pulsation of PMSM drive. 

• Development of a control method for independent control of the 

tangential and normal components of the electromagnetic force.  

Quiet, vibration-free operation of an electric drive is a prime objective in naval 

and military applications. By manipulating the tangential and normal components of 

magnetic field in various parts of the machine, acoustic noise owing to radial and 

tangential vibrations have been mitigated. The method presented offers a new numerical 

technique for analysis and design of a PMSM. This technique is time- efficient and 

offers an insightful version of the magnetic field in the machine. It combines ideas from 

electromechanical energy conversion, signal reconstruction, pattern recognition, and 

power electronics to create novel solutions and paves the road for development of cost 

effective, highly efficient, survivable, and reliable electric motor drives.  
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CHAPTER 1 

INTRODUCTION 

 

Permanent magnet AC machines are synchronous motors with permanent 

magnets mounted on the rotor and poly-phase armature windings located on the stator. 

Since the field is provided by the permanent magnets, the PM machine has higher 

efficiency than induction or switched reluctance motors. It also draws better power 

factor and has higher power density. The advantages of Permanent Magnet 

Synchronous Machines (PMSM), combined with the decreasing cost of permanent 

magnets, have led to their widespread use in many variable-speed drives such as robotic 

actuators, computer disk drives, domestic appliances, automotive applications, and 

heating-ventilating-air conditioning (HVAC) equipment. 

Furthermore, rapid automation of many sectors of industry has led to a need for 

survivable and fault tolerant motor drives. While a lot of focus has been placed on 

improving schemes of control, not much effort has been put into development of a 

systematic and integrative approach for improvement of performance in electric drives. 

Some of the outstanding issues for electric drive systems include:  

• Poor efficiency, especially at lower levels of power. 

• Poor energy conversion ratio (i.e. torque/amp). 

• High levels of tangential and radial vibration. 
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• Imminent lack of service during faults. 

Over the past three decades there have been numerous attempts for resolving 

these challenges. Advancement in the area of modern power electronics has allowed 

researchers a great deal of flexibility in implementing complex control routines. 

However, effective progress made in resolving these issues is incremental. It is also 

important to note that in some cases solving a problem has resulted in counter effects on 

other performance indices of the energy conversion device. This study investigates a 

new approach to solving these problems. It presents a design and analysis technique 

based on the required target specification for each system. 

In this study, it has been established that knowledge of magnetic field 

distribution in this machine gives an in-depth understanding of force distribution in 

various parts of the machine. Availability of improved computational capability has 

made finite element (FE) analysis a popular tool to accurately characterize the machine. 

Based on this information, employment of microscopic electromechanical energy 

conversion scheme can be employed to give us the following benefits- 

• Fault tolerant, survivable design. 

• Reduction of acoustic noise. 

• Reduction of stator frame vibration and torque ripple. 

• Improvement of efficiency. 

• Optimal design of electric machines based on target performance. 
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1.1 Motivation 

Permanent magnet synchronous machines have received increasing attention 

over the past decade. This is largely due to a high torque-to-loss ratio. Majority of 

conventional control techniques for a PMSM assume a purely sinusoidal back 

electromotive force (EMF) to obtain a constant torque. However depending on the 

magnet shapes, windings arrangement, thickness of back-iron, slot geometry and other 

mechanical properties, the flux distribution inside the machine can be significantly 

different. This in turn, leads to a back-EMF that has different shapes, ranging from 

almost sinusoidal to trapezoidal. As a result, periodic torque pulsations come into 

existence, which has now become an area of active research [1] - [11]. 

Quiet, vibration-free operation of an electric drive has been a prime objective in 

automotive, naval and military applications. By manipulating the tangential and normal 

components of magnetic field in various parts of the machine, acoustic noise due to 

radial and tangential vibrations can be mitigated. The method presented in this study 

offers a numerical technique for design, analysis and control of a PMSM. These 

techniques are time- efficient and offer an insightful view of the magnetic field in the 

machine. Some of the target applications for this technique include: 

• Automotive applications 

• Domestic appliances 

• Aerospace and naval systems. 

The scheme implemented in this study combines ideas from electromechanical 

energy conversion, signal reconstruction, pattern recognition, and power electronics to 
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create a versatile solution, which paves the road for development of cost effective, 

highly efficient, survivable, and reliable electric motor drive. The most salient attributes 

of this approach are:  

• The roles for the control scheme and magnetic design of the PMSM are 

individually investigated.  

• The design of the machine includes an optimal magnetic configuration 

and a pattern of excitation.  

• Tangential and radial components of the forces in the airgap are 

individually controlled.  

1.2 Background and Overview of Previous Work 

Vibration in electric machines can be classified in two broad categories- 

tangential and radial.  As the name suggests, radial vibration causes vibration of the 

motor frame along the normal direction while the tangential vibration forms pulsations 

in the resultant torque of the machine. The advent of modern control methodologies and 

advanced signal processing capabilities has granted researchers the freedom to explore 

improved machine topologies, advanced design techniques and enhanced control 

schemes.  

1.2.1 Torque Pulsation 

Torque pulsations in a PMSM can be attributed to various sources. It includes 

reluctance torque between stator teeth and permanent magnets (also known as cogging 

torque), asymmetric design of the machine, unbalanced phase windings, errors in 

feedback measurements or use of control schemes based on sinusoidal flux distribution 
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while using a machine with non-sinusoidal distribution. There is no single solution to all 

the above-mentioned problems; and several researchers have presented different 

methods to address some of them [1] – [13]. To mitigate torque pulsation acting on the 

rotor shaft and stator frame, two broad approaches can be identified- 

o Improving the design of the machine to influence flux distribution [12] - 

[13]. 

o Enhancing the control methodology [1].  

Optimization of design geometry, reconfiguring winding arrangement, 

optimizing permanent magnet setup has been seen to be useful in reducing cogging 

torque in the PMSM [2]. However this adjustment leads to replacement of the machine 

in drive system which is not always a feasible option.  

The second group of methods leads to an optimization scheme using 

information readily available from peripheral measurements. Several researchers have 

presented schemes in which current shaping is suggested as a technique to mitigate 

torque ripple [3], [4]. In the two papers, authors suggest the use of pre-programmed 

stator current excitations to cancel torque harmonic components. However the open 

loop feed-forward nature of control results in serious magnification of errors in case of 

slightly inaccurate information of output parameters. 

Several other approaches using a closed-loop control scheme have therefore 

been proposed with online estimation of desired parameters. Such techniques include 

self commissioning scheme [5], adaptive control algorithm [6] to achieve torque 

pulsation minimization, implemented with either speed or torque control loops where a 



 

 6

popular torque control schemes involves regulation using online estimated 

instantaneous values based on electrical subsystem variables only [7]–[10].  

1.2.2 Mechanical Vibration of Stator Frame 

Diagnosis of the cause for vibration of rotating machinery has seen 

advancement in modern times owing to development of sophisticated equipment, 

instrumentation and signal analysis methods (e.g., FFT). Identification of the cause of 

vibration as such is an inexact science and has been constantly attributed to various 

mechanical imperfections. A brief introduction to the common sources of vibration in a 

rotating machine is given below- 

1.2.2.1 Rotor Mass Unbalance Vibration 

The most common cause of excessive rotor vibration has been attributed to an 

unbalance in rotor mass. This issue typically is observable as excessive vibration in 

each mechanical cycle, often resulting in integer multiples of the synchronous 

frequency, which may also appear with high levels of unbalance-driven vibration. It 

must however be mentioned that the vibration components at integer multiples of the 

synchronous frequency are also possible symptoms of other vibration causes.  

1.2.2.2 Misalignment 

In [14] and [15], authors provide a description of vibration symptoms associated 

with shaft misalignment. Excessive misalignment typically produces a high level of 

axial vibration and a harmonic component in the radial direction appearing at twice of 

the running speed (2N). Misalignment is typically seen as a result of bent shaft, or 
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improperly seated bearings. These reasons are not the only cause, but are among several 

other reasons that might cause misalignment in the motor drive. 

1.3 Outline of Present Work 

This dissertation is divided into 6 chapters. The following section described the 

chapters is as described below. 

Chapter 2 describes the fundamentals of electromechanical energy conversion in 

a permanent magnet synchronous machine from an electromagnetic perspective. Using 

finite element analysis, an accurate model of the PMSM has been developed. Maxwell 

Stress Tensor method is used to quantify electromagnetic forces in the radial and 

tangential directions. 

Chapter 3 deals with the overall drive system that has been designed to carry out 

this experiment. Since the proposed technique involves intimate knowledge of the 

mechanical parameters, geometry and material properties, required steps and 

specifications of materials used have been discussed in detail. 

Chapter 4 introduces the concept of field reconstruction theory. The theory and 

mathematical explanation of the proposed concept have been discussed in detail. Using 

finite element analysis, the effects of geometrical specifications on development of 

“basis functions” and formation of a comprehensive model of the entire machine have 

been explained. 

Chapter 5 explores the generation of optimization of applied excitation profile 

using finite element analysis. Minimization of torque ripple (tangential pulsation) has 

been verified experimentally using the proposed technique.  
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Chapter 6 summarizes the results of this research and provides concluding 

remarks on the findings. 
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CHAPTER 2 

ELECTROMAGNETIC ENERGY CONVERSION IN A PMSM 

 

This chapter discusses various fundamental principles involved in a permanent 

magnet synchronous machine along with an introduction to the process of energy 

conversion from an electromagnetic perspective. Further, this chapter presents a 

qualitative analysis of the force distribution of force components in different parts of a 

3-phase and 5-phase PMSM. It gives an insight into the local tangential and normal 

force generation in various parts of the machine. This investigation provides 

information for design optimizations as well as enhancement of control circuitry. 

2.1 Modeling Using Finite Element Analysis 

An accurate analysis of an electrical rotating machine studies of the interaction 

between mechanical and electrical quantities. Finite element analysis (FEA) has become 

a mainstay for industrial design and analysis. It is the mathematical representation of a 

physical system which includes geometrical specifications, material properties and other 

applicable constraints. The main part of pre-processing a model developed in FEA 

involves defining a region of interest where the distribution of various parameters needs 

to be observed. The parameter to be determined from the analysis is assumed to act over 

each element in a pattern that can be defined mathematically. The number and type of 

elements is chosen to ensure that the distribution of the parameter desired over the 
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whole structure is effectively approximated by the combined elemental representations. 

Once the object is divided into the discrete units, the governing equations for each 

element are calculated and then assembled. This allows development of system 

equations that describe the behavior of the body as a whole. There are some general 

conditions in the process of mesh generation that enhance the results obtained from 

finite element analysis [17] – [19]- 

a) Distribution of nodes over the surface of the object is kept uniform. 

b) Symmetry of the meshing pattern should conform to the symmetry of the 

object. 

c) Aspect ratio of the mesh elements is kept as close as possible to unity, 

where aspect ratio is defined as the ratio of the width to height of the triangular element.  

d) Since weighted minimization of energy of all elements is the method 

employed to calculate the desired parameters, therefore the accuracy of the FE solution 

improves with uniformity and reduction in size of the elements. 

e) Finally in the meshing of a system with stationary as well as moving 

components, there is a need for an intermediate layer of mesh that can be distorted. For 

example in case of an electric machine, the airgap in the machine is split into a 

“stationary component” and a “motion component” at mid-airgap. In this case, the 

motional component of air completely encloses the moving rotor while the static part 

covers the stator up to an outside boundary. Here, the motional component of the airgap 

is the layer that is allowed to distort. 
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It is often noted that the mesh used for finite element analysis is not seen as a 

major factor in the analysis. Force calculation is a post-process calculation which is 

directly affected by field distribution calculated from FEA. In other words, the size of 

the mesh, uniformity and aspect ratio needs to be taken into account in the pre-

processing stage for better accuracy [17]-[19]. Keeping the above-mentioned points in 

mind, analysis of a PMSM using a 6-pole 5-phase configuration modeled in FEA as 

shown in figure 2.1.  

 

Figure 2.1: 2D Finite element model of a surface mount 6-pole 5-phase PMSM 

 

Figure 2.2 shows the distribution of the mesh in the rotor back iron, permanent 

magnet, air gap and one stator pole in the machine. The number of layers chosen in each 

component was decided based on the accuracy required. However an indefinite 

reduction in the mesh-element size is not possible.  This is because the number of 

elements influences the time required for simulation.  
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Figure 2.2: Meshing pattern in the model showing highly refined element size for 
enhanced accuracy in force estimation. 

 

The control algorithm for the present investigation is not critical. The 5-phase 

PMSM modeled using Finite Element Software- MagNet® as described above and was 

run under no-load condition at a constant speed of 1000 rpm. For this speed, the back 

EMF was recorded. Based on this curve, the initial position of the machine was 

calculated with reference to each magnetic pole. For a constant speed, the frequency of 

excitation was estimated and applied to the machine to produce maximum torque at a 

given speed using conventional sinusoidal excitation. It needs to be mentioned that this 

is not the maximum torque that can be extracted per RMS ampere for this machine. 

Highest value of torque is obtained for an excitation profile identical to the back EMF 

of the machine, i.e. for a radially magnetized magnet, the current profile would need to 
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be trapezoidal. For the chosen speed of operation, frequency of excitation was 

calculated to be 50 Hz. 

2.2 Fundamentals of Energy Conversion in a PMSM 

According to Faraday’s law, current-carrying conductor experiences a force 

when it is placed in a magnetic field [20] - [22]. This phenomenon is directly utilized in 

an electric machine. A magnetic circuit is primarily described by two vector quantities- 

flux density B (sometimes also known as magnetic induction) and field intensity H (also 

referred to as magnetic field strength, auxiliary magnetic field or magnetizing field). For 

several materials, the relationship between B and H is sufficiently linear over a large 

operating range, which is by equation (1). 

HB µ=  (2.1)

 

There are two broad classifications of machines- AC and DC with other sub-

classifications. The fundamental objective of most machines is to decouple the armature 

and field excitations such as that of a dc machine. The following subsection further 

simplifies the process of energy conversion in a PMSM. 

2.2.1 Basic Principle of Operation of a PMSM 

Electric machines are energy transducers which convert applied electrical 

energy to mechanical energy. There are two broad classifications of machines- AC and 

DC with other sub-classifications. The fundamental objective of most machines is to 

decouple the armature and field excitations such as that of a dc machine. A simplified 

illustration of the magnetic circuit of a single phase PMSM is shown in figure 2.3. This 
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figure illustrates the components of the machine which are active in the process of 

energy conversion. 

 

Figure 2.3: Simplified representation of a single phase PMSM showing various active 
components involved in energy conversion. 

 

As shown in figure 3, the rotor of a PMSM is equipped with a permanent 

magnet while the stator poles have concentrated windings, resulting in two independent 

sources of magneto-motive force (MMF). In this topology, the role of the permanent 

magnet is to magnetize the core of the machine. Under no-load condition, flux lines are 

uniformly distributed through the stator and rotor along a closed path. Leakage into the 

adjacent pole with opposite polarization is negligible. When an ac excitation is applied 

to the stator coils with a frequency corresponding to the mechanical speed of rotation, 

the fluxes generated due to the two sources interact to produce a resultant field. This 

field is non-uniform over the machine and is a function of magnitude of the 

instantaneous value of current in each phase. 
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2.2.2 Force Distribution in a PMSM 

Tangential and radial vibrations in the stator are major contributors to acoustic 

noise in electric machines. In order to mitigate vibration of the stator, we can either 

• Change the structural design of the stator. 

• Influence the flux distribution in the stator to profile tangential and radial 

forces acting on it.  

Researchers have preferred techniques such as introduction of flux barriers to 

bring about the flux profiling. To understand the energy conversion in the machine, we 

first need to review the basic concept of force generation in the machine. Concepts of 

radial and tangential forces need to be discussed. 

Radial forces are generally classified as the “unwanted” component of force. 

This is due to the fact that it is not in the direction of rotation of the machine. In fact it 

hinders the optimal utilization of energy by producing unwanted radial vibration in the 

stator frame. These forces are local units that have different effects on different parts of 

the machine. We quantify the tangential component of force in terms of torque, which is 

useful for the machine operation. However knowledge of radial forces in the machine 

gives us an incentive to find ways that can be used to mitigate vibration and acoustic 

noise. Using Maxwell stress method distribution of the radial and tangential force 

densities in the airgap of the machine can be expressed as per equations 2.2 and 2.3. 

)(
2

1 22

0
tnn BBf −=

µ  
(2.2)
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)(1

0
tnt BBf

µ
=  

(2.3)

 

Where 0and,,,, µtntn BBff denote normal and tangential component of the 

force density in airgap, normal component of flux density, tangential component of flux 

density, and absolute permeability respectively.  

Tangential forces are responsible for the generation of torque on the rotor and 

tangential vibration of the stator frame. The tangential forces so produced on the stator 

poles cause unwanted vibration in the stator frame. Therefore it goes on to say that 

mitigation of acoustic noise and vibration includes influencing not only the normal, but 

also the tangential forces. Some key points regarding force distribution in 

electromagnetic devices need to be mentioned- 

• Magnetic field density and magnetic energy inside the ferromagnetic 

material are very small. Therefore the force contribution from these components is very 

small. Such parts include the stator, and rotor back iron.  

• The relative permeability of permanent magnet is very close to unity. We 

know that air also has the same permeability. Therefore the force distribution in air and 

PM are identical for the same position if the points that are probed are close enough.  

• Radial forces throughout any component exhibit different magnitudes at 

different points. Therefore compensation cannot always be based on the average values 

measured in the machine. Local effects need to be taken into account. 

• Local saturation is seen at pole tips owing to a large concentration of 
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flux. This causes a much larger force at the tip of the stator poles that the rest of the 

pole.  

• At the surface of a material with high permeability, the tangential 

component of flux density is almost zero and the normal force density almost entirely 

depends on normal component of flux density. On the other hand the tangential 

component of force is almost zero at the surface of high permeable material for the 

same reason. 

• From energy point of view, almost all the energy exchange happens at 

the iron-air interface as the system moves [23]. In fact, a region with highest energy 

density is replaced by a region with almost zero energy density, i.e. the highest rate of 

energy change with incremental displacement happens at the interface of iron and air, 

thus almost all the force as the normal component produces on the surface of the iron 

toward the air. 

2.2.3 Fields and Forces at the interface between two materials 

The theory of continuity [24] plays a great role in explaining the distribution of 

tangential and normal field and force components. The field and force components can 

be split into two parts- tangential and normal. The field density and field intensity at the 

interface between materials having different permeabilities are given in accordance with 

continuity theorem in equations 2.4 and 2.5. It should be mentioned that we have 

assumed zero surface current densities at the surface of the stator pole- airgap interface. 

airnMn BB ,19, =  (2.4)
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19,, Mtairt HH =  (2.5)

 

Equation 2.5 given above can be expresses in terms of permeability as 

19,,19,

19

19,,

MrairtMt

M

Mt

air

airt

BB

BB

µ
µµ

=⇒

=⇒
 (2.6) 

 

From equation 2.6, we see that the tangential component of field density at the 

interface of two materials with different permeabilities is not continuous. Since the 

permeability of M-19 is of the order of 106, the tangential field density inside the iron is 

much greater than that present in the air outside it. To assess the influence of these 

components on the force generated at that surface, we consider the tangential 

component of force given by the equation 

ntt BHf =  (2.7)

airnairt
air

airt BBf ,,,
1
µ

=  
(2.8)

19,19,
19

19,
1

MnMt
M

Mt BBf
µ

=  
(2.9)

 

Using the expressions for Bn, M19 and Bt, M19 from equations 2.4 and 2.6 

respectively in equation 2.9, tangential force component in M-19 is given by 
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airnairtMt BBf ,,
0

19,
1
µ

=  
(2.10)

 

At the air- M19 interface, the tangential component of flux density in the air is 

almost zero. Therefore with this information, one can see from equations 2.8 and 2.10 

that the magnitude of tangential component of force inside and outside the iron is very 

negligible as compared to the normal components. In the iron- air interface, it can be 

seen that the tangential force present inside the iron is almost zero. On the other hand, 

the normal component of force at the interface is given by  

2
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0

2
,

2
,
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, 2
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This is a very large value since the magnitude of Bn is unchanged in either case. 

Therefore from the investigation of the field a component at the interface indicates that 

tangential component of the field in the air-side of the interface is significantly smaller 

than the normal component. Therefore, one can say that the forces on a conducting body 

with no surface current density are produced on the surface of iron as the normal force 

component which is directed toward the air and is higher where the surface flux density 

is higher. If this normal force happens to be in the direction of motion it is viewed as a 

useful result of the electromechanical energy conversion. Otherwise it is viewed as a 

troublesome by product that causes noise, vibration, and deformation. The higher the 
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normal surface force in the direction of movement and lower on other directions, the 

more efficient energy conversion process is resulted. 

2.2.4 Discussion 

In this section of the paper a through analysis of the local distribution of the 

tangential and normal force densities in various parts of the 5-phase PMSM over one 

full pole-pitch is presented. Figure 2.4 shows various layers in the machines that we 

have investigated. They include the stator pole- airgap interface, middle of the airgap, 

permanent magnet- air interface and magnet- back iron interface. 

 

Figure 2.4: Primary layers of interest in the PMSM.  
 

Primary focus of this section has been to investigate the transfer of energy and 

local force distribution at different layers of the machine. Therefore the layers around 
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the interface between the components have been investigated.  Results from finite 

element analysis under unexcited and excited stator conditions have been shown. 

• Case 1: Without stator excitation 

Figure 2.5 shows the field distribution from the simulation with an unexcited 

stator. In this figure, the regions of local saturation at pole tips, fringing and local spots 

of near-zero flux density have been pointed. As has been mentioned earlier, the machine 

was allowed to operate at a constant speed of 1000 rpm. At an arbitrary instant of time, 

the contour was probed over one complete pole-pitch. This figure shows a few points 

that need to be highlighted. It needs to be mentioned that the pole shoes have been 

modeled with edges along the radial direction and not the y-direction. Therefore at these 

edges, flux lines exit normal to the surface of the shoe. However from a global 

perspective, it has a net “tangential effect” and is also reflected in the force plot.  

 
Figure 2.5: Distribution of flux density for a segment of the machine without stator 

excitation.  
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A) Stator pole- air gap interface 

Figure 2.6 shows the plots of tangential component of flux density at the stator 

pole- air interface. In this machine, the permanent magnet is magnetized radially. Being 

the only source of MMF, it produces a uniform field in the stator poles. It also indicates 

the points of near-zero tangential components in the middle of the airgap and stator 

slots. This happens when there is a cancellation of flux magnitudes fringing from two 

adjacent poles and is reflected in figure 2.6. This also explains the direction of reversal 

of polarity of Bt. Furthermore, it is important to note that there are two profiles in the 

plot at 0.1mm inside the rotor. While one plot ends at the edge of the stator pole, the 

other is in the stator slot, but in the same layer. It has an identical profile to the airgap 

flux.  

 

Figure 2.6: Bt distribution in layers 0.1 mm inside and 0.1 mm outside the stator pole 
showing symmetrical distribution with a zero average. 
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From figure 2.7, it is seen that the normal component of the field inside and 

outside the stator has almost identical profiles. This can be explained partly by 

continuity theorem as has been explained in section 2.2.2. This suggests that the normal 

component of magnetic flux density does not change when flux is passed between two 

media of different permeabilities. Spikes in flux density are observed at the edge of the 

stator poles. 

 

Figure 2.7: Bn distribution at the interface of stator pole- airgap showing identical 
normal component of the field inside and outside the stator. 

 

Figures 2.8 and 2.9 show the tangential and normal components inside and 

outside the stator pole. From the tangential force plot, it can be seen that the maximum 

tangential component of force is located in the layer of air immediately outside the 

surface of the stator. There is a sharp increase in the tangential force at the edge of the 

stator poles. To explain this, we refer back to figure 2.5. Majority of the flux lines along 

the contour 0.1 mm inside exit and enter the pole normally (perpendicular to the 

surface). However the surface in question is along the direction normal to the tangential 
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component. Therefore it generates a “tangential effect” and shows a zero normal 

component.  

 

Figure 2.8: Ft distribution inside and outside the stator pole showing the maximum 
component of tangential component of force located in the layer of air right outside 

the surface of the stator. 

 

Figure 2.9: Fn distribution inside  and outside  the stator pole showing that a majority 
of the normal forces exist in the layer at the surface of the stator poles. 
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Figure 2.9 shows that the majority of the normal forces also exist in the layer at 

the surface of the stator poles. This is because the relative permeability of iron is much 

larger than that of air. On the other hand, relative permeability in the stator airgap is 

unity. The force thus generated is not useful for the machine and causes radial vibration 

and deformation. 

B) Air gap- permanent magnet interface 

We know that the relative permeability of the permanent magnet is close to 

unity. Therefore almost no change in the tangential flux distribution in the layer of air 

0.1 mm above the magnet surface is observed from the layer 0.1 mm inside the magnet. 

This is shown in figure 2.10. In a radially magnetized magnet, we normally expect to 

see a zero tangential component. However it can be seen that the tangential component 

of flux inside the magnet is non-zero. This is a direct effect of presence of stator poles. 

The flux lines are attracted towards each stator pole which causes them to have a 

“tangential effect”. Furthermore, the plot is shown for on magnetic pole-pitch. Owing to 

a change in the orientation, we observe a large increase in the magnitudes at both end-

sides of the plot. Figure 2.11 shows that there is a slight difference in the normal 

component of flux density in the middle of the stator slot. This can be attributed to the 

location of adjacent stator poles, which causes flux lines to bend. In the middle of the 

slot, the flux density is lower since there is cancellation. (It must be noted that the entire 

plot is in the fourth quadrant of the axes, i.e. y-axis is negative). 



 

 26

 

Figure 2.10: Bt distribution inside and outside the magnet. Profiles are identical in 
the layer of air 0.1 mm outside the magnet surface to that 0.1 mm inside the magnet. 

 

Figure 2.11: Bn distribution inside  and outside  the magnet. A small difference is 
observed in the normal component of flux density in the middle of the stator slot. 

 

As we move further away from the stator poles, we expect to see lesser 

influence of the stator poles location. In other words, the curves smooth out to show less 

localized concentration along the edge of the stator pole. However it can be observed 

that the lower limit also reduces in magnitude which brings the average to the same 
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value. It needs to be mentioned that while the average tangential force inside and 

outside the magnet is zero, a non-zero localized distribution confirms the presence of 

tangential forces on the magnet. This is confirmed in figure 2.12. This figure also 

indicates that the average value of tangential force both inside and outside the magnet 

under unexcited condition is zero for one pole pitch. Profiles are nearly identical and the 

average motional force caused on the magnet is zero.  However this is attributed to the 

fixed rotor position. Figure 2.14 shows the torque profile for the unexcited machine 

which shows a zero average versus time. However the instantaneous value over the 

contour varies with rotor position.  

Normal forces in the layer of airgap are nearly equal to the layer 0.1mm outside 

it. The curve smoothens out more with less localized forces along the edge of the stator 

tooth as we get away from the stator pole surface. This is seen in figure 2.13. 

 

Figure 2.12: Ft distribution at the permanent magnet- airgap interface. 
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Figure 2.13: Fn distribution 0.1mm inside and outside the magnet. 

 

Figure 2.14: Torque profile for the 5-phase PMSM versus time. Cogging torque of 
the machine has a zero average over time but has a non-zero instantaneous value. 

 

C) Permanent magnet- Rotor back iron interface 

The tangential component of flux density distribution at the PM- rotor interface 

is shown in figure 2.16. Owing to the large relative permeability of M-19 as opposed to 

the PM, when we compare the tangential components of flux density, it is seen that the 

magnitude falls to nearly zero inside the back iron.  Figure 2.15 shows the distribution 
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of Bn at the magnet-rotor back iron interface. As we get further away from the stator 

pole, we notice very little effect of their location on the Bn distribution, but it is not 

zero.  

 

Figure 2.15: Bt distribution at the permanent magnet- backiron interface. 

 

Figure 2.16: Bn distribution at the permanent magnet- backiron interface. 
 

At the bottom of the magnet, flux lines polarize themselves in preparation for an 

exit to allow an easier entry into the respective stator tooth. Based on continuity theory 



 

 30

explained earlier, it follows that normal component of flux density is unchanged even as 

the medium changes from PM to M-19. 

This effect also translates into the force components as can be seen in figures 

2.17 and 2.18. This set of figures has particular relevance in understanding the force 

distribution in various layers of the machine. It can be seen that the tangential 

component of force is almost zero inside the back iron and has a significant value in the 

PM. This implies that for the rotary components which include the PM, rotor back iron 

and the shaft, majority of the energy is converted in the magnets and not the M-19. 

Therefore appropriate sizing and design of magnets in a PMSM becomes imperative. 

 

 

Figure 2.17: Ft distribution at the permanent magnet- backiron interface. 
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Figure 2.18: Fn distribution at the permanent magnet- backiron interface. 
 

D) Force distribution in different layers of air 

This is a very important portion of the investigation which probes various layers 

of the airgap and calculates force distribution in each layer. Three layers were 

considered- 0.1 mm from the stator pole, middle of the airgap and 0.1 mm from the 

rotor (PM) surface. The significance of this section lies in the fact that in any 

electromechanical device, majority of the energy conversion happens in the airgap. It is 

a common practice to probe the middle of the airgap for an estimation of useful force in 

the machine by the use of Maxwell Stress Tensor. This section investigates the validity 

of this concept and also demonstrates how the force distribution varies as we move from 

the stator towards the rotor. 

Figure 2.19 shows the distribution of the tangential component of magnetic flux 

density in different layers of the airgap. This is an important figure which quantifies the 

results of figure 2.5. As we move away from the surface of the stator tooth, fringing 
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becomes more predominant and the flux spreads out to an area wider than just under the 

stator poles. In the layer just below the surface of the stator pole, flux lines start bending 

to flow towards the magnets. Since the process of fringing has just begun, it appears as 

tangential component. Once the middle of the airgap is reached, the width does not 

change significantly any more since most of the bending of flux lines has already 

happened by this point. 

Figure 2.20 shows that as we go deeper into the machine (towards the rotor), the 

effect of stator slot location on the normal component of flux density is less significant. 

At the surface closest to the stator surface, there is a higher concentration of flux. This 

is also observed from figure 2.5. Furthermore flux lines from the side of the stator pole 

that bend to traverse towards the magnet increase the concentration of flux along the 

edge of the stator. As we go into the lower layers of airgap, local energy stored reduces. 

However the average of all three curves suggests an identical net effect.  

 

Figure 2.19: Bt distribution in different layers of the airgap- 0.1 mm from stator, 
middle of airgap and 0.1 mm from rotor. 
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Figure 2.20: Bn distribution in different layers of the airgap- 0.1 mm from stator, 
middle of airgap and 0.1 mm from rotor. 

 

A distribution of local forces of this nature as observed in figures 2.21 and 2.22 

showing different values of forces inside the motion component and outside could 

possibly lead the reader to question the validity of Maxwell stress tensor method in the 

middle of the airgap. In explanation, it can be said that while the local forces in different 

layers in the air is not the same, the average value, i.e. the net effect of forces on the 

machine in the different layers of air is equal. However for an accurate estimation of 

forces on the surface of various components of the machine, it is required that the forces 

be estimated in the layer very close to the surface of the component in question and not 

in the middle of the airgap. 

From figure 2.21, it can be observed that showing that as we move towards the 

rotor back iron, tangential forces acting locally on each layer reduces. Figure 2.22 
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shows that maximum normal forces in the stator frame exist at the edge (tips) of the 

stator poles. This is owing to the high concentration of flux density at those points. 

 

Figure 2.21: Ft distribution in different layers of air. 

 

Figure 2.22: Fn distribution in different layers of the airgap.  
 

• Case 2: With 5-phase ac excitation 

Figure 2.23 shows the field distribution from the simulation with a 5-phase 

stator excitation of 50Hz. Regions of local saturation, the phenomenon of uneven 

distribution of flux and regions of near-zero tangential components have been pointed. 
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In this particular case, the machine was once again allowed to operate at a constant 

speed of 1000 rpm. At a position corresponding to the case without excitation, the 

contour was probed over one complete pole-pitch. There are some unique points in this 

case that need to be mentioned. The orientation of the magnet is radial. However as we 

can see in the figure, upon application of excitation current, the alignment of flux lines 

tends to orient itself in a fashion that allows easier entry into the stator poles. They also 

contribute to the generation of useful force. On the other hand, the points of entry and 

exit from the radial edge of the pole shoe have a high tangential component. This is not 

a part of the useful force and causes the generation of tangential forces in the stator. 

This contributes to stress along the tangential direction and therefore adds to the 

vibration of the machine. From this plot, it can also be noted that techniques to channel 

the flux using flux barriers towards the stator back iron would leave room for less 

lateral movement of the stator pole and reduce acoustic noise and vibration. However 

the present paper does not focus on methods of mitigation of noise and vibration, but 

provides information that can be used for improvements in the design of the machine 

geometry. 
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Figure 2.23: Distribution of flux density over one stator pole width of the machine with stator 
excitation.  

 

A) Stator pole- air gap interface 

Figure 2.24 shows the distribution of tangential flux density over one pole pitch 

of the machine at the stator surface- airgap interface. There is an uneven fringing at the 

end of each of the stator pole as can be seen in figure 2.23. This is because the stator 

excitation causes cancellation of flux at points other than the middle of the pole, as was 

the case under unexcited condition. The variation in magnitude corresponds to the 

excitation current applied to the phase adjacent to that particular stator pole and results 

in a non-zero average. It needs to be mentioned that there are two parts to the contour at 

0.1mm inside the stator pole- one which passes through the M-19 and the other through 

the stator slot makes Bt discontinuous at the edge of the pole. Figure 2.25 plots the 

variation of normal flux density in the machine. It can be seen in figure 2.23 that flux 
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lines enter and exit in a direction normal to the surface of the radial stator pole shoe. 

This makes the flux lines tangential and the resultant radial component is almost zero. 

That is the reason why we see a sudden drop in Bn at the edge of the stator poles. The 

profile of the normal component of flux density tries to maintain the same profile inside 

and outside the stator poles as per continuity theory. 

 

Figure 2.24: Bt distribution at the stator- air interface showing an uneven fringing at 
the end of each of the stator pole. 

 

Figure 2.25: Bn distribution at the stator surface -air interface showing near-zero 
values along the edge of the pole. 
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From figure 2.26, one can see the distribution of tangential force density at the 

stator surface interface over one magnetic pole pitch. This figure shows that the 

majority of forces exist in the layer immediately outside the surface of the 

ferromagnetic material. Inside the component, this value shows a considerable reduction 

in magnitude. This is because the relative permeability of M-19 is much larger than that 

of air. Since Ft is inversely proportional to εr, its value inside the stator pole is nearly 

zero. The excitation current applied results in an uneven localized distribution of forces. 

The resultant average of Ft gives us the force density distribution at that time instant. 

Figure 2.27 quantifies the normal force density generated at this interface. It can 

be observed that the distribution is uneven at each stator pole resulting in a non-zero 

force over each pole pitch. This goes on to say that each stator pole experiences a 

different magnitude of force and is a subject for further investigation. 

 

Figure 2.26: Ft distribution at the stator- air interface. 
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Figure 2.27: Fn distribution at the stator surface -air interface. 
 

B) Air gap- permanent magnet interface 

Figure 2.28 shows the Bt distribution at the magnet-air interface. Excitation 

causes the profile of the tangential component of flux density to change. However the 

relative permeability of the PM is close to unity, which is the same as that for air. 

Therefore the profile of Bt inside the magnet is almost identical to the distribution in the 

layer of air immediately surrounding it. It needs to be mentioned that this value exhibits 

a reduction in magnitude as we go towards center of the machine which is shown later. 

Further in the middle of the stator slot and at the edge of the stator poles, there is a 

slight variation in magnitudes of Bn as shown in figure 2.29. This is due to slot effects. 

Average value in both cases is equal.  
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Figure 2.28: Bt distribution at the magnet-air interface with identical profiles inside 
and outside the stator pole. The average in this case is non-zero. 

 

Figure 2.29: Bn distribution at the magnet-air interface.  
 

Figure 2.30 shows that the useful force measured at the layer just above the 

surface of the PM is an accurate estimation of the force applied to the surface of the 

PM, which is the first layer of the motion component in a surface-mount PMSM. 

Therefore it is a good approximation to measure the force or energy distribution in the 

airgap at different layers to get a measure of the useful component. Also from figure 

2.31 it can be seen that owing to applied excitation, there is an additional source of 
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MMF. Resultant Fn shows slight variation at the edge of the stator pole. This variation is 

a function of the magnitude of current flowing around the stator pole at the chosen time 

instant.  

 

Figure 2.30: Ft distribution at the magnet-air interface. 

 

Figure 2.31: Fn distribution at the magnet-air interface. 
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C) Permanent magnet- Rotor back iron interface 

In figure 2.32, we can see the tangential component of distribution at the 

magnet-back iron interface. Even upon the application of excitation, this figure shows 

that the field inside the rotor back iron is zero. However it is no longer symmetric about 

the center of the magnetic pole as it was in the unexcited condition. In the normal 

distribution we once again see continuity being upheld. Negligible slot effects are seen 

on the profile. However it needs to be mentioned that the flux density through each 

magnetic pole varies in accordance with the magnitude of stator excitation.  

 

Figure 2.32: Bt distribution at the magnet-back iron interface showing negligible 
amount of flux inside the rotor back iron. 
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Figure 2.33: Bn distribution at the magnet-back iron interface. 
 

From figure 2.34, it can be seen that even upon the application of stator 

excitation, the force generated inside the rotor back iron is negligible. Hence it can be 

concluded that in a PM machine, motional torque is essentially applied on the magnets. 

However we can see in figure 2.35 that the normal forces applied to the rotor back iron 

are not small. As explained earlier, the normal components permeate to the rotor back 

iron as well and cause unwanted vibration. Also it should be noted that different parts of 

the magnet are exposed to varying magnitudes of localized normal forces which vary 

with the applied excitation current. 
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Figure 2.34: Ft distribution at the magnet-back iron interface. Figure shows no useful 
forces act inside the rotor back iron. 

 

Figure 2.35: Fn distribution at the magnet-back iron interface showing significantly 
reduced slot effects at this surface. 

 

D) Force distribution in different layers of air 

As we saw in figure 2.23, the flux from the stator poles exits in a direction 

normal to the stator pole. Therefore at the radial edges, the flux has a “tangential effect” 

as has been described earlier. This flux bends very sharply as it enters the slot air and 

starts spreading to regions beyond just beneath the stator pole as shown in figure 2.36 
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and 2.37. Therefore as we keep moving towards the rotor surface, the magnitude of the 

flux concentration reduces. However because of this spreading, the average value in 

each layer is almost equal. This conforms to what we expect to see since there is 

negligible deviation of flux lines while traversing through the airgap.  

 

Figure 2.36: Bt distribution in different layers of the airgap. 

 

Figure 2.37: Bn distribution in different layers of the airgap. 
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This is also reflected in the force estimation in different layers of the airgap as 

shown in figures 2.38 and 2.39. There is negligible loss of average force in the airgap. 

However the local distribution of force is not the same in every pole. 

 

Figure 2.38: Ft distribution in different layers of the airgap.  

 

Figure 2.39: Fn distribution in different layers of the airgap. 
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CHAPTER 3 

DESCRIPTION OF PMSM DRIVE SYSTEM 

 

The first step in the design of a motor drive involves modeling and simulation of 

the machine for a given specifications of power, dimension and topology (number of 

phases, number of poles, etc.). A common tool for this simulation is Finite Element 

Analysis (FEA) [25]. Sizing and selection of components based on simulation is highly 

efficient since it ensures that the desired requirements are achieved. However 

optimization of input parameters for enhancement of operation involves several 

simulations, which can be time consuming. Field reconstruction targets this particular 

issue which is described in other chapters of this dissertation. 

This chapter deals with the design, modeling and construction of the PMSM 

drive system. It provides mechanical and constructional details including magnetic 

specifications of the materials used in the machine, sensors and inverters used in the 

design and control of the drive. 

3.1 Fundamentals of PM Synchronous Machines 

Permanent Magnet AC motors are categorized into two types. The first type of 

motor has a sinusoidal distribution of permanent magnet, producing a sinusoidal back-

EMF shown in figure 3.1, and is supplied with a sinusoidal excitation current/voltage.  
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Figure 3.1: Back EMF of a PMSM with sinusoidal distribution of magnets 
 

The second type of PMAC motor has a radial polarization of the permanent 

magnets and has a trapezoidal back-EMF as shown in figure 3.2. This motor requires 

that quasi-rectangular shaped currents are fed into the machine.  

 

Figure 3.2: Back EMF of a PMSM with radial magnetization 
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In a PM machine, the rotor and stator are made of a punched laminated iron core 

to reduce eddy current effects as shown in figure 3.3. Section 3.5.A further explains the 

choice of material used for the laminations.  

 

Figure 3.3: Welded laminations for the 3-phase PMSM 
 

There are two different ways that the magnets can be placed on the rotor. Based 

on placement, they are called either surface permanent magnet motor or interior 

permanent magnet motor. As the name suggests, surface mounted PM motors have the 

magnet mounted no the surface of the rotor. Owing to the ease of magnet mounting, this 

machine type is considered to be relatively easy to build. Typically, this configuration is 

used for low speed applications owing to a tendency of the magnets to “fly off” during 

high-speed operations. Since the permeability of a permanent magnet is almost unity 

(same as that of air), the magnetic material in essence only affects the flux distribution 
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in the air gap. Figure 3.4 shows the placement of magnets for a 3-phase machine 

designed for this project. 

The permanent magnets are mounted on the surface of the core using special 

adhesives. Alternating magnets of the opposite magnetization direction producing flux 

density in the radial direction are created across the air gap. This flux reacts with the 

flux generated by current flowing through the windings in the stator slot to produce a 

resultant torque.  

Figure 3.4: Rotor-shaft assembly for 4-pole, 3-phase PMSM used in the testbed 
 

3.2 Analytical Modeling of PMSM Drive 

Machines with non-sinusoidal rotor field have been held responsible for 

producing torque ripple on the shaft of the motor [26]. This could be a significant 

drawback, especially for servo applications. Over the last two decades, different 

methods to reduce torque ripple in permanent magnet machines have been developed. 

These methods can be divided into two different categories- 
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• Based on introducing a change in the design of the design, in order to 

reduce torque ripple. Many different techniques have evolved and torque ripple can be 

greatly reduced at the cost of a more complex design and, thus, a more expensive 

machine. 

• Based on controlling current so that the torque ripple is cancelled out. A 

variety of methods have evolved using different techniques to achieve the goal. In the 

mitigation of torque ripple, methods typically rely on a detailed knowledge of the 

machine. This is accomplished by schemes that identify the parameters of the machine 

during startup and also during operation [27] or adaptive control of current [28]. 

Traditional analysis of permanent magnet synchronous machines has been based 

on an analytical relationship between the q- and d-axis stator current (or voltage) and 

the electromagnetic force created to establish rotor rotation (torque). The following two 

subsections introduce the electrical equivalent circuit for each phase of the PMSM, 

present equations for torque and also establish the significance of accurate estimation of 

flux linking each phase of the stator. 

3.2.1 Electromechanical Description 

There are three basic components to the model of an electromechanical device - 

the voltage equation, the flux linkage equation and the torque equation. The equivalent 

circuit of the machine can be described as a series combination of the coil resistance 

and inductance of the winding. Figure 3.5 shows this equivalent circuit. 
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Figure 3.5: Equivalent circuit model for phase winding of the PMSM. 
 

According to Faraday’s law, the voltage equation of the series circuit is defined 

as the algebraic sum of the ohmic drop and the rate of change of flux linkage given by 

equation 3.1 as- 

dt
d

RiV s
s

λ
+=  

(3.1)

 

Including the effect of back motional EMF, equation 3.1 can be modified to 

express the equation in terms of Ohm’s law as in equation 3.2. 

bs E
dt
diLRiV ++=  

(3.2)

 

Where Vs, R, L, λs and i denote phase voltage, winding resistance, phase 

inductance, flux linkage across each phase and phase current respectively. In this 

equation, the resistance of the stator phase winding is a constant established in terms of 

the machine geometry. This equation can be extended to represent the three phase 

machine used in this system as given in equation 3.3. 
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Where vas, vbs, vcs, ias, ibs, ics represent phase voltages and currents in phase a, b 

and c respectively. Rs, Ls, ea, eb, ec denote coil resistance, self inductance of the stator 

winding and induced motional back EMF in each phase respectively. Based on the 

notations described in equation 3.3, output mechanical torque generated ‘Te’ in a 

synchronous machine is related to the mechanical speed ‘ωm’ as given by equation 3.4. 

m

ccbbaa
e

iviviv
T

ω
)( ++

=  
(3.4)

 

Further, the equation for motion for the machine is given by equation 3.5 as- 

mle B
dt
dJTT ωω

+=−  
(3.5)

 

Where Te, Tl, J, ω and B denote electrical torque (generated), mechanical load 

torque, inertia, speed of the drive and friction respectively. 

3.2.2 Significance of Estimation of Flux Linkage 

We can see that the electromechanical equations are needed to calculate input 

requirements model. For a model that describes the machine accurately, there is a need 

to establish a mathematical representation that also accounts for the magnetic behavior 

and couples it to the electromechanical system in section 3.3.1 using Faraday’s laws.  
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The flux linking each phase has two major components- the magnetizing and the 

leakage components, i.e.   

magsleakss ,, λλλ +=  (3.6)

 

Majority of electromechanical energy conversion devices rely on the accurate 

estimation of the magnetizing flux in order to establish a suitable control schemes. In a 

permanent magnet synchronous machine, there are two sources of flux- the permanent 

magnet (PM) and the stator excitation. Therefore the expression for λs,mag is divided into 

two components- 

PMsphasesmags ,,, λλλ +=  (3.7)

 

Using a transformation for expressing the three-phase currents ia, ib, ic in their 

equivalent 2-phase equivalent notation- id and iq, at steady state, the voltage equation is 

transformed to equation 3.8 and 3.9- 

mr
r
dsdr

r
qss

r
qs iLirv λωω ++=  

r
qsqr

r
dss

r
ds iLirv ω−=  

(3.8) 

(3.9)

 

This leads to a simplified equation for electrical torque in a PMSM in terms of 

magnetizing flux and stator phase currents as 

( )r
ds

r
qsqd

r
qsme iiLLiPT )(

22
3

−+= λ  (3.10)
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In other words, from equation (3.10), we can say that by accurately predicting 

the flux linkage in each phase, the value of torque (useful traction force) can be 

accurately estimated. This information becomes extremely useful when the entire 

system needs to be modeled. Furthermore as has already been mentioned, this 

information can also be used to establish routines which can effectively ripples in the 

generated force which causes vibration and acoustic noise in the drive. 

3.3 PMSM Drive Description 

The block diagram of the BLDC motor drive system used in this study is shown 

in figure 3.6. The drive system consists of a 3-phase permanent magnet synchronous 

machine, which was built by the author at the Power Electronics and Controlled Motion 

Lab at the University of Texas- Arlington, a programmable BLDC load motor, a 3-

phase full bridge inverter, current sensor, controller and an accelerometer for 

measurement of vibration. These components are discussed in detail in the following 

sections. 
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Figure 3.6: Block diagram for the 3-Phase PM motor drive system 
 

3.3.1 Permanent Magnet Synchronous Machine 

3.3.1.1 Mechanical Design and Construction of PMSM  

The PMSM is a synchronous machine since it has a poly-phase stator with the 

stator electrical frequency proportional to the rotor speed at steady state. However, the 

difference from conventional synchronous machine is the use of permanent magnets 

instead of field winding and otherwise the absence of any rotor conductors as shown in 

figure 3.7 Permanent magnets in the rotor enhance efficiency, eliminate the need for 

slip rings, and eliminate the electrical rotor dynamics that complicate control 

(particularly vector control). In addition, with fall in the cost of permanent magnets, this 

arrangement proves to be an efficient solution. The following subsections describe 

various components of the machine and provide an in-depth description of the materials 

chosen.  
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Figure 3.7: Stator and rotor laminations used to construct the 3-phase machine with 
4 magnetic poles and 12 stator slots. 

 

3.3.1.1.1. Rotor and Stator Laminations 

The PMSM usually has surface mount permanent magnets with wide magnet 

pole-arcs although interior permanent magnet mounting have gained vast popularity in 

the recent past as well. The stator windings are usually concentrated windings, which 

produce a square waveform distribution of flux density around the air-gap.  

Carbon steel alloyed with small quantities of silicon adds volume resistivity, 

which helps reduce eddy current losses in the core. Silicon steels are the most popular 

material used to design laminations for all families of electric machines where the 

additional cost is justified by the increased performance. These steels are available in 

different grades and thicknesses which may be tailored for various applications. The 
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added silicon has a significant impact on the life of tooling used for stamping while the 

surface insulation selected improves die life as well.  

Silicon steels are generally specified and selected on the basis of allowable core 

loss in watts/lb. The grades are classified in an increasing order of core loss, by 

numbers with a prefix ‘M’; i.e. M19, M27, M36, M45 and so on, where each grade 

specifying a maximum core loss. Higher M numbers (and thus higher core losses) are 

progressively lower cost, although only a small percentage is saved with each step down 

in performance. M19 is probably the most common grade of steel used for 

electromechanical products, as it offers nearly the lowest core loss in this class of 

material, for a fraction of additional cost.  

3.3.1.1.2. Selection of Permanent Magnet 

The Permanent Magnet (PM) is a unique component in the energy conversion 

process. Potential energy is stored both in the magnet volume and in the external field 

associated with the magnet. They often operate over a dynamic cycle where energy is 

converted from electrical or mechanical form to field energy and then returned to the 

original form. A PM is characterized and compared in terms of and composition and 

defined unit properties obtained from the hysteresis loop of the magnet material. This is 

further discussed in the later portion of this subsection. The hysteresis loops for a 

typical permanent magnet material are shown in Figure 3.8.  
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Figure 3.8: BH Curve for a typical permanent magnet material 
 

The relationship between B, the magnetic induction, and H is known as the 

normal curve. The relationship between J, the intrinsic magnetization, and H is known 

as the intrinsic curve. The curves are related at every point by the equation B = J + H in 

absolute values.  

The earliest manufactured magnet materials were made of hardened steel since 

magnets made from steel were easily magnetized. However, they had an inherent 

disadvantage of having very low energy and being easy to demagnetize. In recent years 

other magnet materials such as Aluminum Nickel and Cobalt alloys (ALNICO), 

Strontium Ferrite or Barium Ferrite (Ferrite), Samarium Cobalt (First generation rare 

earth magnet) (SmCo) and Neodymium Iron-Boron (Second generation rare earth 

magnet) (NdFeB) have been developed for this purpose. The following section gives a 

brief description of the different magnet materials commonly used [29]- 
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• Ceramic of Ferrite magnets are made of a composite of iron oxide and 

barium carbonate (BaCO3) or strontium carbonate (SrCO3). This material has been 

widely available since the 1950’s and therefore is readily available. A commonly used 

type of ceramic magnet is a sintered magnet which is composed of compressed powder 

of alloy material being used. The magnets are hard & brittle and generally require 

diamond wheels to grind & shape. While these magnets are solid, their physical 

properties are similar to a ceramic and are therefore easily broken and chipped. Benefits 

of ceramic magnets include low cost, high coercive force, resistance to corrosion, and 

high heat tolerance. Drawbacks include low energy product (their strength), low 

mechanical strength, and the presence of ferrite powder on the surface of the material 

which tends to rub off and cause soiling. 

• Alnico magnet is an alloy of aluminum (Al), nickel (Ni) and cobalt (Co) 

with little amounts of other elements added to enhance the properties of the magnet. 

These magnets have high corrosion resistance, high mechanical strength and very high 

working temperatures. Their drawbacks include higher cost, low coercive force, low 

energy product and their tendency to demagnetize due to shocks. 

• Rare earth magnets are composed of alloys of Lanthanide group of 

elements. Neodumium (Nd) and Samarium (Sm) are two most commonly used elements 

for this family of magnets. The most popular varieties that are currently in use include 

neodymium-iron-boron (Nd2Fe14B, sometimes referred to as NdFeB) and samarium-

cobalt (SmCo5, Sm2Co17).  
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o Samarium Cobalt (SmCo) magnets are highly resistant to oxidation, 

particularly resistant to temperature (upto 350° C), have higher magnetic strength than 

ceramic & alnico but are brittle and prone to chipping & cracking. In addition, due to 

the high cost of samarium, they are comparably very expensive.  

o Neodymium-Iron-Boron (NdFeB) magnets are the most advanced and 

most popular permanent magnet available today. This material has properties similar to 

SmCo magnets, but is easily oxidized and doesn’t have the same resistance to 

temperature. They have a strong residual field, moderate temperature stability, a very 

high energy product and are more easily shaped. Although NdFeB magnets are costlier 

by mass but their high flux density per unit volume (energy product) contribute to a 

compact design, also making it economical to most applications. 

• Polymer based magnets are composed of the above-mentioned materials 

with various polymers to create a broad range of magnetic materials and mechanical 

properties. This is done mainly for enhancing material flexibility, shape complexity and 

direction of magnetic fields. A distinct drawback of this family of magnets is their low 

energy product. 

Ferrite magnets are very common for lower-performance motors. Both radial 

and parallel magnetizations are commonly used, depending on application. The 

particular choice of magnets and other design factors is important, but does not directly 

influence the basic principles of power converter control.  
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3.3.2 Current Controlled Full Bridge Inverter 

Most adjustable speed drive systems use voltage source inverters (VSI) with 

independent current feedback for each phase. Figure 3.9 shows a typical voltage source 

inverter used for a three phase motor drive system. By definition, a VSI is a device that 

converts DC voltage to an AC output with a variable frequency and magnitude as 

desired by the application.  

 

Figure 3.9: Typical Voltage Source Inverter used for a balanced 3-Phase motor drive 
system. 

 

For a precise and independent control of phase currents, a full bridge inverter 

has been used, which refers to the use of four switches connected in a bridge 

arrangement as shown in figure 3.10. Control is performed by regulating the flow of 

current through the stator windings of the machine. Current controllers are used to 

generate gate signals for the inverter. Proper selection of the inverter devices and 

selection of the control technique will guarantee the efficacy of the drive. 



 

 63

Figure 3.10: Current regulated full-bridge inverter used for the experimental 3-phase motor 
drive system. 

 

3.3.3 Rotor Position Sensor 

An electronically controlled PM motor drive system uses continuous rotor 

position feedback and pulse-width-modulation (PWM) to supply the motor with the 

sinusoidal voltage or current. The need of knowing rotor position requires the 

development of devices for position measurement. In the present drive system, the 

position sensor is mounted on the shaft of the rotor. 

There are four devices that are commonly used for the measurement of position- 

potentiometers, linear variable differential transformers, optical encoders and resolvers. 

Of these, resolvers and encoders are most commonly used for motor drive applications. 

Depending on the accuracy of performance and sampling frequency available, an 

appropriate rotor position sensor with the required resolution can be selected.  

There are several kinds of encoders. For applications where a device is inactive 

for long periods of time or is rated relatively low speeds, absolute encoders are used. 
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The machine designed for the present application was rated to a maximum of 

approximately 1800 rpm. Therefore the position encoder selected for this application 

was an analog absolute encoder manufactured by AMCI. These encoders are also 

typically recommended in systems that need to retain position information through a 

power outage. 
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CHAPTER 4 

FIELD RECONSTRUCTION 

 

Conventional control techniques such as field-oriented control for a permanent 

magnet synchronous machine (PMSM) are based on the assumption of a purely 

sinusoidal back electromotive force (EMF). However the shape of back EMF is 

dependent on the orientation of the magnet ranging from sinusoidal to trapezoidal. It 

goes on that an accurate prediction of the electromagnetic force components forms an 

integral part of modeling, control, and optimal performance of each system. 

4.1 Background 

Many numerical methods and formulations for force computation have been 

proposed based on approximations of the electromagnetic fields and/or stored magnetic 

energy in the machine which include Finite Element Analysis (FEA), Finite Difference 

Method (FDM), Magnetic Equivalent Circuit (MEC), Fourier Series Method (FSM), 

and other global or local variation and mapping techniques. Among the above-

mentioned schemes, FEA has been the most sought after technique owing to the 

flexibility & ease of modeling and post-processing. Though considerable effort has been 

made to improve the power electronics for these machines, not much investigation has 

been done to investigate spatial distribution of the force components. Access to this 

distribution can provide valuable information that can be incorporated in optimal design 
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and control of these machines. In order to perform the analysis, the following 

assumptions were made: 

• Nonlinear effects of the saturation can be neglected. 

• Impact of eddy currents is negligible. 

• Surface mount magnets on the rotor of the PMSM are uniformly 

magnetized.  

• The stator is slot-less with m  independent stator phases distributed 

around a uniform airgap.  

Electromagnetic torque can be obtained using magnetic in the electromechanical 

energy conversion (EMEC) device field using a Maxwell Stress Tensor method [22]. 

Specifically, within the airgap of the machine the local radial and tangential 

components of force density can be expressed as 

)(
2

1 22

0
tnn BBf −=

µ
 (4.1)

)(1

0
tnt BBf

µ
=  

(4.2)

Where 0and,,,, µtntn BBff denote normal and tangential component of the 

force density in airgap, normal component of flux density, tangential component of flux 

density, and absolute permeability respectively. Equations (4.1) and (4.2) provide the 

basis for a “microscopic investigation” of the force production within the machine.  

To obtain the flux density distribution, the EMEC is first modeled using a finite 

element solver. In this particular approach, commercially available software- Magnet® 
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by Infolytica was used. For a complete simulation of the 3-phase Permanent Magnet 

Synchronous Machine, there are four basic inputs. They include three phase currents 

and mechanical speed of the rotor. It must be noted that for a synchronous machine, the 

mechanical speed relates to the electrical speed of operation as given in equation 4.3. 

P
f.120

=ω  
(4.3)

Where ω, f and P denote the mechanical speed of the machine in radians per 

second, frequency in hertz and number of magnetic poles in the machine respectively. 

To the stator coils of this model, three phase currents were applied at a frequency 

related to the mechanical speed by equation 4.3. This concept is illustrated in block 

diagram shown in figure 4.1. The resultant normal and tangential components of flux 

density in the airgap for any rotor position were obtained from the FEA solution. 

Corresponding force densities were calculated using Maxwell Stress Tensor method as 

described in equations 1 and 2. For obtaining the solution, a 2-dimensional cross section 

was used, as shown in figure 4.2.Figure 4.3 shows the 3 dimensional finite element 

model of the PMSM used for the modeling.  

 

Figure 4.1: Block diagram representation of Field Reconstruction Method. 
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Figure 4.2: 2-Dimensional model of the PM machine used for field reconstruction. 
 

 

Figure 4.3: 3-Dimensional model of the PM machine modeled using Finite Element 
Analysis. 
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4.2 Principles of Field Reconstruction 

In an electromechanical energy conversion device, majority of the energy 

conversion takes place in the airgap. Figure 4.4 shows the lines of flux moving from 

one surface (rotor) of the device to another surface (stator). Using the Maxwell Stress 

Tensor defined in equations 4.1 and 4.2, magnetic field density (flux per unit area) B 

can be used to calculate the tangential and normal force density at each layer.  

 

Figure 4.4: Magnetic flux density and force fields in the airgap of an EMEC 
 

For a surface defined by a cylinder (e.g. any contour along the circumference a 

rotary machine at a specific layer of interest) the actual forces acting at each surface can 

be calculated by integrating the force density components over the surface area as given 

by equations 4.4 and 4.5. 

∫=
S

tt dsfF .
r

 (4.4)

snn drflF φ
π

∫=
2

0

 
(4.5)

Where s, l, r and φs denote surface area of integration, stack length of the 

machine (along the z-direction), radius of the integrating contour, and angle component 

in cylindrical system of coordinates respectively. This information is extremely useful 
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in calculating the vibration in the stator frame and can be used to mitigate torque 

pulsation. Using equations (4.4) and (4.5), electromagnetic torque can be expressed as 

sdfrT
S

t

rrr ).(∫ ×=  (4.6)

 

 

Figure 4.5: Distribution of magnetic flux density in a 3-phase PMSM showing the 
flux distribution due to current in all three phases of the stator winding. 

 

It can be observed from figure 4.5 that in a Permanent Magnet Synchronous 

machine, each conductor on the stator contributes to the tangential and radial 

components of the flux density in the airgap. The corresponding tangential and radial 

components of the flux density that are constituted by a conductor (representing the kth 

phase) located at φsk are given as follows:    



 

 71

)().(

20)().(

,

,

skstknks

rskstktkt

hiBB
P

hiBB

φφ

πθφφ

−=

≤≤−=
 

(4.7)

where P, Bt, Bn, ht and hn denote number of magnetic pole pairs, scaling function 

representing the dependency of the tangential and radial flux densities upon the current 

magnitude and impact of the geometry (for one conductor) respectively and φsk 

represents the location of the kth conductor carrying a current of ik.  

Assuming superposition, the resultant tangential and radial components of the 

flux density in the airgap for any given rotor position can be expressed using a truncated 

generalized Fourier series as: 
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The above expressions portray an elegant illustration of the separation between 

factors influenced by geometry (i.e. ht and hn) and external excitation (i.e. Bt,k and Bn,k).  

Accordingly the tangential and radial components of the force densities can be 

computed as follows:   
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In order to calculate the resultant forces for each rotor position, one needs to 

integrate the force densities over the outer surface of a cylinder which is located in the 

middle of the airgap, viz.: 
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Where θr, L, and R denote rotor position, stack length of the machine, and radius 

of the integration surface respectively. In this computation a two dimensional symmetry 

in the geometry of the machine is assumed. Further, for a reasonably small airgap 

length, the radius of the integrating surface can be approximated by the outer radius of 

the rotor.  

As can be observed detection of the basis functions ht and hn play a central role 

in the formulation of the field reconstruction. Under unsaturated conditions the scaling 

functions representing the external excitation are linear functions of the relevant 

currents, i.e.:    
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Once the pattern of excitation is known and basis functions are identified, one 

can use equations (7) through (9) to identify the distribution of field/force for a given 

position. It must be noted that the contribution of the permanent magnets are assumed 
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as given. Analysis of an unsaturated slot-less stator with an embedded conductor (figure 

5) indicates that the basis functions ht and hn are-  

(a) Periodic with respect to φs,  

(b) ht has an even symmetry with respect to φs and  

(c) hn has an odd symmetry with respect to φs.  

Therefore, without rotor excitation (winding or permanent magnet) the resultant 

tangential force is an odd function resulting in zero average torque at every given point. 

However, the radial forces exist even without any magnetic source on the rotor.  

 

Figure 4.6: Tangential and radial flux densities in airgap generated by permanent 
magnets 

 

Figure 4.6 shows the tangential and normal components of field density in the 

PM machine under no load condition. From this figure, it can be observed that radial 

component of flux density in a PMSM is primarily dominated by the field of the 

permanent magnet. Through visual inspection, it can be seen that even without the 
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application of any stator current, the normal component of force density yields a 

nonzero average and dominated by the normal component of the flux density. Therefore 

radial forces, which are viewed as byproduct in electromechanical energy conversion 

process, are significantly larger than their tangential counterparts. It is also important to 

note that the tangential component of the flux density in the PMSM does not have a 

continuous profile and only appears at distinct positions where the stator/rotor coils are 

located. Integration of the tangential component of force density yields a zero average 

in the absence of excitation, which indicates that there is not motion when no excitation 

is applied. The above-mentioned can be explained by using equations (7) and (8) where 

the tangential forces depend upon the product of normal and tangential flux densities. 

One can expect the profile of tangential forces to be similar to those of tangential flux 

densities (i.e. sparse and much localized).  

It must be noted that due to the periodic nature of the basis functions, they can 

be expanded using a Fourier series, i.e.: 
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Where M denotes the selected truncation point that would provide satisfactory 

precision. In the presence of saturation the coefficients of the above series expansion 

depends upon current.  
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Figure 4.7: Comparative plots of Magnetic flux density from reconstruction and 
FEA due to currents in stator phase windings

Rotate 90° in space and add to get B due to 1 phase 

Rotate 120° in space and add to get B due to 3 phases 
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Bn and Bt due to Permanent Magnet 

  

Figure 4.8: Comparative plots of magnetic flux density from reconstruction and FEA 
due to permanent magnet on the rotor and three phase currents in stator windings 

Add individual components of Bn and Bt 
from 3 phase currents to that from the 
PM 
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Figure 4.7 and 4.8 show the process of reconstruction of the flux density due to 

the permanent magnet on the rotor and the current flowing through the phase windings. 

In this process, as the figures describe, current is first applied to the conductors in a 

single slot of the machine. The flux density obtained doe to this unit current is called the 

“basis function” for the given geometry. When this function is rotated in space by 90 

degrees and superimposed, the resultant field is numerically equal to the field 

distribution due to current in one phase. Further, this plot is rotated by 120 degrees in 

space and superimposed to estimate the effective field due to current in all three phases 

of the machine. It must be mentioned that the flux from the permanent magnet is 

unchanged in magnitude. It simply rotates with rotor position. Therefore addition of the 

fields due to the PM and three phase currents can very easily be used to estimate flux 

distribution due to any waveform of current applied to the machine.  

Since there is only one source of MMF in the machine during the calculation of 

basis functions, the amount of time taken by FEA to compute this “one-shot-result” is 

significantly lower than the time required for the simulation of the complete system. 

This proves to be one of the major advantages of field reconstruction. It goes on to say 

that this method is not just for the reconstruction of sinusoidal excitations. Since the 

current applied for the basis function is 1A, force calculation in the machine for various 

optimized waveforms becomes extremely simple. 
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4.3 Formulation of Basis Functions 

It follows from section 4.2 that characterization of the “basis functions” is a key 

feature of field reconstruction. As expressed in figure 4.9, the process of field 

reconstruction involves a meticulous analysis of magnetic field distribution throughout 

the machine. In order to achieve this objective, unit dc current is applied to one of the 

phases and the resultant flux distribution is recorded. Using the inherent symmetry of 

the machine, this distribution can be rotated in space to establish the effect of current in 

each conductor of the machine. Finally the field density distribution obtained from the 

cumulative effect of current through the stator windings and the permanent magnets 

gives the overall estimate of flux over the entire machine. 

Figure 4.9: Flow chart demonstrating the process of field reconstruction. 
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4.3.1 Influence of Constructional Parameters on Basis Functions 

To investigate the effect of various constructional parameters of electric 

machines, a case study was performed. This section describes the variation obtained in 

tangential and radial components of flux density for different operating conditions. The 

model used in this study is designed to represent a single-slot-geometry of an electrical 

machine.  Parameters investigated in this study include variation in current magnitude, 

slot geometry opening, layer of interest (in the airgap), conductor placement, conductor 

grouping (stranded or solid), presence of magnet, reluctance in the secondary (rotor) in 

the unit electromechanical device. It must be mentioned that while not all parameters 

show significant variation over a range of values, in order to establish accurate basis 

functions for field reconstruction, it is necessary to consider each possible design 

condition individually. 

4.3.1.1 Influence of slot opening 

The first case that was considered was the influence of slot opening on the 

distribution of the electromagnetic field. Three different slot openings were considered- 

a) with a pole shoe that reduced the opening but is found useful in holding the windings 

in place; b) without any pole shoe; c) Slot opening widened at the end, thereby 

increasing the effective contour covered by the airgap. These three arrangements are 

shown in figure 4.10. 

Figure 4.11 shows that as the slot opening is increased, there is a marked 

increase in the flux density along the x-direction in the middle of the airgap. However it 

must be noted that while there is a wider spread of the flux density, there is a reduction 
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in the magnitude measured. It must be noted that this is the flux that typically makes its 

way from one tip of the stator pole. Therefore as the opening increases, the distance 

traversed by the flux lines is longer.  

 

Geometry A Geometry B 

 

Geometry C 
 

Figure 4.10: Three different slot openings created to study the influence on the 
electromagnetic field distribution. 

 

 

Figure 4.11: Variation of magnetic field density along the x-direction due to three 
geometries of slot openings. 
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On the other hand, figure 4.12 shows that with increase in the slot opening, the 

effective surface area of the (stator) pole from which the flux lines are emitted is 

reduced. It must be noted that this is the flux that forms the loop from the stator to the 

rotor in an electric machine to produce motive force. 

 

Figure 4.12: Variation of magnetic field density along the y-direction due to three 
geometries of slot openings. 

 

4.3.1.2 Influence of conductor grouping 

The second case study involved grouping of conductors. There are typically two 

kinds of conductors- stranded and solid. Stranded conductors are usually the preferred 

choice for most automotive, aircraft and machine tool applications. Solid conductors are 

often the choice for applications such as house wiring.  

Figure 4.13 and 4.14 show that for the entire range of tested current magnitudes, 

the variation in the magnetic flux density along the x and y directions are fairly 

negligible. This can be attributed to the frequencies of operation.  
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Figure 4.13: Distribution of B along the x-direction for solid and stranded 
conductors with different current magnitudes along the length of the airgap. 

 

Figure 4.14: Distribution of B along the y-direction for solid and stranded 
conductors with different current magnitudes along the length of the airgap. 

 

4.3.1.3 Effect of coil placement 

For machines that are designed, placement of conductors in the stator slot is 

often a factor that does not get too much attention. Filling factor in a machine is not 

always kept high (~75% – 80%), i.e. conductors aren’t always packed tight in the slot 
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area available between stator poles and therefore their placement might not always be 

predictable. In order to eliminate this parameter as a variable in the development of 

basis functions, three cases were introduced as shown in figure 4.15- a) conductor 

placed near the slot opening; b) Conductor placed away from the opening to the left 

side; c) conductor placed away from the opening to the right. As can be seen in figures 

4.16 and 4.17, there was no variation in the flux distribution for either condition, 

proving the Ampere’s law is independent of conductor placement. 

 

Geometry A Geometry B Geometry C 
 

Figure 4.15: Conductor placed in different parts of the slot area to investigate the 
electromagnetic field distribution. 
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Figure 4.16: Distribution of B along the x-direction in the airgap for different 
conductor arrangements. 

 

Figure 4.17: Distribution of B along the y-direction in the airgap for different 
conductor arrangements. 

 

4.3.1.4 Influence of saliency in the secondary 

In most electric machines, the rotor is made of ferromagnetic materials with 

some inherent saliencies on its surface. In specific cases such as a switched reluctance 

machine, the rotor is completely free of an electromagnetic source but there is a dual 
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saliency. In other words, the surface of the rotor is made to have protrusions that forces 

flow of flux along a desired path to produce motion. Similarly in a PM machine, 

researchers often place the permanent magnets in the secondary with a gap in between 

to allow for adhesives. Several cases were studied in this category- a) secondary gap at 

0.5 mm; b) secondary gap at 1 mm; c) secondary gap placed asymmetrically about the 

current carrying conductor; d) Multiple gaps on the secondary. Figure 4.18 shows the 

case a where the gap on the secondary is set at 0.5 mm. The resultant field distribution 

in the x and y directions are shown in figures 4.19 and 4.20 respectively. 

 

Figure 4.18: Introduction of saliency in the secondary of the unit electromechanical 
energy converter. Case a: Gap width on stator = 0.5 mm. 

 

Figure 4.19: Distribution of flux density along x-direction with slot width of 0.5mm in 
the secondary. 
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Figure 4.20: Distribution of flux density along y-direction with slot width of 0.5mm in 
the secondary. 

 

To see the effect of rotor poles spaced far apart, case b was studied shown in 

figure 4.21. In this instance, a gap 1mm wide was introduced in the secondary 

symmetrical about the conductor carrying current. Since the width of the gap has now 

been changed, the distance traversed by the flux to close its pat along the x direction has 

increased, thereby resulting in a wider profile of Bx and By as shown in figures 4.22 and 

4.23.  

 

Figure 4.21: Introduction of saliency in the secondary of the unit electromechanical 
energy converter. Case b: Slot width on secondary rotor = 1 mm. 
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Figure 4.22: Distribution of flux density along x-direction with a slot of 1mm in the 
secondary. 

 

Figure 4.23: Distribution of flux density along y-direction with a slot of 1mm in the 
secondary. 

 

When the rotor of the machine undergoes motion, gap in the secondary is not 

always symmetrical about the current carrying conductor and there might be a partial 

overlap in the two slots. This condition is emulated in figure 4.24 and the resultant 

distribution is shown in figures 4.25 and 4.26. It can be observed that the profile of the 

electromagnetic field changes its shape. It aligns with the position of the gap (which 

starts at the 0mm position) but also has a small component of fringing. This is in 

complete agreement with the distribution for a PMSM seen in chapter 2 of this work. 
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Figure 4.24: Introduction of saliency in the secondary of the unit electromechanical 
energy converter. Case c: Gap on secondary = 0.5 mm placed asymmetric with respect 

to slot. 

 

Figure 4.25: Distribution of flux density along x-direction with asymmetric slot of 
0.5mm in the secondary. 

 

Figure 4.26: Distribution of flux density along y-direction with asymmetric slot of 
0.5mm in the secondary. 
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Figure 4.27 shows an arrangement with multiple gaps were placed on the 

secondary with the resultant field distribution in figures 4.28 and 4.29. It can be seen 

that each slot in the secondary exerts an influence on the field distribution in the airgap. 

This concept directly applies to the field reconstruction theory for electric machines 

because we know that current flowing through one conductor is never isolated. It causes 

flux to follow a path of least reluctance. But it also has leakage flux through different 

surfaces and these are factors that need to be accounted for if we want to have an 

accurate reconstruction of the field distribution due to several sources of MMF. 

 

Figure 4.27: Introduction of saliency in the secondary of the unit electromechanical 
energy converter. Case d: Multiple slots on secondary of width =  0.5 mm. 

 

Figure 4.28: Distribution of flux density along x-direction with multiple slots of width 
0.5mm in the secondary. 
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Figure 4.29: Distribution of flux density along y-direction with multiple slots of width 
0.5mm in the secondary. 

 

4.3.1.5 Effect of multiple current sources  

Electric machines always have multiple sources of MMF on the machine that 

produce a rotating magnetic field. In order to investigate the effect of simultaneous 

excitation on the stator side, an additional coil was introduced carrying current. The 

arrangement is shown in figure 4.30. Figure 4.31 shows the distribution of field as 

obtained from FEA. As we can see, when current flows in the same direction in both 

coils, they both cause flux to flow in the same direction. The portion in between the 

coils has a canceling effect because to the opposing directions of flux generated with 

comparable magnitudes. Figures 4.32, 4.33, 4.34 and 4.35 show the waveforms for a 

variation in the number of turns in both coils. As is expected, the magnitude of flux that 

is measured in the airgap increases with an increase in the ampere-turns (product of the 

current flowing through the coil and number of turns). They have identical effects on 

the flux distribution at different parts of the machine. Even when the directions are 

opposite, it can be seen that the direction of the flux lines is changed, but the 
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magnitudes are identical for each coil. This is a confirmation to the fact that flux 

distribution in an electromechanical transducer is a parameter that can be quantified as a 

resultant effect of each source of MMF in the system considered individually. 

 

Figure 4.30: Introduction of multiple sources of MMF (additional coil carrying current) on 
stator symmetrical about the 0mm point. 

 

Figure 4.31: Distribution of electromagnetic field density in the electromagnetic energy 
converter for current flowing through both coils in the same direction. 
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Figure 4.32: Distribution of B along the x-direction in the airgap for 1, 5, 10 and 20 turns with 

current flowing in the same direction. 

 
Figure 4.33: Distribution of B along the y-direction in the airgap for 1, 5, 10 and 20 turns with 

current flowing in the same direction. 



 

 93

 
Figure 4.34: Distribution of B along the x-direction in the airgap for 1, 5, 10 and 20 turns with 

current flowing in the opposite direction. 

 
Figure 4.35: Distribution of B along the y-direction in the airgap for 1, 5, 10 and 20 turns with 

current flowing in the opposite direction. 
 

We can also note from figures 4.17(d) and 4.17(f) that the y-component of flux 

density in the portion of the device between the two coils have different magnitudes 

when the polarity of current is reversed. This phenomenon can be explained by 



 

 94

Ampere’s law. While they cancel each other as explained above for current flowing in 

the same direction, they add up to give double the magnitude when current flows in the 

opposite direction. 

4.3.1.6 Effect of one coil in primary and PM in the Secondary  

In the specific case of permanent magnet machines, the secondary is mounted 

with a permanent magnet. In principle, the PM behaves like a dc current source. From 

the operating point of view, it is used to provide the magnetizing component of the 

magnetic field. Figure 4.36 shows the arrangement was that simulated to investigate the 

effect in the middle of the airgap as shown in figures 4.37 and 4.38. As we can see, in 

this arrangement the magnetic field distribution tends to be dominated by the field from 

the permanent magnet. However this field is not directly responsible for producing 

motive force. Therefore it is important to use a magnet whose field strength matches the 

requirements of the system and can be balanced by the current flowing through the 

coils. 

 

Figure 4.36: Introduction of permanent magnet in the secondary with One current 
carrying coil on primary (stator). 
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Figure 4.37: Distribution of flux density along x-direction for PM mounted on 
secondary (rotor) 

 

Figure 4.38: Distribution of flux density along y-direction for PM mounted on 
secondary (rotor) 

 

4.3.1.7 Effect of multiple coils in the primary and PM in the secondary  

Figure 4.39 shows the final simulation that was carried out to investigate the 

effect of multiple sources of MMF in the transducer. Figures 4.40 and 4.41 show that 

while the field distribution due to the permanent magnet is strong, the combined effect 

of placing two coils alongside a PM is the same as the superposition of each source 

considered individually. This is the exact principle that is used in the process of field 

reconstruction as shown in figures 4.7 and 4.8 of this chapter. 
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Figure 4.39: Effect of multiple coils carrying current in the primary with a permanent 
magnet in the secondary. 

 

Figure 4.40: Distribution of B along the x-direction for PM mounted on secondary with 
multiple coils carrying current in the primary 

 

Figure 4.41: Distribution of B along the y-direction for PM mounted on secondary with 
multiple coils carrying current in the primary 
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CHAPTER 5 

CURRENT OPTIMIZATION 

 

Field reconstruction can be used for several applications including design of 

electrical machines, fault detection, and optimization of input current & voltage 

waveforms among other areas. This chapter discusses the process of optimization of 

current using finite element analysis of the 3-phase PMSM. It also presents results 

obtained from field reconstruction theory as explained in chapter 4 of this dissertation 

and presents experimental results to support the claims. 

5.1 PMSM Model Verification 

The PM machine used in this analysis has 4 magnetic poles, three stator phases, 

and is radially magnetized. As a result, the back EMF of this machine is trapezoidal 

instead of a sinusoid, as shown in figure 5.1. To validate the accuracy and precision of 

the machine modeled and simulated in finite element analysis, a basic test was 

performed by measuring the back EMF for a fixed speed. For any given phase, it can be 

observed that the voltage has a constant value over one pole pitch (arc length of each 

magnet, in this case- is equal to 90°) with two “notches”. This drop in value is due to 

the presence of two slots in the stator over each pole pitch. A magnitude of back EMF ≈ 

12.4 V was calculated from FEA, as shown in figure 5.1 at a speed of 1000 rpm, the 

induced voltages. The corresponding experimental measurements showed a 
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measurement of ≈ 12.6 V, as shown in figure 5.1, showing a very good match. As 

discussed in chapter 4, a slight difference in the geometry can produce significant 

differences. This match verifies the constructional parameters, magnet and coil 

properties of the machine as a good match to the target system modeled using FEA. 

 
Figure 5.1: Back EMF voltage waveforms across three phases obtained from finite 

element analysis at a rotor speed of 1000 rpm. 

 

Figure 5.2: Back EMF voltage waveform across three phases obtained from 
experimental measurement at a speed of 1000 rpm. 
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5.2 Generation of Optimized Waveforms 

A machine has several controllable variables which are used to control the 

output speed and torque. The motor is fed form a voltage source inverter with current 

control which gives the operator several degrees of freedom in terms of magnitude and 

frequency of current. Typically, the controllable variables are two or three depending 

upon the connection scheme chosen for the phase windings. For a machine with wye-

connected phase windings, two of the three phase currents are independently controlled. 

The third phase current is determined by the algebraic sum of other two phases. On the 

other hand for a machine with independent phase windings supplied by a full bridge 

inverter, all three phase currents can be independently controlled. 

5.2.1 Generation of Optimized Waveforms 

Using the expressions for tangential and radial components of force as described 

in equations 4.8 – 4.10, it becomes possible to analytically estimate various force 

components in the machine. It goes on to say that this also gives us the information 

required to obtain specific excitation patterns to mitigate vibrations in torque and radial 

force. Furthermore, an improvement in efficiency may be achieved by minimizing the 

RMS value of phase currents. 

Figure 5.3 shows the conventional sinusoidal current that was applied to the PM 

machine. As an objective of using the FR method to mitigate ripple in the tangential 

forces, the overall objective was expressed as 

Minimize 22 )()( ><−><− nntt FForFF  

Subject to 0=++ cba iii  
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ratedcsbsas iiii ≤|||,||,|  

where >< tF  and >< nF denote the average (ripple-free) components of 

tangential and normal force density, respectively. For estimating the optimal current 

waveform in the present study, the value of >< tF  was set to 2875. The resultant 

torque measured for this profile is shown in figures 5.8 and 5.9, later in this chapter. 

 

Figure 5.3: Conventional current waveforms applied to three phases of the 
experimental test machine. 

 

The complexity of flux density pattern and the integration operation as shown in 

equation 4.10 makes it difficult to solve. Therefore for the purpose of simplicity, it was 

solved using a line search approach that is part of the commercially available 

optimization toolbox in Matlab. The optimal phase currents obtained are shown in 

figure 5.4. Figure 5.5 shows this current implemented using the TMS320F2812 DSP by 
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TI. For the implementation of this current waveform, a full bridge inverter was used as 

explained in chapter 3. 

 

Figure 5.4: Simulated three phase currents obtained from the optimization routine 
for tangential force density ft = 2875 N/m. 

 

Figure 5.5: Three phase currents applied to the test PMSM aimed at reducing 
vibration in the tangential component of force. 

 



 

 102

5.2.2 Measured Torque Waveforms 

In order to measure the contribution in torque ripple due to the PMSM being 

tested, the load machine was allowed to run at a constant speed and the readings from 

the torque meter and the analog output of the load were compared. Since the PMSM 

was not energized during this test, it could be safely concluded that the entire torque 

ripple seen at steady state could be attributed to the load. This comparison is shown in 

figure 5.7. This also provided a scaling factor to scale the values to comparable per-unit 

values. 

 

Figure 5.6: Comparison of torque measured from the analog output of the load drive 
and the torque meter. 

 

After appropriate calibration, the system was then supplied with the two 

excitation patterns as discussed above. The kollmorgen output and toque meter readings 

obtained sinusoidal excitation at a mechanical speed of 500 rpm is shown in figure 5.8 
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while figure 5.9 shows the calculated ripple contribution of the test PMSM due to the 

excitation patter. It was observed that upon excitation with a sinusoidal scheme, the 

ripple was approximately 2.5V on a per-unit scale. 

 

Figure 5.7: Torque measured from the analog output of the load machine and the 
torque meter after including the scaling factors for sinusoidal excitation at 500 rpm. 

 

For the same measurement setup, the optimized current pattern was applied. As 

can be seen from figures 5.10 and 5.11, the torque contribution of the test machine was 

observed considerably lower at approximately 0.6V. 
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Figure 5.8: Torque ripple contribution of the test PMSM for sinusoidal excitation.  
Peak-peak value ≈ 2.5 V. 

 

Figure 5.9: Torque measured from the analog output of the load (kollmorgen) and 
the torque meter after including the scaling factors for optimized current waveforms. 
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Figure 5.10: Torque ripple contribution of the test PMSM for optimized current 
waveform. Peak-peak value ≈ 0.6 V. 
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CHAPTER 6 

CONCLUSIONS 

 

Quiet, vibration-free operation of an electric drive has been a very desirable 

property in motor drives. While controlling the parameters produces very effective 

results, it is a very superficial effort to manipulate an unknown set of parameters.  

In this dissertation, a field reconstruction method based on FEA has been 

introduced and implemented. This scheme involves the reconstruction of the 

electromagnetic fields due to the phase currents using basis functions using one single 

solution from FEA. By manipulating the tangential and normal components of magnetic 

field in various parts of the machine, acoustic noise owing to radial and tangential 

vibrations can be mitigated. This field reconstruction method offers a new numerical 

technique for analysis and design of a PMSM. This technique is time- efficient and 

offers an insightful version of the magnetic field in the machine. It combines ideas from 

electromechanical energy conversion, signal reconstruction, pattern recognition, and 

power electronics to create novel solutions and paves the road for development of cost 

effective, highly efficient, survivable, and reliable electric motor drives.  
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APPENDIX A 
 
 

SETUP OF EXPERIMENTAL TESTBED
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Experimental testbed including PMSM, load machine (Kollmorgen) and online torque 

meter. 
 

 
Designed PMSM showing coupling with torque meter and position encoder. 
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APPENDIX B 
 
 

ROTOR AND STATOR LAMINATIONS 
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Stator (left) and rotor (right) laminations for 3-Phase PMSM. 

 
 

 
Stator (left) and rotor (right) laminations for 5-Phase PMSM. 
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APPENDIX C 
 
 

COIL WINDING ARRANGEMENT  
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4-pole, 3-phase PMSM with 12 stator slots. 

 
 

 
6-pole, 5-phase PMSM with 30 stator slots.
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APPENDIX D 
 
 

POWER ELECTRONIC CONVERTER 
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Control board for 3-Phase Inverter. 

 
 

 
MOSFET layout for 3-Phase Inverter. 
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