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ABSTRACT

FAULT DETECTION AND OPTIMAL TREATMENT OF THE PERMANENT MAGNET
SYNCHRONOUS MACHINE USING FIELD

RECOSTRUCTION METHOD

AMIR KHOOBROO, PhD

The University of Texas at Arlington, 2010

Supervising Professor: Babak Fahimi

Permanent magnet synchronous machines (PMSM) are used extensively in industrial
applications due to their relatively high power density, high efficiency, negligible rotor losses,
maintenance free operation, and ease of control. Fault tolerance has become a design criterion
for adjustable speed motor drives (ASMD) which are used in high impact applications. In simple
terms, a fault tolerant ASMD is expected to continue its intended function in the event of a
failure compliment to its remaining components. A wide variety of the research has been done
on the techniques of fault detection. Most of these researches focus solely on the fault detection
and less attention is paid to treatment of the faults.

This dissertation investigates fault detection and clearance in a PMSM using the field
reconstruction method. Also, the optimal excitation of the machine for optimal performance

under healthy and faulty modes of operation has been investigated. Initially an accurate Finite

iv



Element (FE) model is developed for the PMSM using the MAGNET software (©infolytica) as a
reference for comparison. This model is used to analyze the electromagnetic behavior of the
PMSM during normal and faulty operating conditions. As the FE analysis is time consuming,
Field Reconstruction Method (FRM) is developed and implemented to minimize the
computational time while maintaining an acceptable accuracy. The FRM provides a precise
distribution of the magnetic field components for PMSM. A new flux estimation technique is
developed to monitor magnetic flux passing through each stator tooth. Also, the flux linking each
stator phase can be determined using the flux estimator.

In order to detect the faults specific signatures have been identified and detected. For
the faults under study, (i.e. stator inter-turn short circuit, rotor partial demagnetization and rotor
static eccentricity) there are measurable signatures in the magnetic flux that are used for
detection purposes.

Finally, based on the type and location of the fault a optimal stator currents are
calculated. Once a fault is detected, the faulty component would be disengaged if possible.
Then, the optimal currents would be applied to the remaining stator phases to guarantee the
appropriate operation of the machine. The above mentioned steps have been supported by

simulation and experimental results.
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CHAPTER 1
INTRODUCTION

In this chapter a description of the motivations, methods, and objectives of this
dissertation is presented. First, the importance of PMSM in industrial applications has been
discussed. Then the issues regarding the use of PMSM are explored. Later the fault tolerance
concept and its implications are presented. The state-of-the-art along with their advantages and
disadvantages are surveyed. This chapter is concluded by an overview of the dissertation
outline and objectives.

1.1 Importance of PMSM

Permanent magnet Synchronous machines are widely used in various industrial
applications due to their relatively high power density, high efficiency, negligible rotor losses,
maintenance free operation, and ease of control. With rapid advancement in the area of modern
power electronics, researchers have had a great deal of flexibility in implementing complex
control routines. There has been significant effort to improve the control methods of the
machines to enhance their efficiency and fault resilience. With nearly 65% of the electricity that
is generated worldwide being consumed in electromechanical energy converters (EMEC),
development of efficiency optimization for these actuators forms an integral part of any
sustainable energy policy. The following items can be addressed among the various issues
facing the adjustable speed electric drive systems:

o Low efficiency

e Vulnerability to various types of fault

e Lack of service during faults

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

e High levels of tangential and radial vibration



Over the past decades there have been numerous attempts for resolving these
challenges. It is also important to note that in some cases solving a problem has resulted in
counter effects on other performance indices of the EMEC. This dissertation investigates a new
approach to solving these problems. It presents a design and analysis technique according to
the required target specification for each system.

The PMSM has a multiphase stator whose electrical frequency is an integer multiple of
the rotor speed. The difference between PMSM and conventional synchronous machine is the
use of permanent magnets instead of field winding on the rotor and hence the absence of any
rotor conductors as shown in figure 1.1. Permanent magnets increase the overall efficiency by
eliminating the need for slip rings, need for magnetizing power and rotor copper losses. In
addition, with the introduction of low cost of permanent magnets, this arrangement proves to be
an efficient and affordable solution. Based on the way magnets are installed on the rotor, the
PMSM can be classified into the following categories:

e Surface mount PMSM (SPMSM)

e Interior PMSM (IPMSM)

Figure 1.1: Stator and rotor laminations for 5-phase machine
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(a) (b)

Figure 1.2: The PMSM types (a) Surface Mount PMSM (b) Interior PMSM (Courtesy of
infolytica)

The permanent magnets in SPMSM are mounted on the outer cylindrical surface of the
rotor core. The interaction of the magnetic fields of the rotor and stator generates the torque in
this machine. The interior permanent magnet synchronous machine (IPMSM) is developed by
embedding the permanent magnets in the rotor structure. This leads to the magnetic saliency in
the rotor, so IPMSM benefits the reaction torque as well as the reluctance torque. Figure 1.2
depicts the varoius types of the PMSM. The PMSM under study is a surface mount permanent
magnet with wide magnet pole-arcs, although interior permanent magnet mounting has gained
vast popularity in the recent past as well. The following subsections describe various

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

1.1.1. Rotor and Stator Laminations

The main disadvantage of the surface mount PMSM is the flow of eddy current on the
surface of the rotor (the surface of the magnets are covered by a layer of metal containers to
guarantee that the magnets will not fly out due to the centrifugal forces). Alloys of steel and

carbon with small quantities of silicon, has higher volume resistivity, which helps to reduce eddy
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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.

Silicon steels are generally specified and selected on the basis of allowable core loss in
watts/Ib. 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 significantly cheaper, although only a small
percentage of power is saved with each step down in performance. M19 is probably the most
common grade of steel used for electromechanical energy conversion devices, as it offers

nearly the lowest core loss in this class of material, for a fraction of additional cost.

1.1.2. 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 its composition and defined unit properties obtained from the
hysteresis loop of the magnet material.

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 frest of this section gives a brief description of the different magnet materials

commonly used [1].



e Ceramic of Ferrite magnets are made of a composite of iron oxide and barium
carbonate (BaCO3;) or strontium carbonate (SrCQOj). 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.

e 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.

e Rare earth magnets are composed of alloys of Lanthanide group of elements.
Neodymium (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
(Nd;Fe44B, sometimes referred to as NdFeB) and samarium-cobalt (SmCos Sm,Co47).

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. Neodymium-Iron-Boron (NdFeB) magnets are the most
advanced and most popular permanent magnet available today. This material has properties
similar to samarium-cobalt 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 more
expensive by mass but their high flux density per unit volume (energy product) contribute to a
compact design, also making it economical to most applications.

e 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.

e 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. The demagnetization characteristics of various magnets at

normal temperature (20°C) is shown in figure 1.3 [2].
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Figure 1.3: Demagnetization characteristics of various permanent magnets



According to this figure the demagnetization curve of a permanent magnet can be fully
characterized by the following parameters [2]:

o Remanent Magnetism (B,.) which is where characteristic meets the B-axis.
o Coercive field intensity (H,) which is where characteristic meets the H-axis.
e  Curvature connecting these two points.

In fact, the second linear region that is close to the H-axis is considered as an unstable
region. Therefore a proper operating point will be located in the first linear part, which is
expressed as:

B=8B, +uuH (1.1)

Where u, and M, stand for relative and air permeability, respectively. It must be noted

that in permanent magnets 1, is very close to 1 (relative permeability of the air). Accordingly,

the energy density of a permanent magnet (assuming a linear characteristic) can be computed

as:

B,’

E=BH=E,, = (KJ/m?) (1.2)

HoHy

It must be mentioned that ferrite magnets represent a low-cost solution while offering a
limited flux density. AINiCo magnets, which are more expensive as compared to ferrite
magnets, demonstrate a very high remanent magnetism. This, however, is undermined by very
limited corecive field intensity. The most expensive, SmCo magnets, represent quality in every
aspect including high remanent magnetism, large corecive field intensity, and a fully linear
demagnetization characteristic. They also are known as highly stable in the presence of high
temperature variation. Finally, the NdFeB magnets demonstrate very high energy density at
room temperature. Furthermore, the cost associated with NdFeB is much less than SmCo
magnets. However, corecive field intensity in NdFeB magnets is highly sensitive to temperature

changes. This, in turn, results in an inadequate performance at high temperatures. In general,
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the main objectives in selecting a permanent magnet for motor drive application can be

summarized as [2]:

High energy density.

e Alinear demagnetization characteristic in the entire vicinity of the second quadrant (B-H

plane).

¢ High stability with respect to temperature.

e High specific resistance to mitigate eddy currents.

e Durability against corrosion and demagnetization.

e Low cost.

Although achieving all these attributes in a single magnet is not possible, proper design

can help us to optimize the performance of the drive in the context of the application. The

magnetic characteristics of various magnets are summarized in table 1.1 [2].

Table 1.1 Permanent magnet characteristics

ferrite AINiCo SmCo5 NdFeB
Remanent 0.38...0.42 0.61...1.35 0.85...1.0 1.0...1.23
magnetism (B, (T))
Corecive field
intensity (H, (KA/ 390 ... 280 59...50 1000 ... 1200 1600 ... 960
m))
Max. energy density 28 ... 34 13...62 140 ... 200 195 ... 280
(BHmax [kJ/m3])
Temperature -0.2...-0.23 -0.02 -0.04 ...-0.05 | -0.11...-0.13
coefficient (KB[%/C])
Temperature 04..022 | 0.03..-0.07 -0.25 ~06..-08
coefficient
(KH[%/C])
Reversible 1.05 <5 1.05 <1.2
permeability (urev)
Density [o/(kg/dm3)] 46...4.9 6.7...7.3 8.1...8.3 73..74
Specific electric
resistance 1012 1016 40...70 50 ... 60 140
[PCL/uQcm]
Cost [%] 10... 15 40 ... 60 600 ... 800 200 ... 300




Comparing various properties of permanent magnets, the following observation can be

made [2]:

A rise in temperature will reduce the remanent magnetism in all magnet types. On a
percentage basis, ferrite magnets seem to be the most sensitive magnets, while SmCo
demonstrates the least sensitivity.

Corecive field intensity portrays different behavior for various materials. While an
increase in temperature results in significant decrease of corecive field in NdFeB, an
opposite response is seen in ferrite magnets. Overall, SmCo offers the least sensitivity
to temperature.

SmCo is the heaviest and the most expensive alternative among all candidates. It also
presents one of the lowest specific resistances, which translates to high eddy current
losses.

AINiCo offers the highest remanent magnetism. This, however, is mainly undermined by
a very limited corecive field intensity and extremely high conductivity.

The reversible permeability in most cases is close to 1.

1.2 Fault tolerant operation of PMSM

Fault tolerance has become a design criterion for adjustable speed motor drives

(ASMD) which are used in high impact applications. Fault tolerant motor drives are highly

demanded in many sectors of industry including automotive, aerospace and military and

domestic applications. In simple terms, a fault tolerant ASMD is expected to continue its

intended function in the event of a failure compliment to its remaining components. Knowledge

of magnetic field distribution in electrical machines especially the PMSM has shown to give an

in-depth understanding of machine behavior in terms of force distribution and optimal excitation

determination in various parts of the machine. Based on that, the availability of improved

computational tools to analyze the magnetic field is of great importance. Employment of



microscopic electromechanical energy conversion scheme can be employed to give us the
following benefits:

o Fault tolerant design.

e Optimal excitation for maximum energy conversion ratio (torque/Amp).

e Reduction of the torque ripple so the acoustic noise.

¢ Improvement in efficiency.

From an engineering point of view there is a trade off between the following goals, so
depending on the application, some of these items can be of more importance in the design
process. The main purpose of this project is fault tolerance design while the other factors are
sought as much as possible. Fault tolerant operation of an electric drive is a prime objective in
high impact applications. By manipulating the tangential and normal components of magnetic
field in various parts of the machine, the flux can be observed and used to detect the fault
condition. The proposed method offers new numerical techniques for analysis and design of a
PMSM. These techniques are time efficient and offer an insightful version of the magnetic field
in the machine. Target applications for this technique include the following areas:

e Automotive

o Domestic appliances
o Naval and Military

e Aerospace systems.

The proposed scheme would combine ideas from electromechanical energy
conversion, signal reconstruction, pattern recognition, and power electronics to create novel
solutions. The successful completion of this target would pave the road for development of cost
effective, highly efficient, fault tolerant, and reliable electric motor drive. The most eminent
attributes of this approach are:

e The magnetic filed components have been investigated in various parts of the machine.

e The fault detection scheme is based on the flux observation in the machine structure.
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e The optimal excitation of the machine has been derived based on the same knowledge

of the field distribution.

1.3 State-of-the-Art

The ongoing challenges in the design and control of fault tolerant electric drives have
been the focus of many researches [3-8]. However improvements in these areas have been
incremental. Most of the work which is done focuses on the fault tolerant design of the electrical
machine [9-17]. A multi phase drive, in which each phase is regarded as a single module is the
best design for this purpose. These modules should have the minimal impact on each other so
that the failure in one does not affect the others. The modular approach requires:

e Minimal electrical interaction: separate single phase bridges can be used for this

purpose [18].

¢ Minimal magnetic interaction: In case of the magnetic coupling between the phases
fault current in one can induce voltages in the other which causes problems especially

in the control process [19].

¢ Minimal thermal interaction: The stator outer surface should be cooled down properly.

Also each stator slot shoul dbe used for one phase winding to separate the thermal

coupling between phases.

Although effective, these techniques are not appropriate in case the design of the
machine is not flexible. Principles of a fault tolerant system have been presented in [20]. For an
electric drive the fault tolerance necessitates the following:

e Partitioning and redundancy
e Isolation between modules
o Fault detection and reporting

e Service continuity, Online repair

11



The fault tolerant design has its own disadvantages which can be caused by the
unusual design or the introduction of the redundancy. Fault tolerance has been achieved in [17]
by deploying a dual motor drive configuration. Same method has been used in [21, 22] to obtain
fault tolerance. The disadvantage of this method is that another module of the same size and
price of the main module should be used which increases the cost of the system. Also, the
control strategy would be more complicated in this case. In some applications the weight and
size of the electrical drive is also a restriction so the dual modular system will be inappropriate.
The above mentioned methods generally deal with the fault tolerant design of the machine and
increasing the redundancy of the system under operation. There are cases in which the design
of the machine is not possible and due to the limitations in space and cost, deploying a
secondary back up module is not feasible. In this case the system should be able to detect the
fault and remove it before the remaining healthy parts are damaged. So, there should be
detection schemes that constantly monitor the machine. Also, to guarantee the continous
service there should be schemes to squeeze the maximum power possible out of the machine.
The fault detection schemes can be classified into following:

o flux based [23, 24]
e current based [25]

In these methods the magnetic flux or the stator currents of the PMSM are monitored
during operation. By performing mathematical analysis, such as FFT, Hilbert transform, etc [23,
24], specific signatures can be detected for each type of fault.

Optimal excitation of the electrical machines has been considered as a useful tool to
improve the overall efficiency of the system [26]. In order to introduce the required redundancy
the sizing of the semiconductors should be judiciously increased. This in turn results in more
silicon and higher expense. Alternatively, the excitation of the machine can be modified in a way
that yields the optimal output of interest. In this study the maximum torque per ampere is of

primary interest. Therefore the target is to find the optimal stator excitation, in the event of a
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fault, such that the post fault torque per ampere of the machine would be maximized. Our study
uses Maxwell stress tensor method to analyze the torque behavior in normal and post fault
operation. This method provides a detailed and insightful picture of the electromechanical
energy conversion by providing a detailed description of the magnetic field and force

distribution. Figure 1.4 summarizes the fault tolerant schemes.

Fault Tolerance

Design Phase Operation phase
Power Elt_ectronlcs Machine design Fault treatment Fault detection
design
. J . . Flux based
Modular design - Multiphase design Fault clearance methods
| ngher per unit Optimal excitation Current based
inductnace methods
| | Concentrated

phase windings

Figure 1.4: Fault tolerance summary

As mentioned before an important feature of a fault tolerant system is the ability to
detect the fault and then to clear it. Flux based method, as an option for fault detection, has
been used in [23, 24] to detect the inter turn short circuits inside the machine windings. In this
case a set of search coils are mounted inside the machine and by monitoring the flux pattern
the fault can be identified. An alternative to the search coils is to find a way to calculate flux in
different parts of the machine. This will eliminate the costly and sometimes impossible burden of
search coils.

Finite element Analysis has been used as a powerful tool to determine the magnetic
field distribution. As the finite element procedures are tedious these methods are not applicable

to all applications like real time control. Field reconstruction method is developed and
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implemented to improve the process of finding magnetic field components in the electrical
machines [27-30]. Field reconstruction method provides insight to microscopic
electromechanical energy conversion and can be used as an alternative to FEA to analyze
magnetic field distribution. Figure 1.5 illustrates some of the impacts of microscopic

electromechanical energy conversion on the state of knowledge and performance.

Fault diagnostics Optimal control of
Fault tolerant operation Electromechanical converters

Microscopic Energy Conversion

Better utilization of
Power electronics

Figure 1.5: Contribution of microscopic electromechanical energy conversion to various issues
in EMEC

Improvement of quietness
In electromechanical
converters

1.4 Objectives of the Study

In this section the various tasks and objectives including the modeling of PMSM, fault
detection, fault treatment and experimentation are presented.
1.4.1 Conceptualization, Design and Development of the PMSM

To validate the proposed scheme, the model of the PMSM machine should be
designed using a valid model generation tool. To facilitate this process, a motor drive test bed
has been designed and simulated using MAGNET software. Figure 1.5 shows the finite element
model of the 5-phase, 6-pole motor that was developed and used in this research. Noteably,the
size of the mesh influences the precision and computational time by a great extent.Force

calculation is a post-process step, which is directly affected by field distribution calculated by
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FEA. As the size of the mesh, its uniformity and aspect ratio needs to be taken into account for
better accuracy the construction of the mesh has been modified as shown in Figure 1.6.
Keeping the above-mentioned points in mind, a 6-pole 5-phase PMSM was modeled in 2
dimensional FEA as shown in figure 1.6a. The mesh formation in the area of interest is shown in

figure 1.6b.

=
INFSLYTIC

(a) (b)
Figure 1.6: The PMSM model (a) Finite element model of a surface mount 6-pole 5-phase
PMSM (b) Meshing pattern in the model for enhanced accuracy

1.4.2 Development of a field reconstruction method

The field reconstruction method has been used to develop a precise magnetic model of
the PMSM. The spatial distribution of the magnetic field in the airgap of an EMEC is influenced
by geometry and external excitation. Access to local distribution of the magnetic field and
understanding the relationship between generation of forces and geometry/excitation is of great
importance. Field reconstruction method can provide accurate microscopic details of the
magnetic field in a computationally efficient manner. It is much faster than the FEA methods
while providing the same level of accuracy. The field reconstruction can be used to observe the

magnetic flux as well as the calculation of optimal excitation in case of a fault.

15



1.4.3 Development of fault detection and optimization strategies

The fault tolerant system should be capable of fault detection and remediation. Also, it
is desirable that the PMSM delivers maximum torque per ampere in the event of a fault. A set of
look up tables can be created for each kind of fault and by monitoring the flux the type of fault
can be detected. Also, based on the type of fault that happens and the place of occurrence the

optimal excitation should be deployed to improve the machine performance.

1.4.4 Development of an experimental test bed

The conventional PMSM can become fault tolerant using the proposed method. For the
validation of the proposed scheme, an experimental PMSM drive was designed and constructed
at the Renewable Energy and Vehicular Technology Lab. This experimental system is used for
validation of the flux estimation as well as the optimized fault tolerant performance using field
reconstruction method. Fault detection and removal and optimization of the remaining healthy

machine phase excitations are the main objectives in this experimental investigation.

1.5 Outline of the dissertation

The state-of-the-art investigation, problem identification, modeling, detection and
treatment of fault tolerant PMSM are presented here. This dissertation includes 5 chapters
whose outline is as follows:

Chapter 2 describes the fundamentals of the field reconstruction method. In this
chapter the FRM is developed and implemented for the PMSM. To validate this model a finite
element model is also created for comparison purposes. Maxwell Stress Tensor method is used
to quantify electromagnetic torque in the middle of the airgap.

Chapter 3 deals with the mehtods of flux estimation in permanent magnet synchronous
machines. The traditional flux estimation technique is discussed and the novel methods will be
introduced in detail. These novel methods are supported by experimental and simulation

results.
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Chapter 4 introduces various faults under study, detection schemes and optimization
strategies. The stator inter turn short circuit fault on single or multiple phases, rotor partial
demagnetization and rotor eccentricity are investigated in this chapter. The experimental setup
is used to support the theory and simulations.

Chapter 5 summarizes the achievements of this study and provides concluding

comments on the findings.
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CHAPTER 2
FIELD RECONSTRUCTION METHOD
Electromechanical energy conversion in energy conversion devices occurs in terms of
magnetic fields from the media within which the electromechanical energy conversion takes
place. Magnetic fields provide a controllable means within a relatively compact and highly
efficient environment for energy conversion. Once the electromechanical energy converter is
supplied with electric current, a magnetic field throuout the device is established. Using Maxwell
stress tensor method, distribution of the radial and tangential force densities in the airgap of the

machine can be expressed as:

1
fn=2%%%2—&5 2.1)

1
f.=—(B,B,) (2.2)

0

Where f, f,,B,,B,, and u,denote normal and tangential component of the force
density in the airgap, normal component of flux density, tangential component of flux density,
and air magnetic permeability respectively. Tangential forces are partially responsible for the
generation of torque on the rotor and tangential vibration of the stator frame. The tangential
forces that are produced on the stator poles cause unwanted vibration in the stator frame. The
resultant forces acting on the machine components can be determined by integrating the

tangential and radial force densities on the surface of the desired component as follows:

Fo=§ f.ds (2.3)
S
2z
F, =1 [rf.dg, (2.4)
0
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Where s denotes the outer surface of a cylinder located in the airgap of the machine

and |, r,and ¢S denote stack length, radius of the integrating contour, and angle component in

cylindrical system of coordinates respectively.
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Figure 2.1: magnetic flux density in the middle of the airgap (a) Normal component (b)
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Tangential component of the force acting on the rotor is viewed as the main product of
the electromechanical energy conversion process. In fact the electromagnetic torque can be

expressed as:
s

In (2.5), T represents a radial vector connecting the center of the rotor to an arbitrary
point on the surface of integration. Figure 2.1 shows the distribution of tangential and normal
components of the flux density in a PMSM. These results are obtained using a 2-dimensional
transient finite element analysis (FEA).

Although FEA can be used for computation of local distribution of normal and tangential flux
densities, the computational cost for iterative design procedures is very high. Moreover, lack of
analytical expressions for the field components may limit one’s ability to optimize the machine
performance. In the next section the field reconstruction method has been introduced to
address the above problems.

2.1 Development of Field Reconstruction Method

Field reconstruction method is developed to address computational time associated
with FEA. This method forms the foundation for our microscopic electromechanical energy
conversion technique, which is entirely based on computation and design of field components in
a microscopic scale. In order to explain the idea the following assumptions are made:

e The nonlinear effects of the saturation are neglected.

e The impact of eddy currents is negligible.

e Rotor of the EMEC comprises of surface mount magnets with a uniform magnetization.
o The effect of stator end coils is neglegted.

The target EMEC for this dissertation is a 5-phase, 6-pole, surface mount, permanent
magnet synchronous machine. The FEA model created for this machine is shown in figure 1.2.

This FEA model is used for verification purposes. Table 2.1 depicts the characteristics of the
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permanent magnet machine. Figure 2.2 shows the cross section of this machine that has been
cut and rolled along the neutral axis of a pair of rotor poles.

Table 2.1 Target PMSM characteristics

Rated Power 10 hp
Number of Phases 5
Rated Speed 1800 rpm
Number of Poles 6
Number of Stator
Slots 30
Stator Winding Copper
Material
Stator back iron
Material M19
Type of Permanent Surface Mount
magnets
Rotor Material M19
Shaft Material Cold rolled Steel
Stack length 6 in.

Figure 2.2: Cross section of the slot-less PM machine
In Figure 2.2, ¢, represents the displacement for any point on the stator and i, ..... i

represent the current in each conductor. In this configuration, the normal and tangential

components of the flux density due to surface mounted permanent magnets are defined as

Bn]pm and Bt,pm respectively. Each conductor on the stator contributes to the tangential and
radial components of the flux density in the airgap. The tangential and normal components of

the flux density that are contributed by a conductor (representing the k™ phase) located at @,

are given as follows:
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By, = B.(i)h (4, — i) 0<¢5<2§
B, = B, ()N, (4 —4,)

(2.6)

Where P, B, B,,h,and h, 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 ¢, represents the

location of the k™ conductor, carrying the current magnitude of i, . Figure 2.3 illustrates the

variation of the tangential and normal components of the flux density as a function of the current
magnitude and displacement. It can be seen that the flux density is directly proportional to the
current magnitude. Also, the flux due to the neighboring slots is a shifted version of the main

component.

@ | © @ |
AANANNNNRNNNANANNN

Figure 2.3: Variation of the tangential and normal components of the flux density as a function
of the current magnitude and location of the conductor

Assuming superposition, the resultant tangential and normal 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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B (i) = By + By (i, (4, — )
= 2.7)

Bn (¢s'i1""'im) = Bn,pm +an:Bn,k (Ik)hn(¢s _¢sk)

The above expressions depict an elegant illustration of the separation between factors

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

Accordingly, the tangential and normal components of the force densities can be computed as
follows:
. 1 . .
ft (¢s ' Il’ "'Im) = lu_{Bt (¢s ' Il’ "'Im)Bn (¢s ' Il’ "'Im)}
0

1 (2.8)
ki) =5~ 8% ) B (i)}

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:

2z

E(@r):P.L.RI f(4,i,..i )dg ~ 0<@, s%ﬂ
’ (2.9)

2

B
F.(0,)=PLR[ f.(¢i,,..i,)dg,
0
Where 6., L, and R represent 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. As can be observed detection of the basis functions h,,
and h, 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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Bt,k (ik) = Bk 'ik

. . 2.10
Bn,k (Ik) = Bn'lk ( )

Once the pattern of excitation is known and basis functions are identified, one can use
(2.7) through (2.9) to identify the distribution of field/force for a given position. It must be noted
that the contribution of the permanent magnets are assumed as a separate input to (2.7).

Analysis of an unsaturated slot-less stator with an embedded conductor (figure 2.2) indicates

that the basis functions, ht and hn have the following properties:
(a) Periodic with respect to ¢, ,
(b) h, has an even symmetry with respect to ¢, ,

(c) h, has an odd symmetry with respect to ¢, .

Therefore, without rotor excitation (winding or permanent magnet) the resultant
tangential force will be an odd function resulting in zero average torque at every given point.
However, the radial forces will exist even without any magnetic source on the rotor. One of the

most important tasks of this dissertation will be to identify analytical expressions of the basis
functions h,, and h, for the 5 phase permanent magnet synchronous machine.

Figure 2.4 shows the process of reconstruction of the flux density due to the permanent
magnets and the stator phase winding currents. In this process, as the figure describes, 1A
current is first applied to the conductors in a single slot of the machine. The flux density
obtained due to this unit current is called the “basis function” for the given geometry. This
function should be rotated by 60 degrees and superimposed to achieve the field distribution due
to the current in one phase. Further, as the in the balanced 5 phase systems the consecutive
phases are 72 degrees apart,this plot is rotated by 72 electrical degrees and superimposed to
estimate the effective field due to current in all five 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.
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Figure 2.6: Field reconstruction method illustration.
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Figure 2.7: Field reconstruction method flowchart
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Therefore addition of the fields due to the PM and five phase currents can be used to
estimate flux distribution due to any waveform of current applied to the machine. This process is
done offline and the basis functions are stored as well as the PM contribution. The basis
functions calculation in this way is much faster than the case of the complete system because
there is only one source of magneto-motive force (MMF) in the machine during the calculation
of basis functions. This proves to be one of the major advantages of field reconstruction
method. Also, this method can be applied to any type of stator current and is not just sinusoidal
excitation. Figure 2.4 depicts the basis function determination for the 5 phase PM machine
under study. These functions are added to the PM contribution to achive the complete system
magnetic flux. The field reconstruction method is illustrated in Figures 2.5 and 2.6. According to
these figure the stator phase current contribution is calculated first. Then the PM contribution is
calculated and added to the stator flux to achieve the magnetic flux distribution of the complete
system. The field reconstruction flowchart has been shown in Figure 2.7. In this flowchart the
above modeling procedure is explained.

2.2 Voltage Driven FRM for PMSM

The field reconstruction method descibed in section 2.1 attains the distribution of the
magnetic field based on the instantaneous value of the phase currents. In some applications,
the permanent magnet machine is fed by a voltage source instead of the current source. In that
case the field reconstruction method should be modified to account for the voltage driven
applications. In order to formulize the voltage driven field reconstruction the characteristic

terminal equations of the machine should be investigated.

2.2.1 Electromechanical Description
There are three basic components to be considered in order to fully describe an
electromechanical device, the voltage equation, the flux linkage equation and the torque

equation. The equivalent circuit of the machine, at standstill, phase winding can be modeled as
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a series combination of the coil resistance and inductance of the winding. Figure 2.8 depicts this

equivalent circuit.

R L

\ el

Figure 2.8: 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 on the resistive element and the rate of change in flux linkage

on the inductive component as follows:

ka:RikS+dditk k=a,b,c,d,e (2.11)

In this equation, Vv, and i,, are voltages and currents of the 5 phase stator windings

respectively. rand A, are the stator winding resistance and phase flux linkages. Equation (2.11)

can be rewritten and expanded as:

v,] [R, 0 0 0 OTi ][ 0o 0o 0o o] [i.]
V| [0 R, 0 0 Ofi,| |0 L 0 0 0] |i, (2.12)
v.l=lo o R o0 ofil+/o o L o olYi
ve| |0 0 0o R Ofi,| |0 0 0 L 0 a i
v.] o 0o 0o o Ri./ [0 0 0 0 L] li]

Including the effect of back motional EMF, equation 2.11 can be modified to express

the equation in terms of Ohm’s law as in equation 2.13:
. di
V, :R|+La+ E, (2.13)

Where V;, R, L, As and i denote phase voltage, winding resistance, phase inductance,

flux linkage across each phase and phase current respectively. In this equation, the resistance
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of the stator phase winding is a constant. This equation can be extended to represent the five

phase machine used in this system as given in equation 2.14.

Vye R, 0 0 0 0 |ig L, 0 0 0 O I e,
Vi 0 R, 0 0 O iy 0O L, 0O 0 O T e, (2.14)
Vo |=|0O 0O R, O OJig|+/0O O L, O O a4 i [+] €
Vi 0 0 0 R, O [ig 0O 0 0 L, O a i | | €y
Ve | [0 0 0 0 RJixg| [0 0 0 0 Li| [|ig] |€]

Where R, Ls, € 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 2.12, output mechanical torque generated (i.e. T¢) in a synchronous machine is

approximated at a mechanical speed w,, as given by equation 2.15.

(Vaglog + Vielps Vel +Vyelye +Veeleg)

'I'e — CS " CS es " es (215)
a)m
Then, the mechanical equation governing the electromechanical system can be defined
as follows:
dw
Te _TL :JE‘F Ba)m (216)

Where, T,, T;, J, w and B denote electrical torque (generated), mechanical load torque,
moment of inertia, speed of the drive and friction respectively. Having the full description of the

system, the voltage driven field reconstruction method can be implemented.

2.2.2 Formulation
Considering equation 2.11, the stator phase currents of the machine can be written as

follows:

. 1 dA
IkS:R_(VkS_d_tk) k=a,b,c,d,e (2.17)

S
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For the PMSM under study the input stator phase volatges (Vks) are known. Also, the

stator resistances can be measured directly. Having the flux linkages for each stator phase
equation 2.17 can be calculated to attain the stator phase currents. These currents can then be
fed into the field reconstruction module to achieve the magnetic field distribution. The voltage

equations in dg-axes coordinates for a permanent magnet machine can be written as [31]:

Vis = iy + @Ay + PAy
Vis = I’-sids - a)/Iqs + pﬂds (2.18)
VOs = I’-siOs + pﬂOS

Where I, and @ are the coil resistance and reference frame speed, respectively. The

flux linkages can be written as follows:

ﬂ“qs = Lssiqs

. - 3
/1ds = Lsslds +2’m Lss = Lls +E Lms (2.19)
ﬂ“Os = LlsiOs

L, and L are magnetizing and leakage inductances, respectively. Using the above

equations:

ﬂqs (tk+1) _ iqs (tk+l) 0
|:/1d5 akﬂJ B Lss |:ids (tk+l):| ’ Lim:| (2.20)

So:

iqs(tk+1) _i ﬂ’qs(tkﬁ-l) _ 0
[ids(tkﬂ)}_ L [Lds(tm)} L’{mD (2.21)

Equation 2.18 can be rewritten as:
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dtqs = Vg — g — @Ay,
(2.22)
d,, .
e Vs — Folgs + @A
So:
Z’qs (tk+1) - Z’qs (tk) = dtx (Vqs (tk+1) - rsiqs (tk+1) - a)ﬂ’ds (tk )) (2.23)
;’“ds (tk+1) - ;’”ds (tk) = dt x (Vds (tk+1) - r-sids (tk+1) + a)ﬂ”qs (tk )) .
Equation 2.23 can be rewritten as:
s
ﬂ“qs (tk+1) - ﬂ”qs (tk ) = dt x (Vqs (tk+1) - L_ﬂ”qs (tk+1) - a)ﬂ”ds (tk ))
rss ; (2.24)
ﬂ“ds (tk+l) - ﬂ“ds (tk) = dt x (Vds (tk+1) - L_Sﬂ“ds (tk+1) + L_Sﬂ’m + a)ﬂ’qs (tk ))
So:
rdt
/’i’qs (tk+l)(1+ L_) = ﬂ“qs (tk) +dt x (Vqs (tk+1) - a)ﬂds (tk ))
r (Sjst r (2.29)
Ads () (L =) = Ao () + A< (Vg (b ) + Iy + 02 ()
Finally:
1
ﬂ’qs (tk+1) = T{ﬂqs (tk ) +dtx (Vqs (tk+1) - a)ﬂ“ds (tk ))}
1+ Is_ )
1 .
ids (tk+1) = T{/ids (tk) +dtx (Vds (tk+1) + %j’m + a)ﬂ“qs (tk ))} (226)
@) s
1
Aos (tsa) = Ags (t) +dtx (Vo (typ) — [—5/105 (tea)) = W{lm () +dtx (Vo (t.1))}
. @+ =0
Lls

Using equation 2.26, the flux linkages of each phase can be determined in terms of
stator applied voltage. The flux linkages then will be used to derive current values using
equation 2.17.
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2.3 Comparison of Finite Element and Field Reconstruction

In order to validate the PMSM model the finite element analysis has been compared
with the field reconstruction method in this section. This comparison includes the accuracy of

the method and the time required to perform the analysis.

2.3.1 Accuracy

As stated before, field reconstruction method is developed as a replacement tool for
magnetic field analysis. Finite element analysis (FEA) which is the most popular method of
magnetic field analysis is chosen as a reference for comparison purposes. Figure 2.9 depicts
the normal and tangential components of magnetic flux density calculated using field
reconstruction method compared with those obtained using the finite element analysis. In this
case the balanced sinusoidal currents have been applied to stator phase windings and motor is
rotating at a constant speed. According to these figures the magnetic flux densities calculated
using field reconstruction method fits properly to those of the finite element analysis. This
accuracy can be even better in case the mesh used to calculate the basis functions would be of
higher density. As the basis function derivation is a single magneto-static analysis, using a more
dense mesh would not significantly increase the computational time necessary for field
reconstruction. Having these magnetic flux densities and using Maxwell Stress Tensor (MST)
method the electrical torque generated can be calculated. The torque calculated from FRM is
compared wth that of the FEA as shown in Figure 2.10. The back emf of the machine measured
from the experimental set up is compared to that of the field reconstruction as shown in Figure

2.11.
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Figure 2.9: Magetic flux density, FEA vs FRM, (a) Normal component (b) tangential component.
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Figure 2.10: FEA and FRM torque comparison

2.3.2 Computational time

The main contribution of the field reconstruction method is the computational time which

is much shorter than the conventional finite element procedures. This property makes FRM

Besides, the shorter computational time translates

suitable for real time control applications.

into less computational costs from an economical point of view. The method has been tested on

a Pentium 5, 3 GHz processor for simulation purposes. The analysis using FRM takes 30

seconds while the same analysis using FEA takes 8 hours. So, FRM provides accurate enough

results while the computation time is much shorter than the FEA.

Another method ofcomputational time investigation is to implement the process on a

DSP. The target device for this purpose is TMS 320F2812 dsp board. The finite element

analysis can not be implemented on this DSP because of the limitations on the storage and

ALU units.
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Figure 2.11: Back EMF comparison, (a) Experimental (b) field reconstruction.
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In order to calculate the FRM, the following tasks should be done:
e Basis functions should be fetched from memory (10 cycles)
e Multiplication of basis functions to the current magnitude (4 cycles)
e Addition of the modulated basis functions to achieve stator contribution to magnetic flux

(4 cycles)

e Addition of PM contribution to the Stator contribution to achieve complete system
response(4 cycles)

As the clock frequency of this DSP is 150 MHz. each cycle takes almost 6.6 ns. It
means that calculation of each time sample (which is 70 cycles) can be carried out in 462 ns.
The A/D frequency for this DSP is 12 MHz so each conversion takes 83 ns. As the 5 phase
currents and position should be read and converted the overall conversion time will be 498 ns.
The overall calculation time is 960 ns. This short calculation time proves that FRM can be used
in real time control applications where the fast response time is of great importance. The control
loop implemenetd in DSP takes 3 us. So the overall time for calculation and control is almost 4
us. So, the maximum switching frequency possible is 250 MHz which is much bigger than the

average switching frequency of 20 KHz.
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CHAPTER 3
FLUX ESTIMATION USING FRM

Magnetic flux estimation is one of the main requirements in control of electrical
machines such as direct torque control (DTC) and sensorless operation. There are also fault
detection schemes that work based on the magnetic flux observation. The DTC method, for
example, is used increasingly in motor control applications because of advantages such as fast
dynamic response and minimal dependency on knowledge of the machine parameters. An
issue in using the DTC method is obtaining an accurate estimation of the magnetic flux. Position
sensorless methods are aslo being used to lower cost, reduce size, eliminate sensor cables and
circuitry, and achieve better reliability.

Significant research has been reported on development of sensorless control strategies
[32]-[37]. In this family of control methods, the stator flux linkage is usually calculated by

integrating the voltage across the stator windings using:

/’L.:

Nl

(V4 —rig)dt  i=ABC,. (3.1)

O t—

Where, Vg, I' and I are stator phase voltage, stator resistance, and stator current

i ?
respectively. Although straightforward, this method has its own weaknesses which include:
e Integration drifts due to offset error in current and voltage measurement.
o Errors due to variation in stator resistance as a result of temperature changes, etc.
These challenges become more severe at low speeds when the voltage drop across a
stator resistor is comparable to that of the back-EMF of the machine.

A great deal of research has been done to address these issues. Chapuis and Roye

proposed a constant DC offset method to eliminate the integration drift [38]. This method is
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useful provided that the offset remains unchanged during the control process. Patel, et_al,
presented a cascaded low pass filter (LPF) method [39] to remedy the problem. Rahman, et_al,
developed low pass filtering (LPF) method for DTC in interior permanent magnet motor drives
[40]. In this method, rather than a standard integrator, an LPF is used. It has been shown that in
the case of a pure DC input signal, the integration method will not diverge, if the exact values of
the system parameters are known [41]. Some research has been carried out to address the
inevitable inaccuracies related to stator resistance. Fuzzy logic techniques have been used in
[42] — [44] to tune the resistance values in DTC.

As mentioned before, besides the DTC, flux observers can be used in conjunction with
specific fault detection schemes for fault tolerance motor drive and control application [45], [46].
Levi, et_al, proposed a stator resistance estimation scheme for the rotor flux-based model
reference adaptive system [47].

Habetler, et al, presented a model-based stator resistance estimation scheme for
winding temperature monitoring applications [48]. The proposed method is accurate for steady
state operation, while not addressing the low speed problem. All of these methods are
dependant upon machine parameters such as resistance or inductance. Also, the voltage,
current and speed must be monitored precisely.

A Lumped parameter method is another way to estimate the flux linkages of each stator
phase. Assuming the sinusoidal distribution of the stator windings the g- axis and d-axis
components of the flux linkage can be determined as follows:

Age = Lyig + Apm (3.2)
Aos = Lyl (3.3)

Where, L, and Lq are d and g axes inductances respectively. /I'pm, is the magnetic

flux due to the permanent magnets. Although precise, the main drawback of this method is that

the motional back-emf must be sinusoidal. In case of a small motor with low number of slots per
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pole per phase, sinusoidal distribution of the windings is not achiveable. As a result lumped
parameter model may not be suitable. This chapter presents a new method of magnetic flux
estimation to remedy the aforementioned issues. The distribution of the magnetic field in the
airgap of the machine is used to estimate flux linkages. Due to the fact that this method is
independent from stator resistance value, the corresponding errors are eliminated. Furthermore,
there is no integration with respect to time, which is prone to numerical drift. This eliminates the
accumulation of errors at low speeds where integration would otherwise take place over a
relatively longer period of time. As a result, magnetic flux can be computed accurately over the
entire speed range.

3.1 Stator Tooth Flux Estimation

In this section the observations and findings which leads to the development of new flux
estimation method has been discussed.
3.1.1 Method 1

The first step in each analysis is the observation of the phenomenon and its behavior in
the operation range. Here, the finite element model created for the 5-phase PMSM is used to
observe the behavior of the magnetic field in the machine. Figure 3.1 depicts the distribution of

the magnetic field in the machine.

Figure 3.1: Magnetic Flux distribution in the machine
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The idea is to use the normal and tangential components of the magnetic flux density
attained from FRM to find the magnetic flux passing each stator tooth. According to figure 3.1 a
dominant majority of the flux lines that exist in the airgap of the machine would enter the stator
tooth from the top surface. So, the flux in each stator tooth can be calculated using the magnetic
field components in the airgap. There would be a slight error in this calculation because of the
leakage flux (i.e. some flux lines would enter the stator tooth from the tooth side surfaces
instead of top surface). These flux lines are not accounted for, in the calculation and therefore
result in error.

The span of magnetic field components corresponding to each stator tooth can be

determined as follows:
5= (3.4)

Where M is the number of stator teeth. In this case, the 5-phase machine of analysis
has 30 stator teeth so the magnetic components of each 12° span have been specified to one
tooth. These components are to be projected on the axes passing through the middle of each
stator tooth. Having partitioned the airgap, the next step is to project the magnetic field
components to the axis passing through each stator tooth. Figure 3.2 illustrates the projection of

the normal and tangential components to the corresponding axis.

Figure 3.2: Magnetic flux component projection into stator teeth axes
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Considering the relative position of each magnetic flux component to the projection

axes, the flux density components can be projected on the axis using the following equation:
- K -
Bproj (J) = Z{Bn,i COS(¢i - 9]) - Bt,i SIn(¢| - 0])} (35)
i=1

Where ¢ and @ are the position of the field components in the airgap and the position

of the projection axis in the model, respectively. The indices i =1...K and j =1...L refer to the

number of field component solutions in the airgap covering one stator tooth and the respective
stator teeth, respectively. Based upon normal field components, the flux in the airgap, which is

almost equal to the flux in the stator tooth, can be calculated as:
® = [[B,dS (3.6)
S

The above integration is performed on the surface which is concentric to the rotor

surface and passes through the stator teeth as shown in Figure 3.3.

Coils :
Stator Tooth

Figure 3.3: Flux Integration surface
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As this method deploys field reconstruction method to obtain field components in the
middle of the airgap, it generates more data than necessary for some flux targeted applications
where the distribution of the magnetic field is not needed. In the next section a modified version

of the current flux estimator with smaller number of computations is presented.

3.1.2 Method 2

In this section “Flux reconstruction method” is introduced which follows the same
concept as of the field reconstruction. This method directly deals with the flux passing each
stator tooth instead of the distribution of the magnetic flux densities in the airgap. In this method
the stator tooth flux due to the PM (®p,, ;(8,)) for each rotor position (i.e. 8,.) is captured and
stored offline while the stator windings are open circuited (PM contribution to the flux linkage).
Similar to the basis function derivation in FRM, the contribution of the stator current to magnetic
flux in each stator tooth would be obtained and stored offline. For this purpose 1(A) would be
applied to each stator phase (one at a time) and the resulting fluxes will be stored
(B4, g, O j, Py j, De ;). Having the contribution of the permanent magnet and stator currents,
the magnetic flux in each stator tooth can be determined as follows:
D;(6r) = Py j(0;) + 1a(6;). Py j + i5(0,). Py j +ic(6,). Pc j + 1q(6,). Py j + 1(6,). P ; (3.7)

Where, j is the stator tooth index. i, ,ig ,i. , iy and i, are stator winding phase currents.
Using equation 3.7 the distribution of the flux in the machine can be achieved. This data can be

used to calculate the flux linking each of the stator phases.

3.2 Stator Phase Flux Estimation

The magnetic flux for each magnetic pole can be calculated and multiplied by the
number of pole pairs in order to calculate the stator phase flux linkage. Figure 3.4 depicts the

flux corresponding to the first pole which passes through the A1-A2 frame (linking A1-A2). A1
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and A2 are the wires of first and second slot of the phase “A” winding (there are 6 slots per each

phase).

Figure 3.4: Flux assignment to stator teeth
Based on the flux assigment of figure 3.4 and considering the flux distribution shown in
figure 3.1, the flux linkage of this winding is as follows:

ﬂ'Al—AZ =N (CDZ + O+ D, + Dy + q)e) (3.8)

Where, N denotes the number of conductors in each slot. Phase A flux linkage then can

be determined as follows:

Ay =3N(D,+D, +D, + D, + D) (3.9)
In genral, once all stator tooth fluxes are known one can compute the flux linking each

phase. In order to accomplish this task one needs to know the number of magnetic poles (i.e.

2P). Following equations denote the flux linking five phases of stator (Similar derivation can be

used for machines with higher number of phases).

q
Ay =P N,®,(6,) (3.10)
j=1

2q
Ag =PZNjc1>j(9r)

(3.11)
j=q#
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39
Ac =P ZNchj(er) (3.12)

j=20+1

4q
Ao =P D> N,®(6,) (3.13)

j=3qg+1

59
e =P Y N,®,(6,) (3.14)
j=4q+1
In which g and Nj represent the number of staor slots forming one full pole pitch and
the numer of conductors inside the j-th stator slot respectively. In case of the 5-phase machine,
the order of the phases is A, D, B, E and C as shown in Figure 3.4. The flux estimation scheme

has been illustrated in Figure 3.5.

On-chip Memory

© oy (6,0)- - - =Dy, (6,30)

Figure 3.5: Flux estimation schematic

According to Figure 3.5 for each instant of time, the microcontroller should fetch one

number from memory. Also, 32 multiplication and 31 additions are necessary to calculate the
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flux linkage of each stator phase. For the typical CPU each operation would be carried out in 4
machine cycles. So in this case 252 machine cycles are required to fetch the data from
memory, fetch the instruction, execute (add or multiply) and store the 5 phase flux values.
Considering 150MIPS processing speed of TMS320F2812 along with the state-of-art compilers
the time required to implement this calculation is roughly 6 — 10 us.This example clearly shows
that the proposed flux estimation technique is useful for other demanding real time applications
such as position sensorless operation.

3.3 Comparison of Finite Element and Field Reconstruction

The flux estimation schemes presented in section 3.2 has been verified using the finite
element model of PMSM. Figure 3.6 depicts the flux passing 5 arbitrary teeth of the PMSM
stator. The blue curves are those of the field reconstruction method while the red ones are the

finite element analysis results.
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Figure 3.6: Comparison of stator teeth flux obtained from FEA and FRM
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Figure 3.7: Comparison of Phase A flux linkage obtained from FEA and FRM

It can be seen that the flux estimation scheme has acceptable accuracy while as
mentioned its computational time is much shorter than the FEA. Figure 3.7 illustrates the flux
linkage of the machine derived using the flux passing each stator tooth. The blue curve is the
flux linkage obtained using field reconstruction method while the red one is that of the finite
element analysis. It should be noted that the waveform derived using each of the described
methods are very close. The only difference is the computational time that is much shorter in
the proposed technique where flux reconstruction method is deployed. In order to verify the
proposed method, an experimental setup has been developed. The method has been tested on
a 3 phase and 5 phase permanent magnet synchronous machines. It is shown in chapter 2 that

the permanent magnet synchronous machine can be modeled as follows:

dA,

vkszRiks+d—tk k=a,b,c,d,e (3.15)

Where, V,, I, 4 and R are stator terminal voltage, current, flux linkage and

resistance, respectively. Equation (3.15) can be rewritten in discrete time domain as follows:
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(v [n]=ri[n]) x At = A, [n] - A, [n-1] k =a,b,c,.d,e (3.16)

The voltage applied to stator windings can be determined knowing the flux linkage and

the phase current. To verify the flux estimation method the voltage of the stator windings would

be monitored and compared to those of the FRM method. This method has been examined for

stator open circuit condition. Assuming that the stator windings are open-circuited, the open
circuit voltage of stator phases can be determined as follows:

(Vi [nD) x At = A, [n] - 4, [n—1] k=a,b,c,d,e (3.17)

The estimated flux linkages of stator 5 phases have been used to calculate the open
circuit voltages of the machine while rotating at 100 rpms. Figure 3.8 depicts the back EMF of
the PMSM obtained using FRM compared with those of finite element analysis and
experimental setup. It must be mentioned that, the flux linkage obtained from FRM has been
differentiated to attain back EMF. This differentiation induces some error in the calculated back
EMF compared to that of FEA. The flux linkages of the stator phase “A” have been compared in

Figure 3.9.
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Figure 3.8: Comparison of Phase A back EMF obtained from FEA, FRM and experimental setup
at 100 RPM
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Flux linkage(Wb)

Figure 3.9: Comparison of Phase “A: flux linkage obtained from FEA, FRM and experimental
setup at 100 RPM

To obtain the actual flux linkage, the measured terminal volateg is integrated. The
comparison of the results validates the accuracy of the flux linkage values calculated using the
flux estimator. The flux estimator is also tested on the 3 phase setup at REVT. The
experimental setup is shown in Figure 3.10. Equations 3.15 — 3.17 can be rewritten for 3-phase

PMSM as follows:

Vi, = Ri +dﬁ k=a,b,c (3.18)
(Vi [N]=ri[n]) x At = A, [n] - 4, [n—1] k=a,b,c (3.19)
(v [n]) x At = A, [n] - 4, [n—1] k=a,b,c (3.20)

The estimated flux linkages of stator 3 phases have been used to calculate the open
circuit voltages of the machine while rotating at 1000 rpm. Figures 3.11 and 3.12 depict the

back EMF of the PMSM obtained using FRM and experimental setup respectively. The back
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EMF waveforms from FEA, FRM and experimental setup are compared in Figure 3.13. It must
be mentioned that, the flux linkage obtained from FRM has been differentiated to attain back
EMF. This differentiation induces some error in the calculated back EMF compared to that of
FEA. The flux linkages of the stator phase “A” have been compared in Figure 3.14. To obtain
the actual flux linkage, the measured terminal volateg is integrated. The comparison of the

results validates the accuracy of the flux linkage values calculated using the flux estimator.

Figure 3.10: 3-phase experimental setup developed for method verification
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Figure 3.11: 3-phase PMSM back EMF at 1000 RPMs using FEA
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Figure 3.12: 3-phase PMSM back EMF at 1000 RPMs using experimental setup
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In the second case, the resistive load of 4 ohms has been connected to stator phases
and the PMSM has been rotated by a prime mover at 500 rpm (Generation Mode). In this case
the voltage induced in stator phases due to magnet rotation would appear across the stator

resistance and the resistive load. As a result the phase voltage equation can be written as:
(r+r)ig[n]xAt=A4[n]-A44[n-1] i=a,b,c (3.21)

The measured stator resistance is 0.8 ohms. The current of stator phase “A” and the

voltage across the resistive load obtained from the experimental setup, is shown in Figure 3.15.

File Vertical Timehas

A Current (1 A/div O Phase A Voltage
Voltage (2-V/div) [ Phase A Current

Time (20ms/div)

Measure P1.rms(C1) P2Zrms(C2) P3rms(CH P4dmsiC4H Pamean(C4) PE---
value 4672Y B my 4627V 1.1488 A 234 mA
4 4 L 4

2.00Widiv
0.0 m¥ ofst 0

Figure 3.15: MM actual stator current and voltage at 500 RPMs

By applying the measured current, obtained from experiments, to the FRM, the voltage
across the load, which is also the voltage at PMSM stator terminals, can be calculated using
3.21. Then, this calculated voltage can be compared to that of the experimental setup. The 3-
phase experimental voltages are shown in Figure 3.16. Using the experimentally recorded
currents, the flux linkage of each phase has been calculated by the FRM. The voltage across
the resistors is added to the voltage drop across the stator resistor to calculate the back EMF.
The calculated back EMF is compared to those of the FEA and FRM (as shown in Fig. 3.17). In
order to achieve the actual flux linkage equation 3.18 is rewritten as:
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(3.22)

[ +rig)dt i=ab.c

ﬂ“ks =

The flux linkage of phase “A” obtained from FRM is compared to those of FEA and

experimental in Figure 3.17. It should be mentioned that equation 3.22 has been used here only

to compare the results. The flux observer can calculate the back EMF accurately, except for the

notches which represent stator slots. This error can be alleviated by using more accurate basis

functions in FRM code. Also, indirect comparison using differentiation may induce some error in

the measured quantities.
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Figure 3.17: Comparison of back EMF at 500 RPMs (Generation Mode)
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Figure 3.18: Comparison of flux linkages at 500 RPMs (Generation Mode)

In order to be able to compare the fluxes directly, search coils should be installed inside

the machine. The same analysis can be done by comparing FRM results with those of the

FEA and

experimental setup. The flux linkage values match appropriately for FRM,

experimental setup.

3.4 Resolution and Error Analysis

The typical results of flux estimation are shown in figures 3.6 and 3.7. The main

question that arises is that whether the accuracy of these methods can be improved. It should

be mentioned that the error associated with this method mainly is a result of following factors:

Numerical errors

Low resolution data tables

Low quality mesh

The numerical errors are associated with all types of calculations and there are ways of

improving the precision. As explained previously, in order to perform the field reconstruction or

In order to

flux reconstruction methods first the basis functions should be obtained and stored.

obtain this basis functions, a finite element model is developed and the basis functions are
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derived. If high resolution mesh is deployed in this process, the resulting basis function will be
more accurate. However, a denser mesh means a longer simulation time which is not always
desirable. Another factor that affects the accuracy is the number of points being stored in the
data tables of basis functions. This resolution can vary between a few samples per degree to a
sample per multiple degrees. Therefore, by increasing the mesh density the accuracy of basis
functions is guaranteed while having high resolution in basis functions improves the estimation
accuracy. The accuracy of the current measurements using current sensors is another factor

that affects the quality of the basis functions.
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CHAPTER 4
FAULT TOLERANT OPERATION IN PMSM
The present chapter introduces various types of faults that can occur in an adjustable
speed PMSM drive, their methods of detection, clearance and treatment.

4.1 Classification of Faults in PMSM

Generally, the most frequently occuring faults in the permanent magnet motor drive can
be classified into the following categories:

o Faults related to electrical structure

e Faults related to mechanical structure
As mentioned before a multi phase drive, in which each phase is regarded as a single

module is the best design for fault tolerant purposes (increasing redundancy). These modules
should have the minimal impact on each other so that the failure in one does not affect the
others. The modular approach requires:

e Separate single phase bridges (Minimal electrical interaction).

e In case of the magnetic coupling between the phases, fault current in one can induce
voltages in the remaining phases, which in turn causes problems especially in the
control process (Minimal magnetic interaction).

e The stator outer surface should be cooled down properly (Minimal thermal interaction).
To achieve the above mentioned goals the PMSM should be excited using separate full

bridges per each phase. In this case if any of the stator phases or their corresponding power
electronics experience a fault it can be disengaged from the healthy components. Based on this
arrangement the faults possible on the power electronics components and electrical machine

phases can be illustrated as shown in Figure 4.1.
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Figure 4.1: Full bridge converter for one phase of PMSM

According to figure 4.1 the faults can be classified into the following:

e Short and open circuit faults on the DC link (1)

e Short and open circuit faults on switches (2, 4, 8, 10)

e Short and open circuit faults on the diodes (3, 5, 9, 11)

e Open circuit fault on the machine phase winding (6)

e Partial and complete short circuit faults on the machine phase sinding (7)

Besides these faults, there are a set of faults that can happen on the sensors
measuring current, voltage and position. These types of fault will undermine the control
accuracy and functionality. The second set of faults that can happen in an EMEC are from a
magnetic or mechnical nature. Among these faults, partial demagnetization of the rotor magnets

and static rotor shaft eccentricity has been considered here.

4.1.1 Open-circuit faults

The open circuit faults can either happen on the power electronics components or on
the machine stator windings. In case an open circuit happens in one or more of the phases.
Consequently, the current flowing into that phase will be zero. The open circuit faults will harm

performane of the machine in terms of magnetic field generation and distribution which results
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in the loss of synchronism and torque. In this dissertation various types of the open circuits in
stator windings have been considered. The modeling of the machine would not be any different
from that of the healthy machine. In case an open circuit happens, the current corresponding to
that phase will zero in the field reconstruction model. Based on that the magnetic field
distribution and hence the flux linking each of the phases can be monitored for fault detection

purposes.

4.1.2 Rotor partial demagnetization

In case of a PMSM motor drive, besides the regular monitoring of the current and
voltage levels, maximum operating temperature is also limited due to the thermal limitations of
the permanent magnets and stator windings. This thermal limit can be exceeded due to poor
ventilation (excessive heat) or excessive currents (extreme magnetic field) caused by short
circuits. These would change the magnetic properties of the permanent magnets resulting in
potential demagnetization. This demagnetization will affect the performance of the machine by a
great extent. The demagnetization of the magnets can be classified into the following:

e Thermal shock [49]
o Mechanical shock [49]
e Magnetic shock [50]

The permanent magnet can maintain its properties as long as its temperature is within
the safe range. In the case of some faults such as short circuit, or overheating due to poor
cooling, the temperature of the PM machine increases and can result in partial demagnetization.

In this case a degradation of the coercive force of the permanent magnet can occur. As
discussed in [50], variation of temperature can degrade the performance of permanent
magnets. Also, mechanical shock can partially or totally damage the permanent magnets.
Magnet degradation, especially for Nd-Fe-B permanent magnets, can occur in case of inclined

field which normally leads to a phase displacement between the magnetization direction of the
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magnet and the applied field during machine operation. In this study a partial demagnetization
of two magnets has been investigated as shown in Figure 4.2. The demagnetized volume of the

magnet is assumed to be almost 30%.

. 4 NP\ w0 0w L) g, N

|eseacn Edtion

Figure 4.2: Demagnetized area of the PMSM rotor

The demagnetization of the magnets has attracted considerable attention because
demagnetization of the magnets in high power ratings is one of the main issues. There is a wide
variety of the research on the topic [51] — [53]. In these papers the harmonic content of the
stator current is used to detect the demagnetization fault. However, this method is not able to

distinguish between the harmoics due to demagnetization and the ones due to eccentricity.

4.1.3 Rotor eccentricity
The eccentricity of the rotor is one of the major faults in electrical machines due to the
faulty bearings, unbalanced mass and shaft bending. This eccentricity can be in horizontal,

vertical or both directions. The rotor eccentricity is equal to introducing unequal airgap between
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the stator and the rotor that causes an asymmetric distribution of the magnetic field in the
airgap. The eccentricity of the rotor can be classified into the following categories:

e Static eccentricity

e Dynamic eccentricity

In case of a static eccentricity, the position of minimal radial airgap length is constant

during the rotation of the rotor meaning that the rotor is shifted towards one side but it does not
move during rotation. In the case of static eccentricity, the amplitude of the forces exerting on
the stator teeth would alter and result in unbalanced radial forces. This can cause magnetic and
dynamic issues resulting in vibrations, noises and torque pulsations. There are various methods

of eccentricity fault detection, such as current spectrum analysis [54].
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Figure 4.3: Eccentric 5-phase PMSM

In case of a dynamic ecentricity, the center of the shaft is eccentric and the airgap

changes dynamically during rotation. In this dissertation, it is assumed that the rotor has 40%
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static eccentricity in horizontal direction as shown in Figure 4.3. It means that the center of the

shaft is replaced by 40% of the airgap length in horizontal direction.

4.2 FRM modeling of the Faulty machine

As described in the previous chapters a finite element model should be developed to
analyze the behavior of the machine under healthy and faulty operations. It has been shown
that to develop a comprehensive model for the PMSM, the basis functions and PM contribution
to the magnetic field components should be measured and stored. The process of obtaining the
basis functions and PM contribution has been described in section 2.1.

In case of a fault in the PMSM, the arrangement of the machine components would be
lost or at least altered compared with the healthy case. So, the basis functions and/or PM
contribution should be modified and replaced by the ones that include the fault impact. For
example, in case of the rotor permanent magnet partial demagnetization, the PM contribution to
the magnetic field is altered because of the change in the magnetic properties of the PMs on the
rotor.

4.2.1 FRM modeling of partial demagetization

In this study, the demagnetized volume of the magnet is assumed to be almost 15%. To
achieve the radial and tangential components of the magnetic field, the FR model should be
modified to comply with the changes made, to account for the demagnetized volume of the
permanent magnets. In case of demagnetization the PM contribution to the magnetic field is
different from that of the healthy machine, so the magnetic field distribution due to the magnets
should be captured and used instead of the healthy PM contribution.

Figure 4.4 illustrates the PM contribution to the magnetic field for healthy case and
partially demagnetized cases. In case of demagnetization, the corresponding data would be

used instead of the healthy case data.
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4.2.2 FRM modeling of rotor eccentricity

In case of an eccentric rotor as the relative position of permanent magnets are altered
compared with the normal case their contribution to magnetic field is different from that of the
healthy machine. In this case the FRM model should be modified to account for the new magnet
arrangement. Also, in case of an eccentric rotor as the stator windings are sitting around a non
uniform airgap the basis functions which are the contribution of the stator phase currents to the
magnetic field would be different. So, the basis functions and PM contribution should be
modified to comply with the new condition. In order to capture the new basis function the finite
element model created using MAGNET software is modified to include 40% eccentricity as
shown in figure 4.3. Then, a current of 1(A) is applied to the each of the five stator phases, one
at a time, to capture the magnetic field distribution and hence the modified basis functions.

Figure 4.5 depicts the PM contribution to normal and tangential components of the
magnetic field in case of a healthy machine compared with that of an eccentric rotor. It is clear
that in case of an eccentric rotor the PM contribution would be different because the rotor is
shifted towards one end and the airgap is not uniform. Hence, it should be used instead of the
healthy machine model.

Figure 4.6 depicts the stator phase “A” basis functions. In this case a current of 1(A) is
applied to phase “A” slots. The basis functions which are the normal and tangential components

of the magnetic field in the airgap are captured. The basis functions of phases B, C, D and E

are the same but 72° shifted. These new basis functions should substitute the healthy case
ones. Using the modified model the radial and tangential magnetic field components can be

determined.
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Figure 4.6: Rotor Eccentricity: Phase “A” basis function. (a) Normal (b) Tangential
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4.3 Fault detection Using FRM

In this dissertation a combination of the flux based and current based techniques has
been considered to detect the fault. This technique includes the injection of the measured
currents into the field reconstruction module and detrmination of the flux linkages due to that
current and then comparison of the resulting fluxes with those of the healthy machine. In case of
not matching flux linkages, the flux linkage can be investigated to determine the type of the
fault. The fault detection scheme has been depicted in figure 4.7. The detection signatures for

each type of fault and the treatment to obtain maximum average torque have been presented in

i, i, 0 ﬂ

FRM Model of
PMSM

the following sections.

|
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n?

Flux linkage
Calculation
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Flux

Comparison (=1 A ... 1,

FFT and LPF
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\ Fault treatment and
Optimal Excitation

Figure 4.7: Fault detection flowchart

4.3.1 Open-circuit fault detection
The electrical power is supplied to the machine through the stator phases. Loss of any

of phases would result in lower input power to the motor and hence the output torque would be
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lower than expected. This lower output will endanger the machine operation. So, the fault
should be detected immediately and remedial actions should be carried out. The open-circuit
fault is not a catastrophic fault as compared to the short circuit faults which should be cleared
immediately, but the stator excitation should be modified to compensate for the lack of energy if
possible. In order to detect the faults in the stator phases the applied current is fed into the FRM
unit. As mentioned before the normal and tangential components of the magnetic field can be
calculated using the FRM. Then these field components would be used to calculate the flux in
each of the stator teeth. The calculated fluxes would be compared to the expected values.
Based on the number of lost phases and their location different scenarios can be
considered. In this dissertation, loss of 1, 2 and 3 phases has been investigated. Figure 4.8
depicts the arrangement of the phase windings in the machine for a single phase open circuit

fault on phase “A”.

Figure 4.8: Phase “A” open-circuit Fault

In order to detect the fault the sum of the 5 phase flux linkages has been considered as
the fault signature. This sum should be equal to zero in case of a balanced system with
sinusoidally magnetized permanent magnets. The machine under study contains radially
magnetized magnets so the sum of phase flux linkages is not equal to zero, but in case a fault
happens this sum is different from the healthy case. The fault signature in case of the healthy
operation and phase “A” open circuit fault has been shown in figure 4.9. This study shows that
in case of single phase open circuit fault on any stator phase the difference between the healthy

case and faulty case signature would be a sinusoidal whose amplitude and phase shift is
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different depending on the place of fault. Table 4.1 summarizes the fault detection signatures in

case of a single phase open circuit fault.
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The same method can be used to detect double and even triples open circuit faults in

the machine. In case of the double and triple open phases besides the number of open phases

and their location there is another factor that affects the fault signature and the postfault

68



treatment scheme. It is important whether adjacent or nonadjacent phases are missing. Figure

4.10 depicts the case of an adjacent open circuit fault on phases “A” and “C”.
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Figure 4.10: Adjacent double open circuit (a) Winding arrangement, (b) Fault signature.

In case of a non-adjacent double open circuit the signature will be different from that of

the adjacent case. Figure 4.11 depicts the winding arrangement and fault signature for this

case. In this figure, the sum of the flux linkages for healthy and faulty cases has been presented

with blue and red curves, respetively. Table 4.2 summarizes the fault detection signatures in

case of an adjacent or non-adjacent double phase open circuit fault. According to the table, the
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double open circuit faults can be determined uniquely for each case using the signature.
Comparing this table with that of the single phase case it can be seen that the single and double

phase open circuits can be uniquely determined using the specified signature.
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Figure 4.11: Non-Adjacent double open circuit (a) Winding arrangement, (b) Fault signature.
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Triple phase open circuits can also happen on adjacent and non adjacent phases as
considered as an adjacent fault as illustrated in figure 4.12. The corresponding fault signatures

shown in figures 4.12 and 4.13. A ftriple open-circuit fault on phases “A”, “B” and “C” is
considered as a non-adjacent and a triple open-circuit fault on phases “A”, “B” and “D” is



for each of these cases have been shown in figure 4.13. Again by analyzing these figures the

signature to detect each fault can be determined as summarized in table 4.3.

Table 4.2 Double phase Open-circuit signature

healthy faulty
Faulty Phase Signature ( Z;Li — Zli )
i=a,b,cde i=abcde
AD K,sin(p+72)
AC K,sin(p—72)
Adjacent ;
phases BD K, sin(¢ +144)
BE K, sin(e)

CE K, sin(ep —144)

AB K, sin(¢ —36)

Non AE K, Szln(go +36)

Adjacent | BC K, sin(¢ —108)

phases ™" p K, sin(¢ —180)

DE K, sin(¢ +108)
I I I I
I I I I
I I I I
I I I I
| E D I E D I E D |
I I I I
| X X I . I X X |
I I I I
I I I I
I I I I
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Figure 4.12: Triple phase open-circuit wire arrangement (a) Non-adjacent, (b) Adjacent.
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Figure 4.13: Triple phase open circuit fault (a) Non-adjacent, (b) Adjacent.
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Table 4.3 Triple phase Open-circuit signature

healthy faulty
Faulty phase Signature ( Z/Ii - zﬂ“i )
i=a,b,c,d,e i=a,b,c,d,e
ABD K, sin(¢ —36)
ACE K, sin(¢ + 36)
Adjacent -
phases BDE K, sin(¢ +108)
BCE K, sin(¢ —108)
ADC K, sin(¢ —180)
ABC K, sin(g—72)
Non ABE K_3 sin(e)
Adjacent | BCD K, sin(p —144)
phases ™ e K, sin(g + 144)
ADE K, sin(p +72)

In all cases, the flux linkages of the stator phases will be calculated using the FRM.
Then the signature will be calculated and compared with each of the table presented here.

Based on the matching case the type and place of the fault can be determined.

4.3.2 Partial demagnetization detection

As stated before, in case of a PMSM motor drive, besides the regular monitoring of the
current and voltage levels, maximum operating temperature should also be monitored due to
the thermal limitations of the permanent magnets and stator windings. This thermal limit can be
exceeded due to poor ventilation (excessive heat) or excessive currents (extreme magnetic
field) caused by short circuits. These would change the magnetic properties of the permanent
magnetc resulting in partial demagnetization. This demagnetization would affect the
performance of the machine by a great extent. Increased torque ripple and accoustic noise and
decreased average torque are among the problems associated with this fault. The permanent
magnet can maintain its properties as long as its temperature is within the safe range. So, the
demagnetization of the rotor should be avoided at the first hand and detected and cleared as

soon as possible at the second handin case it had happened.
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The most important task in fault detection is to find unique signatures that can be
detected in case of the fault occurrence. For this purpose, generally the quantities such as
current, voltage, etc are monitored. In case of a healthy machine, while the phase voltages are
balanced the sum the voltages and therefore the flux linkages would be zero. Reconsidering
equation 3.7:

D;(6,) = Dpyy j(6,) + 14(6,). Dy j + 15(6,). P + c(6,). P +ia(6,). By + 1e(6,). D (4.1)

In this equation the flux in one stator tooth has been related to the permanent magnet

flux and stator current fluxes, one can rewrite this equation as:
> .2 .27
(Dj(ge):q)PM,j(He)-’_zlj(He_J?)'(Dj(¢s_J?) (4.2)
j=1
In case the PMSM operates under normal condition, it can be proven that :

2z
[®0y;(6.)d0, =0
0

27
2 = [®,(6,)do, =0 43)
[in(6,)d0, =0 °
0

Given this assumption then demagnetization will result in:

2z
[®py,(6.)d6, %0 (4.4)

0

Similar to what we did for open circuit faults, S = Zzi has been monitored to detect

i=a,b,c,d,e
the fault. As shown in equations 4.3 and 4.4, in case of a healthy machine this sum would be
zero while in case of a demagnetized rotor it will no longer be zero. Table 4.4 depicts possible
demagnetization faults in the PMSM under study. The frequncy spectrum of the fault signature
S for single magnet and double pair magnet demagnetization are shown in figures 4.14 and

4.15. The same analysis has been performed on the other possible cases of demagnetization. It
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is shown that in case of the rotor magnet demagnetization a set of frequencies would be

present in the FFT spectrum of S as summarized in Table 4.4.

Table 4.4: Demagnetization scenarios

Fault Scenario Place Frequencies to detect
N2
Single magnet demagnetization fl =4.89
S3
f,=9.78
N1N2 _
Double magnet demagnetization f3 =14.67
S182 f, =19.56
NTN2N3 fo =24.46,
Triple magnet demagnetization fg =29.35
S152S83
f,=34.24
2 Pair demagnetization N1N2S1S2 fy =39.13.....

These frequencies could be used for detection purposes. According to the figures and
data from table and considering that the frequency of the stator sinusoidal current is known the

frequency spectrum could be determined using the following formula:

k
f. =—:-f k=123,..... 45
dem 2P e ( )

Where, P and f, are the number of magnetic pole pairs and stator current frequency,

respectively. The magnetic flux density components will be calculated using field reconstruction
method for 1 electrical cycle. Then these components would be used to determine flux passing
each stator tooth which will finally be used to calculate the flux linkages of the stator phases.
Next step is to compare the expected flux linkage with the actual quantities. By applying the

FFT and low pass filtering the signature frequencies can be extracted.
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Figure 4.14: Fault signature frequency spectrum. Single magnet demagnetization

500

300 320 340 360 380 400 420 440 460 480

200 220 240 260 280

80 100 120 140 160 180

60

02040

0.4

0

Frequency (Hz)

Figure 4.15: Fault signature frequency spectrum. Double magnet pair demagnetization
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4.3.3 Rotor Eccentricity detection

In case of eccentricity as the rotor is closer to a set of windings the balance no longer
exists in the electrical quantities, so for the same amount of current applied as of the healthy
case some of the stator teeth would have higher levels of magnetic flux due to the proxomity to
the permanent magnets. Figure 4.16 depicts the comparison of the magnetic flux distribution in
the machine in case of a healthy machine and the one with an eccentric rotor. It can be seen
that the peak of magnetic flux is higher in case of eccentric rotor. Also, in case of eccentric rotor
the distribution of the magnetic flux around the airgap is no longer uniform. This signature can
be used to determine the eccentricity of the rotor. Similar to the partial demagnetization case, in

case of an eccentric rotor the magnetic flux can be written as:
®,(6,) = Dy, ,(«9)+2n Ok )P, (4 - J—):> jcb,-(ee)dee #0 (4.6)

This unbalance in the magnetic flux linking each stator phase can be used to detect the
eccentricity. The flux passing each stator tooth is measured using the FRM module and
compared with the flux for the healthy case and the unbalance of the flux shows the eccentricity
of the rotor. It should be mentioned that in case of an eccentric rotor there is no deformity in the
magnetic flux wavefrom as observed in case of PM demagnetization and the difference is in the
magitude of the flux. Figure 4.17 depicts the flux passing stator teeth in case of eccentric rotor
compared with the healthy machine. In this case an eccentricity of 30% has been considered for

the rotor.
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(b)
Figure 4.16: Magnetic flux distribution (a) healthy machine (b) eccentric rotor
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Figure 4.17: Comparison of magnetic flux distribution (a) tooth#3 (b) tooth#20

4.4 Fault Treatment

Fault teartment is equally important as the fault detection in terms of machine
performance. Most of the research conducted on the fault detection is concentrated on the
methods of the fault detection. These valuable researches simply ignore what happens to the
system operation after the fault. Some of the fault tolerance methods suggest increasing the

redundancy of the system to compensate for the component loss in case of the fault. Although
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helpful, increasing the redundancy of the system is not always possible because of the limitation
in the available space or due to the high price of the equivalent replacement device. On the
other hand increasing the redundancy leads in to a more complicated control strategy which
includes higher cost of control modules. In this dissertation the optimal excitation of the
remaining healthy components of the EMEC is considered as a survival technique to
compensate for the missing components.

The optimal currents for all the fault scenarios would be obtained and stored as
explaind later. In case the fault happens, based on the type and location of the fault the
appropriate set of currents would be applied to the PMSM stator phases to squeeze the
maximum torque possible. The optimization criteria can be changed based on the application.

Here the maximum average torque is considered while the torque ripple is minimized.

4.4.1 Open-circuit fault treatment

In most applications it is desirable to have the maximum output torque possible while
the torque ripple is minimized. This is not necessarily the most efficient way of running the
motor drive especially in terms of losses and harmonics. For example, considering the case of
the healthy 5 phase PMSM where no faults exist.

Normally, the sinusoidal excitation is used to drive the system because it introduces
fewer harmonics into the power electronics hardware hence reducing the losses and eliminating
the need to the filters. By the way, in applications where the maximum torque per RMS input
current is targeted sinusoidal excitation might not be the best choice. Figures 4.18 and 4.19
represent the sinusoidal and optimal excitation of the 5 phase PMSM machine.

To obtain the optimized waveforms the FRM code has been used in conjunction with
the MATLAB optimization toolbox. It can be seen that in case of the optimal excitation the
average output torque is higher than the case of the sinusoidal excitation as well as the torque

per ampere ratio. Table 4.5 depicts the numerical comparison of these two cases. Based on this
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the optimal excitation for the case of a single phase open circuit in the stator winding has been

calculated. This data is stored in the memory and in case of a fault the optimal currents would

be applied to the remaining healthy phases to get the maximum torque per ampere in the

output.
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Figure 4.21 depicts the resulting toque in case the optimized currents have been

Figure 4.20 depicts the optimal current waveforms in case of an open circuit fault in
applied to the remaining healthy phases. It can be seen that the average torque is decreased

phase “D”.



comparing to the case of healthy 5 phase but the machine still can continue its operation with

the reduced power level. The same analysis can be accomplished for the case that any other

phases are out.
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Table 4.5: Torque comparison for sinusoidal and optimal currents

Type of Excitation %rms
Sinusoidal %m = 38.88/ e =10.997
. T _ 47.6976 _
Optimal /rms = A.2979 =11.098

4.4.2 Partial demagnetization treatment

Depending on the service continuity strategy, various scenarios can be deployed after
the demagnetization fault is detected. In case, the service can be provided by another module
the machine could be stopped and the magnets being replaced. In case of an emergency
application in which service discontinuity is not possible the stator applied currents can be
modified in a way the maximum possible average torque could be squeezed out of the machine
shaft. Of course the presence of the harmonics in the current would result in extra torque
pulsations. For this purpose the field reconstruction method would be used in conjunction with
the optimization methods to attain the optimal current waveforms. Figure 4.22 depicts the output
mechanical torque of the machine for healthy and demagnetization fault cases in case
sinusoidal currents are applied to stator phases. It is shown that the average torque has
decreased almost 25% as a result of the magnet demagnetization. Also torque ripple has been
increased almost 30%. Using the optimization methods the optimal waveforms are determined
in case, demagnetization occurs. The Matlab optimization toolbox is linked to the FRM code.

For each rotor position, the optimization code calculates a set of currents based on the
optimization criteria. These currents are used to calculate the magnetic field components in the
machine. Then, using the magnetic field components the torque is calculated. In case the

calculated torque complies with the target values, the currents would be stored and a new rotor
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position would be considered. Figure 4.23 depicts the optimal stator phase currents and the

output torque of the machine.
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The optimization criteria can be chosen to achieve the following cases regarding the
target application:
e Maximum average torque
e Maximum average and Minimum torque ripple
e  Minimum torque ripple
Here, the optimization process is targeted towards the maximum average torque. It can
be seen that the average torque is about 3% less than that of the healthy machine with
sinusoidal stator currents. The torque ripple is increased as expected. Different optimization
scenarios can be considered and the optimal currents for each case can be achieved and
stored in look up tables in the control unit. Based on the application, the appropriate currents

can be applied to stator phases in case the fault is detected.

4.4.3 Rotor eccentricity treatment

As mentioed before, depending on the service continouity strategy, the appropriate
control scheme should be deployed. In this dissertation the goal is to squeeze the maximum
average power out of the healthy components of the machine. For this purpose the optimal
currents for each case of the fault is calculated. In case a fault is detected, the optimal currents
would be applied to the stator phases. To obtain the optimized waveforms the FRM code has
been used in conjunction with the MATLAB optimization toolbox. The optimization criteria which
are determined based on the application are specified in the optimization code. The optimization
code is linked to FRM. Based on the initial values of the currents estimated in optimization
module, the resulting torque is calculated and compared with the target value. In case the target
is reached the optimal currents will be calculated for a new rotor position. This procedure has
been implemented for all the faulty cases. The output torque for the eccentric rotor for
sinusoidal stator currents has been shown in figure 4.24. It can be seen that the average torque

is reduced compared with the healthy machine while the ripple is almost %30 more.
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Figure 4.25 depicts the output torque while the optimal currents have been applied to
stator phases. The optimization criteria are chosen so that the torque ripple would be minimized

and the average torque would be maximized.

4.5 Experimental Results

For independent control of phase currents which is required by fault tolerance, a full
bridge inverter has been used, which refers to the use of four switches connected in a bridge
arrangement as shown in figure 4.26. 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.

S1 J— s3 Jo— 5 Jo— 57 |o— 59 [o— 511 o— S13fo— 15 o $17|o— 19 o

DC() ARG =Y nASR S nASR S =Y

— — — — — — — — — —
S2 [»— s4 |p— s6 [»— s8 [»— S10 |p— S12 [— S14 [»— S16 |p— S18 |— S20 [—

Figure 4.26: Current regulated full-bridge inverter used for the experimental 5-phase motor drive
system

An electronically controlled PM motor drive system uses continuous rotor position
feedback and hystersis control to supply the motor with the appropriate 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.
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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. 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.

The performance of the inverter is shown in figure 4.27. In this figure the sinusoidal
currents has been shown versus the rotor position. The absolute position sensor generates an
analog voltage according to the relative rotor position. This voltage is then fed into the DSP A/D

module. The sinusoidal currents are generated according to the current position of the rotor.

&

Measure F1:rmsiC1) F2:meaniC F3rmsiCd Fd:rmsiC4) FPafreqiC3) PE---
value 1.4938 4 1.1966 A 1.2824 4 185 pv 353.59633 Hz
status W 4 W v

Figure 4.27: Sinusoidal currents regulated by full-bridge inverter using hystersis control
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Figure 4.28: Sinusoidal currents Applied to the motor

The sinusoidal excitation of the stator phases has been shown in figure 4.28. This figure
indicates the currents applied to phases “A” to “D”. In case one or more of the machine phases
undergo the open circuit fault, the DSP should be able to diagnose the fault location and apply
the appropriate currents to the remaining healthy phases. Figure 4.29 depicts the case in which
phase “B” of the machine is lost. The optimal currents have been calculated and stored using
Matlab optimization toolbox. These currents have been shown in figure 4.29(a). Figure 4.29(b)
depicts the actual currents obtained from the experimental test bed. The current waveform is
alos shown in figure 4.30 for a single phase.

Figure 4.31 depicts the optimal current applied to phase “A” of the motor. Figure 4.32
depicts the optimal currents in case of the double phase open circuit fault on the stator phases
“D” and “E”. The calculated optimal currents are shown in figure 4.32(a). The actual currents

applied to the stator healthy phases are shown in figure 4.32(b).
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Figure 4.32: Optimal currents: Double phase open circuit on Phases “D” and
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Figure 4.33 compares the sinusoidal excitation of the stator phases compared with the
optimal case. The DC link voltage is 92(V). The rms value of the sinusoidal current is 0.7(A)
while the rms value of the optimal current is 0.63(A). The output torque of the machine in each
case has been shown in figure 4.34. According to this figure the output optimal torque is almost
%10 higher than the sinusoidal case. The significant achievement here is the reduction in the

torque ripple for optimal currents compared with sinusoidal excitation.
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Figure 4.33: Torque Analysis. (a) Sinusoidal current, (b) Optimal current.
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Figure 4.36: Torque comparison for 4-phase PMSM: Optimal versus Sinusoidal
Figures 4.35 and 4.36 depict the torque comparison for the double and single phase
open-circuit faults. According to the figures, the average torque is higher in case of optimal
excitation compared with the sinusoidal operation of the machine. The torque per ampere is
better in case of 5—phase and 3-phase operation while in case of 4-phase operation sinusoidal
excitation gets better results. In terms of ripple the optimal excitation is significantly better

compared with the sinusoidal case.
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CHAPTER 5

CONCLUSIONS

Fault tolerance operation of the adjustable motor drives is crucial in high impact
applications. Fault detection and optimal post fault treatment of the fault are the basic
requirements for the operation.

In this dissertation, a field reconstruction method based on Finite Element Analysis has
been developed. This method involves the reconstruction of the electromagnetic fields due to
the phase currents using basis functions obtained using one single solution from FEA. The field
reconstruction method presents a new numerical technique for analysis and design of a PMSM.
This technique is time- efficient and offers an insightful vision 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. By manipulating the
tangential and normal components of magnetic field in the airgap of the machine, the magnetic
flux passing through each stator tooth can be estimated. These fluxes are used to estimate the
flux linking each stator phase. The flux estimated is used to detect the signatures related to
each of open circuit, partial demagnetization and rotor eccentricity faults. The fault treatment
has been investigated by comparing the optimal and sinusoidal excitation of the stator phases.
It is shoen that in case of optimal currents the average torque is higher compared with the

sinusoidal and the ripple is smaller.
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APPENDIX A

EXPERIMENTAL TESTBED SETUP
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Experimental test bed including the 5-phase PMSM, Torque meter, Dynamometer and Power
Electronics boards

5-phase PMSM coupled to the absolute position encoder
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APPENDIX B

ROTOR AND STATOR LAMINATION
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5-phase PMSM stator and rotor laminations
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APPENDIX C

COIL WINDINGS ARRANGEMENT
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PMSM 6-pole, 5-phase, 30-slot stator and 6-pole rotor
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APPENDIX D

POWER ELECTRONICS CONVERTER
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Gate drivers and DSP

Sensor board: current sensors
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5-Phase H-bridge inverter
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