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ABSTRACT

Modeling and Design Optimization of Permanent Magnet Variable Flux Machines

Amirmasoud Takbash, Ph.D.
Concordia University, 2018

Permanent magnet synchronous machines (PMSMs) with rare-earth magnets are widely used
especially in traction applications as a result of their higher efficiency and torque density in
comparison with other electrical motors. Due to price fluctuations and limited production of
rare-carth materials, it is essential to find alternatives to the rare-carth PMSMs for different
applications. This thesis focuses on the application of Aluminum-Nickel-Cobalt (AINiCo)
magnets in PMSMs. AINiCo magnets can theoretically provide torque densities comparable to
rare-earth magnets in electrical machines. The application of AINiCo magnets in electrical
machines can improve the field-weakening performance, due to the possibility of varying their
magnetic flux density using armature current pulses. As a result, these machines are named
variable flux machines (VFMs).

This thesis presents an analytical model for the VFM to calculate the no-load air gap flux
density and consequently, the no-load back-EMF, torque peak to peak value, average torque,
and magnetization current. The proposed model is used to develop an analytical design criterion
for spoke type AINiCo-based VFMs. An experimental characterization of an existing spoke
type VFM at different magnetization levels is done of the torque waveform, the torque-angle
characteristics, the no-load back-EMF and the magnetization/demagnetization energy. An
optimization procedure to reduce the torque ripple and the magnetization current of the spoke
type AINiCo-based VFM is then proposed.

A new VFM design with radially magnetized interior magnets is presented to enhance the
torque density in the field-weakening operating condition. The torque-speed and power-speed
characteristics of the VFM are calculated considering the demagnetization of the AINiCo
magnets in the field-weakening region. The proposed design keeps the fully magnetized
condition at both no-load and full-load conditions and provides high power densities at a wider
speed range. This design is also optimized to have reduced torque ripple.

An improved core loss model is proposed and implemented in the finite element software,



and an experimental method based on the flux controllability of the VFM is developed to
measure the mechanical and core losses at the no-load condition. These results are then used to

verify the proposed core loss model.
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Chapter 1. Introduction

This chapter presents an overview on the permanent magnet synchronous motor, its
benefits and drawbacks. This chapter is organized as follows: Section 1.1 proposes an
introduction to the permanent magnet synchronous motor, permanent magnet materials, and the
field-weakening limitations. Different designs of variable flux machines are presented and
summarized in section 1.2. Section 1.3 states the problem and section 1.4 explores the research
motivations and objectives. The contributions are listed in section 1.5. The dissertation

organization is presented in section 1.6.
1.1 Permanent Magnet Synchronous Machine

The permanent magnet synchronous motor (PMSM) originates from the synchronous
motor with permanent magnets replacing the wound field circuit. In late 1950s, the availability
of switching power devices led to the development of inverters that enabled the replacement of
the mechanical commutator with an electronic commutator. Therefore, PMSMs and brushless
DC machines were developed. By removing the mechanical commutator, the armature of the
DC machine can be on the stator side. This enables better cooling and higher voltages to be
achieved. This modification eliminates copper loss in the rotor as well as the maintenance cost
of the field exciting circuit. Thus, a PMSM has a higher efficiency, and the cooling design
system is easier to implement. Moreover, the application of magnets in the rotor enhance the
flux density in the air gap and consequently increases the motor power density and torque-to-
inertia ratio. In demanding motion control applications, the PMSM has fast response, compact
motor structure, and high efficiency. Interior permanent magnet synchronous motor (IPMSM)
offer higher efficiency and torque density, wide range of constant power speed, reliability and
potential magnet mass saving. Besides all of the mentioned benefits, the application of PMSMs
in different sectors of industry shows drawbacks related to the price of the rare-earth magnets
and also the field-weakening capability. These limitations are addressed in the following

sections.

1.1.1 Permanent Magnets: Past, Present and Future

Permanent magnet materials are one of the earliest functional materials. Lodestones have
been identified since 400 BC in China. Sir William Gilbert reported the magnetic properties of

1



Carbon steel in the 1600s. The discovery of electromagnetism in the early 19" century by
Ampere and the development of Maxwell’s equations enabled the link between mechanical
energy to electrical energy through the electromagnetism. As a result, simple electric motors
and generators were developed by the end of the 1800 [1].

Progress in permanent magnet technology has been enhanced in the dawn of the 20%
century to achieve high energy products. The Carbon steel magnetic materials were first
developed with energy products around 15 kJ.m™. In order to avoid the magnetic domain wall
motion and enhance the coercive field, the Carbon steels are commonly alloyed with Tungsten
and Chromium, thus forming Carbides but their tendency to demagnetize limits their
application. In the early 30s, Fe-based oxides (Ferrite) were developed, offering larger coercive
fields. Their energy products didn’t substantially improve the steels, but their resistance to
corrosion and oxidation, as well as their reduced costs, made them as a favorite material for
industrial applications. Aluminum Nickel Cobalt (AINiCo) as the third group of magnets were
developed in the 30s and provided higher coercivity compared to steels [1].

With the advent of the rare-earth magnet, a revolution of magnetic materials occurred in
the 1960°s. SmCos (1966) presented a new class of materials where the dominant force linking
the direction of the magnetic flux to the body of the magnet is magneto crystalline anisotropy.
The next big jump in energy density came in 1981, after an increase in the price of Cobalt due
to political unrest in the world’s leading producer for high-quality and low cost Cobalt
(Democratic Republic of the Congo). As a result of this uncertainty in the market, a new
compound based on Neodymium, Iron, and Boron has been discovered in the research
laboratories in Japan and the United States [1]. Nd>Fe14B has a nearly ideal separation of the
Fe atoms resulting in strong exchange coupling of the Fe and Nd sublattices resulting in the
highest theoretical (BH)max of any compound to date at 510 kJ.m™. Fig. 1-1 shows the amount
of energy produced by different families of magnets [2]. During the discovery period of rare-
earth magnets, Japan and the United States were the major producers of these materials. With
the discovery of the rare-earth magnets, the demand for rare-earth elements also increased
throughout the 1980s. At the same time, the price of these elements were reduced because of
the new resources were becoming available in China. The major producer in the world, the
Molycorp’s Mountain Pass mine in California, was experiencing problems with aging

infrastructure, which required significant investment.
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Fig. 1-1: Evolution of the energy product value for different families of permanent magnets [2].

With the low rare earth-element prices, improvements to the Mountain Pass mine were not
economically viable, and in a few short years in the 1990s, China became the main producer of

rare earth elements [1] as shown in Fig. 1-2.
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Fig. 1-2: Timeline showing the worldwide production of rare earth elements on an oxide basis by major
producers [1].

By 2000, China was dominating the worldwide rare-earth element production. Over the
period 2001 to 2005, the majority of the rare-earth magnet companies either ceased production
or relocated to China to take advantage of lower manufacturing costs. While the demand for
rare-earth magnets was increasing and the rare-earth supplies were limited, China announced
that it would begin to reduce its export of the rare-earth element including, Europium, Terbium,
and Dysprosium, in 2009 [1]. Regardless of the politics surrounding rare-earth elements,
increase in demand, driven primarily by electric machines, is a major factor in both cost and
availability of rare-earth elements in the near future.

Fig. 1-3 shows the global rare-earth oxide demand by industry sector for 2014 and 2015 [3].
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The rare-earth magnet industry is the 2" highest demand and it is increasing. The higher
temperature performance requirement of traction motors requires an adjustment to the Nd-based
magnets with the addition of heavy rare-earth elements as Dysprosium (Dy). Dy, was trading
near $100/kg in early 2009 to as high as $3400/kg in August of 2011, and it remains near
$2000/kg as of April 2012 [1]. Fig. 1-4 shows the price of rare-earth magnets from 2008 to
2016 [3].
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Fig. 1-4: Price of rare-earth oxides from 2008 to 2016 [3].

The high price fluctuation of rare-earth magnets causes issues for rare-earth PMSM
manufacturers. Moreover, switching to Sm-based alloys is not a good alternative since

Samarium is not available in adequate quantities.



1.1.2 Field-weakening Operation and its Limitations

While the rare-earth magnets in the PMSMs provide a high magnet flux, and as a result,
high peak torque and power capability, the air gap flux of these machines is almost constant.

The constant magnet flux causes back electro motive force (back-EMF) limitations at high-
speed operation due to the DC-bus voltage limit of the drive. For the high-speed region, the flux
linkage of the machine should be weakened to keep the back-EMF within the acceptable range.
The effective field-weakening operation becomes a challenge for rare-earth PMSMs, which has
restricted their applications in some variable-speed systems. Many investigations have been
carried out to enhance the field-weakening capability of PMSMs.

The vector control principle has been successfully applied, where a negative d-axis
armature current is injected to counter the magnet flux and thus effectively reduce the induced
voltage [4]. However, this current causes copper loss, as well as associated iron loss, which
arises from the magnetic flux harmonics [5]. As a result of the extra losses in the field-
weakening mode of operation, the efficiency of rare-earth PMSMs drops in the high-speed
region. Although, several control strategies are reported in the literature [6]-[8], the efficiency
problem for field-weakening mode of operation have not been solved completely.

Besides the control strategies, some design modifications are suggested to increase the
machine performance during the field-weakening. One of these solutions is the variable flux

machine (VFM). Different topologies of VFM are reviewed in the following sections.
1.2 Variable Flux Machines

VFMs are one of the alternatives to solve the problems related to the field-weakening
operation in the conventional rare-earth PMSMs. In these machines, the magnet flux can be
reduced at higher speed. Fig. 1-5 shows different categories of VFMs based on the methods
which are used to control the magnet flux. Pure rare-earth PMSMs can be designed as a VFM
with adding the auxiliary AC or DC coils in the rotor or stator. Moreover, the rare-earth PMSMs
can be designed as a VFM with some mechanical considerations to provide the leakage flux
path in order to reduce the flux linkage at high-speed region. The other category uses the low
coercivity magnets in the PMSMs to provide the flux controllability. A combination of low

coercivity and rare-earth magnets in the machine is a way to control the flux linkage.
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Fig. 1-5: Variable flux machine families.

In this method the rare-earth magnets provide the constant flux, and the machine flux is
controlled by magnetizing or demagnetizing the low coercivity magnets using AC or DC coils.
Additionally, pure low coercivity magnet based PMSMs are a family of VFMs that are using
the armature winding to magnetize or demagnetize the rotor magnets.

All these categories are discussed in more depth in the following sections.
1.2.1 Hybrid-Excited Variable Flux Machines with Field Coil Excitation

Hybrid-excited PMSMs with a separate field coil is one category of VFMs and their
potential to extend the field-weakening range has been studied in the literature. This type of
VFM can be categorized based on the place of the excitation source and the configuration of

the magnets and the field coils flux path.
1.2.1.1 Series Flux Path Hybrid-Excited Machines

Series flux path hybrid excited PMSMs as a family of the VFMs have been presented in
the literature [9]-[13]. The doubly excited synchronous machines (DESM) and doubly salient
permanent magnet (DSPM) machines are categorized in this family as shown in Fig. 1-6.
According to Fig. 1-6(a), for DESM, both excitation sources are in the rotor. Magnets are fixed
at the surface of the rotor teeth and the DC coils are wound at the end of the rotor tooth. The
core loss reduction and efficiency improvements are reported for this type of DESMs in [9].
Based on Fig. 1-6(b), for the DSPM machine, both field sources are located in the stator in order
to avoid the slip rings in the rotor. Both these designs show a reasonable capability of field-
weakening. In both designs, the weakening flux line of the DC-coil pass through the magnet,

which increases the risk of demagnetization [14].
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Fig. 1-6: (a): Doubly excited synchronous machines (DESM) [1], and (b): doubly salient permanent magnet

(DSPM) machines [10].

1.2.1.2 Parallel Flux Path Hybrid-Excited Machines

This family of hybrid-excited variable flux machines is the most common one that can be

categorized based on the configuration of the magnets and the DC coils. The majority of parallel

flux path hybrid-excited machines have the magnets in the rotor and the DC coils in the

stator [15]-[21]. In this topology a large diameter solenoidal field coil is sandwiched in the

stator back iron. This topology has the capability to increase the torque density of the

machine [18], that comes with a negative impact on the flux regulation. Both radial and axial

flux topologies consequent-pole VFMs with DC coils in the stator are reported as shown in

Fig. 1-7.
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Fig. 1-7: The structure of (a): axial flux consequent-pole VFM [15], and (b): radial flux consequent-pole
VFM [17], with DC field coils in the stator.



According to Fig. 1-7, the DC coils are placed in the specific slots in the stator. The
consequent-pole designs provide a wide range of air gap flux control without any
demagnetization risk for the magnet pieces. The control action is using a simple DC current
control without brushes or slip rings [17]. However, the DC winding in the stator reduces the
machine power density as the required space reduces inner diameter and/or increases the outer
diameter. In addition, the three-dimensional flux distribution in this machine introduces extra
losses, as the stator and rotor cores require tangential and axial flux conduction capacity that
results in some manufacturing problems [9].

The parallel flux path hybrid-excited machines with both magnet and DC coils in the rotor
are not popular because they require slip rings and do have lower torque density [22]-[23].
However, they have simpler topology [14]. Fig. 1-8 shows the topology of a hybrid-excited

machine with the DC coils and magnets in the rotor [22]. The parallel flux path is clear in

1B
£ =

N

Fig. 1-8: The Hybrid excited machines with field coils and magnets in the rotor [22].

The hybrid-excited machines with magnets and field coils in the stator are categorized as
the DSPM machines [24], [25], switched-flux permanent magnet machines [26], [27], and the
doubly-excited, dual stator permanent magnet machines [28]. This type of hybrid-excited

machines have good flux regulation, less torque density, and the rotor is simple and robust.
1.2.2 Variable Flux Machines with Mechanical Adjustment

In this family of the VFMs, the machine topology changes to provide the flux regulation
in the machine. Field-weakening in these machines is achieved through the magnetic flux path
changes and increasing the leakage flux in the machine [14].

Field-weakening can be done with adjustment of the rotor [29] or stator [30] sections in an

axial flux surface mounted PMSM consisting of a slot-less stator, between two rotor disks. In



these machines, the rotor or stator is multi-section and the flux path and as a result the linking
flux of the machine is changed with misaligning these sections. To control the flux of machine,
a speed or torque dependent system and an actuator are required which makes the system more
complex.

Variable air gap length is another method to provide the flux controllability in PMSMs. An
axial flux machine with a variable air gap length using a spring and hinge setup is reported
in [14]. Although this machine shows good potential in terms of the flux controllability, the
complex mechanical system for air gap length variation affects the torque density and
manufacturability.

A PMSM with flux-shorting iron plates in the stator is proposed in [31] as shown in
Fig. 1-9. According to this figure, a set of springs and actuators are used to push the iron plated
toward the rotor to increase the leakage flux and reduce the linkage flux in the machine.

position adjusted
by actuator  stator

iron plate
’ Shaft
spring —L E
prng = eakage
flux

stator

Fig. 1-9: A PMSM with flux-shorting iron plates in the stator [31].

The size adjustment of the flux barriers in the rotor is another mechanical method that is
proposed to increase the field-weakening ability of a PMSM. In this machine, iron pieces in the
rotor are used to change the size of the flux barriers in the rotor in order to control the leakage
flux of machine. Besides the complex mechanical structure, the control of this machine is

complicated.
1.2.3 Variable Flux Machines with Low Coercivity Magnets: Memory Machines

A new class of VFMs, named memory machines (MMs) is presented in [32]-[43]. These
machines are known for their ability to change the intensity of magnetization and memorize the
flux density level in rotor magnets. The application of low coercivity magnets in MMs provides

a unique feature of magnet flux controllability using a short-time current pulse without any risk



of the magnet demagnetization, as the rotor magnets can be re-magnetized. The MMS can be

categorized based on the type of supply that is used to change the rotor magnetization levels.
1.2.3.1 Hybrid-Excited (DC-Excited) Memory Machines

The concept of DC-excited MM is based on the fact that the magnetization level of magnets
in the motor can be regulated by a temporary DC current pulse and be automatically memorized.
DC coils in the stator or the rotor of these machines are used to demagnetize or re-magnetize
the low coercivity magnets in this machines. In [32], a DC-excited MM is proposed and
implemented. The configuration of the proposed memory motor is shown in Fig. 1-10, which

adopts a five-phase outer-rotor 30/24-pole doubly salient structure.

Outer rotor
QOuter-layer

Armature
winding .
Magnetizing

Inner-layer winding

stator

Fig. 1-10: The DC-excited machines with two rotors [32].

Based on an outer rotor doubly salient motor structure, the proposed DC-excited MM can
offer effective and efficient online air gap flux control. Hence, it possesses the advantages of
mechanical robustness, high efficiency, and wide constant power operation region.

A new topology of hybrid DC-excited MM with both rare-earth and low coercivity magnets

in the stator is presented in [33] as shown in Fig. 1-11.
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Fig. 1-11: The DC-excited machines with magnets in the stator [33].

10



In this topology the rare-earth magnets in the stator provide the constant torque in the
machine and the low coercivity magnets with the DC coils around them control the flux level
in the machine. The rotor of this machine is similar to switch reluctance machines and is simple
and rigid which is a great benefit. The DC-excited MMs are complex in terms of structure and
manufacturing. Moreover, the DC coils make the control strategy more complicated and in

some cases, increase the risk of rare-earth magnet demagnetization.
1.2.3.2 AC-Excited Memory Machines

In AC-excited MMs, the armature windings of the machine provide the magnetic field to
magnetize or demagnetize the low coercivity magnets. In this manner, the DC coils are
eliminated that makes both configuration and control strategy less complicated.

Hybrid AC-excited MMs are VFMs that use a low coercivity magnet like AINiCo with a
higher coercivity magnet like rare-earth or Ferrite is series or parallel to provide the rotor
magnet flux controllability [34]-[37] to improve the torque density of VFM. The higher
coercivity magnets provide a constant field whilst the low coercivity magnets offer an
additional variable component. The variation of magnet flux is still achievable, and meanwhile,

the torque density is boosted thanks to the employment of higher coercivity magnet.

Stator

| (©)

Fig. 1-12: (a): A hybrid AC-excited MM with variable and constant flux magnets in the rotor magnetically in
series, (b): open circuit field distributions in fully forward magnetization states, and (c): open circuit field
distributions in reverse magnetization states [34].
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A hybrid AC-excited MM with series magnets is proposed in [34] as shown in Fig. 1-12. In
this design, the variable magnet (VPM in the figure) is used to enhance or reduce the magnetic
flux of the rare-earth magnet with constant magnetic flux (CPM in the figure). The open circuit
field distributions of this machine while the VPM magnetized in the same direction and opposite
to the CPM are shown in Fig. 1-12(b) and Fig. 1-12(c), respectively. According to the field
pattern, CPM and VPM are in series magnetically. In this design, the CPM flux can assist the
VPM to withstand unintentional demagnetization, and harmful cross-coupling is greatly
alleviated. The magnetic field of the high coercivity magnet is added to the low coercivity
magnet by making the magnetization direction of the high coercivity magnet into the direction
of the low coercivity magnet. Since the operating point on the demagnetizing curve for the low
coercivity magnet is higher by the field, the amount of magnetic flux increases and the low
coercivity withstands the de-magnetic field generated by load current [35].

A hybrid AC-excited MM with two magnetically in parallel magnets is presented in [35] as
shown in Fig. 1-13(a).

=+d axis magnetic field

A, Variable magnetized magnet
(Low coercive force)

Constant magnetized magnet
(High coercive force)

(c)

Fig. 1-13: (a): A hybrid AC-excited MM with two magnets in the rotor magnetically in parallel, and magnetic
flux distribution at (b): maximum linkage flux, and (c): at minimum linkage magnetic flux [35].
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In this machine also, the high coercivity magnets provide the main part of the output torque
and the low coercivity magnets flux enhance or reduce the flux linkage of the machine to
provide a better field-weakening capability. Fig. 1-13(b) and (c¢) show the maximum and
minimum linkage flux patterns in this machine, respectively. The high and low coercivity
magnets are located on the same rotor pole. However, the cross-coupling between the two types
of magnets is severe in parallel hybrid AC-excited MM, in which the high coercivity magnets
tend to automatically demagnetize the low coercivity magnets [36]. With a parallel magnetic
circuit, the total amount of magnetic flux of the magnets becomes the sum of the low coercivity
magnet and the high coercivity magnet. Therefore, the variation range of the total magnetic flux
can be enlarged. If the polarity of the low coercivity magnet is reversed especially, variation
range of the total magnetic flux will be doubled [37]. All the VFMs that have been reviewed in
the previous sections are rare-earth based PMSMs or hybrid PMSMs which employ both rare-
earth and low coercivity magnets. The low coercivity magnet based PMSMs are not popular
due to the high demagnetization risk of the magnets. This type of VFM is proposed in [38]-[43].
A pure low coercivity magnet based AC-magnetized MM was first put forward by V. Ostovic
to achieve an extended field-weakening region [38]. The rotor of the proposed MM is built as
a sandwich of the trapezoidal AINiCo magnets, electrical steel, and non-magnetic material, all
of which are fixed to a non-magnetic shaft. Memory motors usually require an oversized
inverter, as the inverter should be able to re-magnetize the magnets with an armature d-axis
current pulse. A cross-sectional view of a four-pole MM is shown in Fig. 1-14. Tangentially
magnetized PMs with N-poles (red) and S-poles (blue) drive flux @4, through the air gap into
the stator. In addition, the leakage magnet flux near the shaft reduces the air gap flux

density [38], which results in a reduction of the machine torque density.

Fig. 1-14: Cross-sectional view of a fully magnetized memory motor [38].
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Also, low coercivity magnets that are used in these machines type are normally susceptible
to demagnetization. In VFMs with Ls<L,, due to their large L,, the magnetic field produced by
1, at high-load conditions can unintentionally cause partial demagnetization in the magnets,
preventing the maximum torque capability to be achieved. The flux-intensifying designs of
VFMs, characterized with Ls>L,, can be employed to reduce the influence of the field-
weakening operation (negative /), load current effect (/;) and control the magnetization state
stably at high-load conditions [39]. In the flux-intensifying designs, the magnetization of the
magnets can be in radial or tangential directions.

Radially magnetized pure low coercivity magnet MM are proposed in [39], [40]. A design
approach for a VFM using low coercivity magnets for improved efficiency and extended

operating speed range is proposed in [39]. Fig. 1-15 shows a modified rotor structure [39].

Leakage path along therotor
stirface

I S— ——I \\

e s

Fig. 1-15: Modified rotor structure with a connecting surface bridge [39].

By adding an additional iron bridge that connects between rotor poles along the rotor surface,
a path for magnet leakage flux is formed. The flux barriers in the rotor are particularly designed
to obtain another flux-varying capability, and force the armature g-axis flux to rotate in the
leakage path to prevent it to go through the low coercivity magnet and demagnetize it. The
designed machine shows benefits in increasing efficiency and speed range in the low-torque
region.

In radially magnetized PMSMSs, the spatial distribution of the stator magneto motive force
(MMF) is sinusoidal along the rotation direction, so the flux produced by the magnets will be
intensified at the front edge and weakened at the rear edge due to the g-axis flux produced by
armature current, leading to a low torque density. This can be avoided by designing the machine

with a smaller magnet arc, which leads to a reduction in the machine torque density.
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The tangential magnetized design consideration for low coercivity magnet-based VFMs are
proposed in [41]-[43]. Therefore, the magnet length can be increased to achieve a higher air
gap flux density without exposing the magnets to a demagnetizing field. The armature g-axis
flux primarily passes along the magnet face instead of going through the magnets as in
conventional radial designs. In addition, the magnet length is uniformly exposed to the armature
d-axis flux. This facilitates the demagnetization and magnetization processes.

A spoke type design of AINiCo-based VFM is proposed in [34] and shown in Fig. 1-16.

Fig. 1-16: AINiCo-based VFM with tangential magnetization [42].

Some design considerations are taken into account in this machines to make them more
efficient and robust against the magnet partial demagnetization. The un-even air gap length is
a way to reduce the no-load back-EMF harmonics and the torque ripple as presented
in [41]-[43]. Moreover, the d-axis barriers are curved to increase the reluctance of the g-axis
flux pass which at the same time reduces L,. The small barriers are added also to increase the
saliency ratio and as a result, the torque density of the machine [41]-[43]. To reduce the leakage
flux below the magnet, a pair of barriers are inserted below the magnet in [41]. This problem is
solved using a non-magnetic hub to connect the rotor core and shaft as reported in [41]-[43]. In
addition, an air rib is curved above the magnet to prevent the flux circulation above the magnet

and control the pole arc angle as reported in [41]-[43].
1.2.4 Summarizing Different Topologies of Variable Flux Machine

To summarize different categories of VFMs, Table 1-1 shows the drawbacks and benefits of
different designs of the VFMs. According to Table 1-1, with the hybrid excitation, and the
auxiliary DC coils, the design will be more complicated and at the same time, the control

strategy is more intricate. Although, the rotor structure is simple with the DC coils in the stator,
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the effects of the DC coils on the machine performance should be analyzed. Moreover, with the
DC coils in the rotor, the slip rings and the related problems will be the weak points of the
design. The hybrid excitation has negative effects on the torque density of machine.
Additionally, the DC coils increase the risk of the rare-earth magnets demagnetization. Both
Ohmic and core losses related to the DC coils should be considered and the probability of any
short-circuit in the DC coils and its impact on the machine performance should be analyzed.

The mechanical adjustments to control the flux linkage of the machine make the machine
structure as well as the control strategy more complicated.

For the VFMs with hybrid magnets, the effects of the high coercivity magnets on the low
coercivity magnets and the magnetization and demagnetization procedures should be
considered. All the designs that have rare-earth magnets, suffer from the high price fluctuations
of these strategic materials. For the pure low coercivity magnet VFMs, the torque density,
specifically at field-weakening mode of operation as well as the magnetization and
demagnetization procedure should be taken into the account in more depth. Moreover, this
family of VFMs does not have the problems related to the hybrid excitation and high coercivity
magnets. However, the magnets partial demagnetization in the loaded conditions should be

checked.
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Table 1-1. Different topologies of variable flux machines, drawbacks and benefits.

Pure Rare-Earth Magnet

Hybrid-Excited

[91-[13]

o Generally simple structure

¢ Good Flux regulation capability

o High risk of the magnet demagnetization

o Low torque density as a result of hybridization

e More loss related to DC excitation

o Slip ring and its related problem with DC coils
in the rotor

e Dependency on the rare-earth magnets

e Complicated control strategy

Series Flux Pass

[15]-[28]

¢ Good Flux regulation capability

¢ No risk of the magnet demagnetization

¢ High torque density

o Complicated structure to prototype and analyze

e More loss related to DC excitation

o Slip ring and its related problem with DC coils
in the rotor

¢ Dependency on the rare-earth magnets

e Complicated control strategy

Parallel Flux Pass

Mechanical Adjustment

[29]-(31]
¢ Good Flux regulation capability

o No risk of the magnet demagnetization

e Low torque density and complicated structure to prototype and analyze
e Dependency on the rare-earth magnets and complicated control strategy
e Higher weight as a result of the additional mechanical parts

Low Coercivity Magnets,

(Memory Machines)

Hybrid-Excited

[32],[33]

¢ Good Flux regulation capability

e More loss related to DC excitation

o Slip ring and its related problems with DC coils in the rotor
¢ Dependency on the rare-earth magnets

e Complicated control strategy

AC-Excited

[34]-37]

¢ Good Flux regulation capability

e Dependency on the rare-earth magnets

e Problems related to the low coercivity material

Hybrid Magnets demagnetization procedure

e More loss related to DC excitation

o Slip ring and its related problem with DC coils
in the rotor

e Complicated structure and control

[38]-[43]
¢ Good Flux regulation capability

¢ Independency into the rare-earth magnets
o Simple structure

e Complicated control strategy

o A risk of low coercivity demagnetization
¢ Low torque density specifically at field-

Pure Low Coercivity Magnets

weakening operation
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1.3 Problem Statement

There is currently wide interest in the research and development of “green” traction
application driven by electrical machines, such as hybrid and electric vehicles. PMSMs are one
the most favorite electrical machine choices because of their high torque density.

A high performance of electrical machine for a wide range of operating condition (torque
and speed) is one of the essential features for electrical machines in transportation. This affects
the driving range of the vehicle and its battery size. It means with a certain battery size, a motor
with higher efficiency can provide a longer driving range.

The high price fluctuation of the rare-earth magnets (as mentioned in section 1.1.1), as well
as the low efficiency in the field-weakening mode of operation (as addressed in 1.1.2) are the
big concerns in the application of rare-earth PMSMs in industry specifically for transportation
electrification. VFMs with AINiCo magnets are one of the alternatives to solve both of the
mentioned problems.

Low coercivity of AINiCo magnets enables this type of VFM to have higher efficiency and
at the same time increases the complexity of the design procedure. The magnet flux control
during the magnetization and demagnetization procedures should be studied. An analytical
model, and a new analytical design criterion are necessary to have a better understanding of the
design procedure. Moreover, an existing AINiCo-based VFM, and its experimental
characterization reveals the drawbacks of the existing machine such as high torque ripple, low

torque and power in the field-weakening mode of operation.
1.4 Motivation and Objectives

In order to analyze the spoke type VFM and to improve its design procedure, an analytical
model of this machine is necessary. This analytical model should be simple, fast and at the same
time should be close to the real machine considering the stator slot effect, and uneven air gap
length. Besides, a new design criterion using the analytical model will be developed to design
the VFM.

The characterization of the existing AINiCo-based VFM can provide a better understanding
on the benefits and drawbacks of this machine. As the proposed VFM has the ability to work at
different magnetization levels, it should be characterized at different magnetization levels. The

magnetization and demagnetization procedures needs to be studied both experimentally and
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analytically to understand the properties of the efficient magnetization and demagnetization
procedures.

Moreover, according to the characterization results, the high torque ripple and magnetization
current of the existing spoke type VFM proves the necessity of the design optimization to
minimize the torque ripple and magnetizing current of the VFM.

The issue of the decreasing torque and power of the existing VFM in the field-weakening is
tackled in this study by designing a new topology of the VFM.

Core losses in electrical machines have a great role in the performance analysis. Core loss
measurement and segregation from the other rotational loss components are big concerns. This
research will focus on the no-load and loaded core losses of the existing VFM, its measurement

and segregation from other components of rotational losses, as well as a method to estimate it.
1.5 Contributions
The followings are the technical output of the presented research work in this thesis.

Journal Papers

1. A. Takbash, M. Ibrahim and P. Pillay, "Design Optimization of a Spoke Type Variable Flux Motor
Using AINiCo Permanent-Magnet for Electrified Transportation", in [EEE Transactions on
Transportation Electrification, doi: 10.1109/TTE.2018.2817120.

2. A. Takbash, and P. Pillay, "Magnetization and Demagnetization Energy Estimation and Torque

Characterization of Variable-Flux Motor", accepted in /[EEE Transactions on Energy Conversion.

3. A. Takbash, M. Ibrahim, L. Masisi and P. Pillay, "Core Loss Calculation in a Variable Flux
Permanent Magnet Machine for Electrified Transportation", accepted in IEEE Transactions on

Transportation Electrification.

Conference Papers

1. A. Takbash and P. Pillay, "Magnet Design Consideration of a Variable-Flux PM Machine,"
Accepted for 2016 IEEE Energy Conversion Congress and Exposition (ECCE), Cincinnati, OH,
2017.

2. A. Takbash and P. Pillay, "Design Optimization of a New Spoke Type Variable-Flux Motor Using
AINiCo Permanent-Magnet," [EEE International Electric Machines & Derive Conference
(IEMDC), Miami, FL, 2017.

3. A. Takbash, M. Ibrahim and P. Pillay, "Torque ripple reduction of a variable flux motor," 2016
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1IEEE Energy Conversion Congress and Exposition (ECCE), Milwaukee, WI, 2016, pp. 1-7.

4. A. Takbash and P. Pillay, "An analytical model for a spoke type variable flux permanent magnet
motor in no-load condition," 2016 IEEE Energy Conversion Congress and Exposition (ECCE),
Milwaukee, W1, 2016, pp. 1-6.

5. A.M. Takbash and P. Pillay, "A modified analytical method for core losses calculation in magnetic
laminations for a wide range of frequency and flux density," 2015 IEEE International Electric
Machines & Drives Conference (IEMDC), Coeur d'Alene, ID, 2015, pp. 1109-1114.

6. L. Masisi, A. Takbash and P. Pillay, "Core loss performance of a new PM machine topology for
electric vehicles," 2015 IEEE International Electric Machines & Drives Conference (IEMDC),
Coecur d'Alene, ID, 2015, pp. 202-207.

1.6 Organization of Dissertation

Chapter 2 presents an analytical model for the spoke type VFM. In this chapter, the main
principals of the VFM are discussed, and the analytical model of a spoke type VFM based on
an equivalent magnetic circuit of the machine is presented. The effect of stator slots and uneven
air gap on the air gap magnetic flux density are modeled. The analytical estimation of the no-
load back-EMF, and magnetization current, as well as torque characteristics, are presented. The
analytical model is then validated by the FE model results.

An optimization procedure is developed in Chapter 3 to reduce the torque ripple and
magnetization current of the existing VFM. A complex multi-objective optimization problem
is transferred to a two-level optimization procedure to reduce the torque ripple, and the
magnetization current, and to keep the torque mean value within an acceptable range. Moreover,
the no-load operating point of the magnet must be considered during the optimization
procedure. The optimized design in the chapter is compared with the existing design.

Chapter 4 focuses on the existing design of spoke type VFM with inverted saliency to extract
its torque-speed and power-speed characterizations considering the AINiCo magnet
demagnetization. Moreover, a new design of AINiCo-based radially magnetized VFM with
conventional saliency is proposed to keep the promising features of the existing design and
enhance the power and torque capabilities of the VFM in the field-weakening region. Moreover,
the design is optimized to have minimized torque ripple, and at the same time maximized power
and torque capabilities.

Chapter 5 presents the characterization of the existing spoke type VFM at different
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magnetization levels. A method is proposed to calculate the required energy for the
magnetization and demagnetization of AINiCo magnets in an existing VFM. A test procedure
is also developed to measure the required magnetization and demagnetization energy using the
applied current and voltage pulses. The torque performance of the VFM at different
magnetization levels is analyzed in this chapter. The test results are compared with the finite
element (FE) results to evaluate the effect of magnetization level variations on the torque
characteristics. Besides, an analytical method is implemented into the FE model to estimate the
core loss of the machine. The core loss is measured experimentally and the proposed method is
verified.

Chapter 6 concludes the thesis and proposes the suggested future research.
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Chapter 2.  Analytical Modeling of the Spoke Type Variable Flux
Machine

2.1 Introduction

An analytical model is a powerful tool for the design of electrical machines. It can be iterated
to predict the effect of various geometrical parameters on the machine performance, without
running FE software. That means a more accurate initial FE model that reduces the design time.

In this chapter, after a brief literature review on analytical modeling of PMSMs, the main
principals of the VFM such as the magnet flux control, magnet direction selection, and the
general dimensions of the existing VFM are discussed. Moreover, an analytical model of a
spoke type VFM based on an equivalent magnetic circuit of the machine is presented. By
applying the magnetic equations in the equivalent circuit, the no-load air gap magnetic flux
density is calculated. The effect of stator slots on the air gap magnetic flux density is considered
and the uneven air gap length is also modeled. The analytical estimation of the no-load back-
EMF is presented. A new analytical approach of estimating of magnetization current is
proposed. The peak to peak value of the electromagnetic torque of the machine is calculated

analytically. The analytical model is then validated by the FE model results.
2.2 Review of Analytical Modeling Methods of Electrical Machines

Various analytical modeling methods have been developed for electrical machines such as
d-q model, winding function modeling method, lumped parameter modeling, and magnetic
equivalent circuit. Nowadays, PMSMs are the preferable alternative in different applications,
and as a result, analytical modeling of PMSMs has been recently the subject of research.

A simple method is introduced in [44] to select the magnet shape and dimensions in order to
minimize key harmonic components in the machine. The analysis focused on commonly used
rotor structures such as rectangular, stepped, and trapezoidal and the model results are verified
with test and FE model. The air gap flux density for a trapezoidal magnet is calculated from

(2-1) in [44] as
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where A, 0, He, 7, and o, are the magnet height, air gap length, magnet coercive field strength,
pole pitch, and embrace, respectively.

An analytical technique for predicting the instantaneous magnetic field distribution in the air
gap region of radial-field topologies of brushless DC (BLDC) PMSMs, under any specified
load condition was developed in [45]-[48]. This technique implicitly accounts for the stator
winding current waveform, and the effect of stator slot-openings. The analytical technique is
based on the superposition of the field components related to the magnet and the stator
excitation. [45] presented a two dimensional (2D) analytical method for predicting the no-load
air gap field distribution in both internal and external rotor radial-field motor topologies. This
method solves the Laplacian/quasi-Poissonian field equations in polar coordinates, in the
annular air gap/magnet region of a multi-pole slot-less motor. The field vectors, B, and H are

coupled by [45]

§, = uoﬁ, in the air gap; (2-2)

By = tmHy + ugM  in the magnet; (2-3)

where M is the residual magnetization vector, [, = Urecllo 1S the magnet permeability, and
Urec and g are the relative recoil permeability of the magnet, and air permeability, respectively.

In terms of scaler magnetic potential ¢ can be expressed as [45]

Vip, =0 inthe air gap; (2-4)

V2@, = —— in the magnet. (2-5)

The definition of M is dependent on the magnet orientation. The magnetic flux distribution
in all parts of the machine can be calculated analytically, considering the general solution for
the scalar magnetic potential distribution in the air gaps and magnets, and the boundary
conditions in different parts of the machine. Fig. 2-1 depicts the magnetic flux density
distribution at the stator surface of 6-pole and 12-pole machines using both analytical and FE

models.
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Fig. 2-1: Magnetic flux distribution at the stator surface (a) 6-pole (b) 12-pole [45].

This analysis is extended to the prediction of the armature reaction field produced by the 3-
phase stator windings in [46]. As before, the motor model is formulated in polar coordinates to
consider the effects of winding current harmonics on the air gap field distribution. The current
sheet is distributed such that the current density is uniform along an arc whose length is equal

to the slot opening, by. The current density distribution is given by [46]

2R
0 other a (elsewhere)

: bo L g0 the slot j
J=1hs T a< (over the slo openmg). (2-6)

Considering the effects of stator current, the flux density distribution now has a stepped
rectangular waveform.

A method for modeling the effect of the stator slotting on the magnetic field distribution in
the air gap/magnet region of the above mentioned BLDC motor is presented in [47]. This
enhances the analytical prediction of the open-circuit, armature-reaction, and resultant magnetic
field distribution under any specified load condition. The conventional one dimensional (1D)
relative permeance model, which is used extensively in the analysis of induction motors and
synchronous machines, is inappropriate for PMSMs and a 2D relative permeance function is
required. When the stator is slotted, an appropriate Carter’s coefficient (K¢) can be included to
model the reduction in flux per pole. In the calculation of the field produced by the magnets,
the air gap length (g), and stator inner radius (R,;) are replaced with g, and Ry that can be
defined as [47]

ge=9gt+ K. —-1g (2-7)
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Ree = Ry + (K. — 1) g, (2-8)

where g' = g + hm/ u,. 1s the effective air gap length of the machine.

In [48] the 2D field analysis, in polar coordinates, combines the armature reaction field
component, derived from an analytical prediction of the current waveform, with the open circuit
field component produced by the magnets. The resultant field can be predicted under any
commutation strategy through the analytical determination of the relative temporal and spatial
position of the two field components. These analyses are combined in accordance with the time
variation of the relative permeance and the back-EMF, and current waveforms to enable the
deduction of the resultant instantaneous magnetic field under any load condition and
commutation strategy.

[49] presents an analytical method for the computation of open circuit air gap flux density,
armature reaction, and on load magnetic field distribution in integer slot winding parallel double
excitation and spoke type tangential PMSMs. A 2D exact analytical model of the magnetic field
distribution based on the solution of Laplace’s and Poisson’s equations is established and the
results are verified using the FEA solutions. Fig. 2-2 shows the machine model and the
boundary conditions of the magnet, where region I represents the air gap, region II the magnets,
regions Il and V the stator semi-closed slots, region IV a nonmagnetic material under magnets,
region VI the rotor slots at the top of permanent magnets, and regions VII and VIII the rotor

excitation semi-closed slots.

g*+bi2 | g-br2
- —tfr—— 3
p M | .
" 2AVI}/8 =0
AVI/38 =0 DAVI=0 [*—
Mo |
i
[
i =
ol S I
| All; =
2AII/38 =0 L 2AII/68 =0
a i
|
‘&C Ri-——————- 1 g
3 fa 0=0 : : :
=0 R Rn Rs Ro Ko Ao __ J
(a) gi+al2 g al2 )

Fig. 2-2: Simplified model of (a): machine, and (b): boundary conditions of rotor slot [49].

The model is formulated in vector potential and 2D polar coordinates. In order to calculate

the armature reaction, on load and rotor double excitation magnetic field distribution, the stator
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current density in slots is defined by a matrix connection between phase current and stator
slots [49]. The number of harmonics is defined carefully, in addition to a proper scaling of the
machine model dimensions for good results and to prevent the solution from diverging [49].
When the number of harmonic terms increases, the system of equations written in matrix form
becomes ill-conditioned and the solution becomes inaccurate. This problem has been reduced
in [49] by including proper scaling down of the machine model dimensions in the radial

direction for all regions as
Tscale = Trear 107 (2-9)

The xc is considered to be equal to 1.45 in [49]. This problem, along with the technical
complexity are the main drawbacks of this method.

An analytical model of the spoke type motor is established in [50] and the associated
Laplace’s equations of magnetic scalar potential, and a series of boundary conditions are given.
The analytical expressions of the magnet field strength and the flux density in the air gap
produced by Ferrite magnets are obtained. The flux density in the air gap region is derived on
the basis of equivalent air gap permeance calculation by considering the stator slot opening.
Finally, the air gap field distribution and back-EMF of the spoke type machine is analyzed.

Fig. 2-3 shows the distributions of flux density in the air gap of the proposed PMSM [50].
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Fig. 2-3: Result of (a) radial and (b) tangential flux density [50].

Another analytical method is presented in [51] for no-load magnetic field distribution
calculation of a spoke type PMSM. The effects of the slots are considered. The air gap flux

density distribution and the relative air gap permeance distribution are derived based on a
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generalized analytical field solution by the conformal transformation.

The following conditions are assumed for the air gap field analysis [51]:

e The magnetic saturation may affect the magnitude of flux density in the air gap, but will
not affect the distribution wave shape. Therefore, for air gap flux density wave shape
analysis, the ampere-turn drops in the stator and rotor cores are negligible.

e The depth of the stator slots will not affect the air gap flux density wave shape. Therefore,
the stator slots can be considered to be infinitely deep.

The analytical field solutions were used to predict the cogging torque of an 8-pole, 48-slot

spoke type PMSM and compared with the FEA results as shown in Fig. 2-4 [51].
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Fig. 2-4: Predicted cogging torque compared with the FEA results of the 8-pole, 48-slot spoke type
PMSM [51].

[52] represents the analytical design criteria of a spoke type fractional slot concentrated
winding (FSCW) IPMSM, especially with regard to some objectives like the minimization of
the magnet volume, maximization of the air gap flux density, and optimization of the split ratio
(rotor outer radius/stator back iron width). The constraints are the motor outer dimensions and
the maximum copper losses. Optimal designs are achieved when the parameters are selected so
as to remain along the maximum flux per magnet volume curve. Various slot/pole
configurations are analyzed and compared in order to achieve general considerations about the
motor design. Fig. 2-5 shows a simplified model of the flux density distribution in front of a
stator tooth, at no load and under load operation.

[53] uses the geometrical and material data which makes it suitable for insertion into design
programs, avoiding long FE calculations. The modeling procedure is based on the calculation

of the air gap flux density waveform at every time step.
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Fig. 2-5: Stator flux density distribution [52].

The waveform is the solution of the Laplacian/quasi—Poissonian field equations in polar
coordinates in the air gap, and also accounts for slotting. Fig. 2-6 depicts a comparison of the
total torque (comprising of both electromagnetic and cogging) calculated from FEA and the
proposed analytical model [53]. Sinusoidal currents are used in the simulation and a torque

angle of 30° is used to emphasize the ripple in the torque function.
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Fig. 2-6: Comparison with FEA for total torque [53].

The relative air gap specific permeance distribution function is derived in [54] considering
the effect of slotting. Neglecting the iron saturation, and employing the analytical algorithm for
partial differential equations, analytical calculations of no-load air gap magnetic field
distribution, armature field distribution, and phase back-EMF, are demonstrated. Subsequently,
based on the main circuit topology of a BLDC motor, the field circuit coupling model is

developed for the motor, and then the phase current waveforms and the loaded air gap magnetic

28



field distribution at any instant of time are determined. The instantaneous electromagnetic
torque is then computed from the current and the back-EMF. Fig. 2-7(a) presents the effect of
the slot on the air gap flux density waveform. Fig. 2-7(b) shows the air gap relative permeance

distribution at the center of the air gap.
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Fig. 2-7: (a) Distribution of flux density within a tooth pitch and (b) air gap relative specific permeance

distribution at center of air gap [54].

As described in this section, most of the analytical methods presented in the literature are
based the on the solution of Laplacian/quasi-Poissonian field equations. This method is
complex, even when only a small number of harmonics are considered in the analytical model.
Another problem with this method is the definition of the boundary conditions. Moreover, when
an analytical method is used in the design procedure, it should be fast and at the same time

accurate to provide appropriate initial values for other steps.
2.3 AINiCo Magnet Flux Variation

The low coercive force of AINiCo magnets provides a unique feature of magnet flux control
in the VFM. Fig. 2-8 shows the B-H loop of AINiCo 9 magnet in the 1*' and 2" quadrants. In a
PMSM, the operating point of the magnet at no-load condition can be estimated as the
intersection of the air gap line (PC line) and the B-H loop in the 2" quadrant (point A in
Fig. 2-8). The slope of the air gap line, the permeance coefficient (PC), can be calculated as

_ thgﬂO

PC
9Am

(2-10)
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Fig. 2-8: B-H loop for AINiCo 9.

where Ag, Am, and g are the air gap and the magnet cross-sectional areas, and the air gap length,
respectively. The no-load operating point of the magnet is a function of the magnet and air gap
dimensions.

If the armature current produces the external magnetic field of H, in the magnet, the operating
point of the magnet will go to point B in the loaded condition that is below the knee point of
the B-H loop in the 2™ quadrant. Once the current is removed, the magnet does not recoil on
the same trajectory as the original B-H loop. It recoils on a line with the same slope (recoil
permeability) as the linear part of the B-H loop to point C. In this condition, the remnant flux
density of the magnet is D, which is less than the fully magnetized condition (I). The magnet is
partially demagnetized as a consequence of the demagnetization effect of the armature current.

The magnetization level (ML) of the magnet in this condition can be estimated as
D
ML% = — % 100. (2-11)

Based on Fig. 2-8, and using (2-11), to go to each ML, the resultant magnetization or
demagnetization current pulse could be estimated based on the external field that is needed. To
demagnetize the magnet fully, the operating point of the magnet should be pushed to point E in
the 3™ quadrant. To do this, an external demagnetizing field (Hyemag) is required to be applied
using the demagnetizing current (Jzemag). After removing the demagnetizing current, the magnet

recoils to point Z and will be fully demagnetized. To go from point Z to point F, and make the
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magnet fully magnetized, an external magnetizing field (Hu.g) should be produced by applying
the magnetization current (/). Once the magnetizing current pulse is removed the magnet

recoils to point A and will be fully magnetized.
2.4 Existing Variable Flux Machine

The design, manufacturing, as well as the control of a spoke type VFM using AINiCo 9
magnets, are proposed in [41]-[43]. The existing VFM is used in this chapter to develop the
analytical model. To do this, the design principals and the basic dimensions of this design are

first reviewed in this section.
2.4.1 Spoke Type Design

Due to the low coercive force of AINiCo magnets, the armature current and its demagnetizing
effect are one of the biggest concerns in the design of the AINiCo-based VFMs. The armature
MMF produces a field that demagnetizes the magnet rear edge in radial-flux design and causes
partial demagnetization of magnets that reduces the torque density of the machine. To limit this
effect, the magnet arc is reduced that also decreases the torque density of the machine. To solve
this problem, a spoke type (tangentially magnetized) design is utilized. For a tangentially
magnetized configuration, shown in Fig. 2-9(a), the g-axis flux primarily from the armature
current passes along the magnet face instead of going through the magnets as in conventional
radial designs. With the magnet length increase, the air gap flux density is enhanced without
exposing the magnets to a demagnetizing field. In addition, the magnet length is uniformly
exposed to the armature d-axis flux. This facilitates the demagnetization and magnetization
processes. To do the magnetization and demagnetization as described in section 2.3, a chain of
d-axis pulses is used to create the d-axis flux in the machine. For the demagnetization, the
produced d-axis flux opposes the magnet flux, and for the magnetization, the produced flux
enhances the magnet flux. Fig. 2-9(b) and (c) shows the rotor and stator of the prototyped spoke
type VFM.

2.4.2 Design Specifications and Dimensions

The existing VFM is a 6-pole machine with 27-slot and fractional windings in the stator [42].
To develop the analytical model, some general dimensions in both rotor and stator as listed in

Table 2-1 are required.
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Fig. 2-9: (a): Illustration of d- and g- axes flux paths in tangentially magnetized PMSM, (b): Prototyped rotor,
(c): prototyped stator of spoke type VFM.

Table 2-1. General dimensions of the existing variable flux machine.

Magnet length 14.2 mm Air gap length 0.4 mm-0.75 mm
Magnet thickness 7 mm Rotor inner radius  53.75 mm-54.1 mm
Rotor outer radius 54.5 mm Stack length 120 mm

To have a more accurate analytical model, the effects of the stator slots and teeth should be
taken into account. Fig. 2-10 shows the general overview of the prototyped stator lamination of

the existing VFM [42].
2.5 Model Implementation

An analytical model based on the equivalent magnetic circuit of the spoke type PMSM is
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proposed in this section. The following assumptions are considered in this model:

e The reluctance of iron is negligible.

e The B-H curve of the magnet is linear and the operating point is above the knee of the

curve.
The no-load air gap magnetic flux density (Bgo) has a square wave distribution.

s20000-/ yd

9105.00—"

Fig. 2-10: Dimensions of the prototyped stator lamination [42].

Fig. 2-11 shows the equivalent magnetic circuit of the spoke type VFM. According to this

figure, the spoke type PMSM can be transformed to an equivalent surface or inset PMSM.
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Fig. 2-11: Equivalent magnetic circuit of the spoke type VFM.

2.5.1 Air Gap Magnetic Flux Density in the No-load Condition for Slot-less Stator
The air gap magnetic flux density of the machine in the no-load condition can be estimated
using Ampere’s law in the flux path in Fig. 2-11, and the relationship between the air gap and

the magnet flux density. Based on the equivalent model, the system of equations can be defined
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as

ByAy = 2By A,
2Hyg + Hpyty = 2Us
By = poH, (2-12)

By = By + polirecHm

where H, and H, are the air gap magnetic field intensity and the magnet magnetic field
intensity. Uy is the stator magnetic potential that can be calculated based on Ampere’s law.

In this system of equations, the first equation shows the connection between the magnet and
the air gap magnetic flux density. The second equation is driven based on the Ampere’s law for
the flux that links through the stator, the air gap, the rotor and the magnets. The last two
equations show the relationship between the magnetic flux density with the field intensity in

the air gap and magnets. 4, and A4, can be calculated as
Ag = (Tp = tm)Lstk (2-13)

Ay = hp Loy (2-14)
T, = (mR,;/P) is the pole pitch, where Ry; is the stator inner radius and Lgx is the machine
stack length. The definition of 4, in (2-13) depicts that no flux line leaves the magnet in the
radial direction.
To calculate the air gap magnetic flux density in the no-load condition (Bgo), Us should be
considered as zero. Based on (2-12), (2-13), and (2-14), Bgo can be calculated as

2B, A,
90 =

Byo = :
(Ag + 4g#gecAm)
m

(2-15)

Fig. 2-12 depicts the no-load air gap magnetic flux density pattern for this machine. It is
obvious from Fig. 2-12 that no flux line crosses on the top of the magnet radially to the air gap.
Also, this figure shows the main idea of equivalent surface or inset machine that can be assumed
for this machine. According to the no-load air gap magnetic flux density, the machine can be
transformed to a surface machine with an equivalent magnet length of (z,-7») and an equivalent
magnet thickness that should be calculated based on the no-load air gap magnetic flux density.

The main component of the square shape Bgo can be calculated using the Fourier transform as

4 T
Byor = —cos (Ko E) Byo (2-16)
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Fig. 2-12: The no-load air gap magnetic flux density pattern.

where k,, = i—m Based on (2-15) and (2-16), the effect of ¢, and 4., on the air gap magnetic
p

flux density at no-load condition can be studied.
The mean value of the torque as a result of the magnet (Trymean) for a PMSM can be

calculated analytically using
Tommean = 3PKaKpKsBgo1 LRyoan Nepyis Sin 0 2-17)

where a, ni. and Ny, are the number of layers, number of turns for each coil and number of slot
per pole per phase. For a 3-phase, 6-pole, and 27-slot VFM with 23 turns in each coil and double
layer winding, these parameters are: a=2, n.=23, and Ny,p=1.5. i, and 6 are the peak value of
phase current and torque angle. Ky, K,, K are the distribution, slot-pitch and skewing factors

respectively which can be calculated as

sin (%)
Ky=—2 (2-18)
Ngpp sin (7)
K, = cos (g) (2-19)

where o is the slot pitch angle and ys is short pitch angle.
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2.5.2 Effect of Stator Slots and the Uneven Air gap Length on the Air Gap Magnetic
Flux Density

In the real machine, the stator slots cause variations in the effective air gap length of the
machine, and as a result the air gap permeance. To enhance the accuracy of the analytical model,

this effect should be considered. Fig. 2-13(a) depicts the equivalent model for the rectangular

slot.
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Fig. 2-13: The equivalent model for (a): rectangular slot, (b): trapezoidal slot with fringing.

Based on Fig. 2-13(a), two permeances can be defined for the air gap, one for the tooth area

and the other for the slot area as [50]

_ Mo (Ts — bo)Lsex

P, (2-20)
)
bo mh,
2 2 Ly dr  2uyL g+—
p, = “Ho 2 Lstk _ HoListk In 4 2-21)
T Jo 2_g+ r T g
14

where b, is the slot opening for the rectangular slot and 7y is the slot pitch. Fig. 2-13(b) shows
the flux line distribution for a trapezoidal tooth and slot. To have an accurate model, the fringing
should be considered in the model. Fringing occurs because the air in the air gap and the slot

area has the same permeability. Therefore, some flux will link through the fringe area as shown
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in Fig. 2-13(b). Based on permeance and Fig. 2-13(b), the air gap length function can be defined
as [50]

W.
( g 0<Ru0 <~

n Wi Wi
g(6) = 9+5Ri0 S SRO <"+ h (2-22)
| T Wy Ty
Lg-l__RSlg-l_y(RSl.e_hO) _+h0 SRS,:H <
2 2 2
where wyi, ho are tooth inner width and tooth tip thickness and v is tooth tang angle that can be

calculated by
— T -1
2 S = by) (2-23)

where b; and 4; are the slot width and the tooth tip length, respectively. Based on (2-22), the
actual air gap length increases as a result of fringing in the slot regions. The air gap length is
maximum in the center of the slot and is constant for the tooth part and increases in the slot area
up to the center of the slot and reduces again.

The gradual reduction of the air gap length produces more sinusoidal air gap flux density
distribution. The air gap length of the variable flux machine is minimized at the d-axis (0.4 mm)
and maximize at the g-axis (0.75 mm) to reduce the back-EMF harmonics. This is accomplished
by shifting the pole arc center up towards the rotor surface [41]. In this way, the air gap length
varies between guin and gma. This variation can be modeled either linear or non-linear. In the
linear method, the air gap length between 0° to 30° changes linearly between 0.40 mm to 0.75
mm. In the non-linear method, the actual air gap length from the CAD sketch of the existing
VFM is used.

Fig. 2-14 depicts the linear and non-linear variation of the air gap length with, and without
slot effect consideration for the existing VFM. Based on Fig. 2-14(a), the minimum air gap
length is 0.4 mm that occurs in 0, 60°, and 120° and the maximum air gap length is 0.75 mm
that occurs in 30° and 90°. In Fig. 2-14(b) it can be seen that the stator slot has a greater effect
on the air gap length than an uneven air gap length. The air gap length is maximum in the center
of the slot and minimum in the center of the tooth. Based on (2-22) and (2-23), the air gap length
in the middle point of the slot depends on the slot width, slot opening, and tooth tip thickness.
In this case, the air gap length in the middle of the slot is 37 times greater than the air gap length
in the middle of the tooth.
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Fig. 2-14: Air gap length (a): without slot effect, (b): with slot effect.

2.5.3 Back Electro Motive Force Estimation

The no-load back-EMF of the PMSM (ey) can be calculated based on the no-load air gap

magnetic flux (¢g0) and Faraday’s law as

d
eo(t) = —nye 5?0. (2-24)

To calculate ¢g0, the winding configuration of the machine should be known. Fig. 2-15 shows
the winding configuration for one phase, under one pole of existing 27-slot and 6-pole VFM

machine with double layer winding.

0 0 0 0, 0s
1 2 3 4 5 6 7 8 9 10
AT | A* A* A A A AT | A*

- O T

Fig. 2-15: Winding configuration of phase A for one pole for a 27-slot, 6-pole VFM.
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The coils are distributed between 8; and 63, 6> and 64, and 6, and 6s5. Based on this
configuration, ¢4, for this phase can be calculated as

04 04

Bgo d@]. (2-25)
05

03
(ng (t) = Lsthro [f Bgodg + f
64 6,

Phase A also has one coil that starts in ; and goes to the other pole. The effect of this winding
is considered in the 3™ term of (2-25) where the first slot of the next pole is counted during the
magnetic flux calculation. To calculate ¢4, based on (2-25), the Bgo should be calculated as a
function of angle. To do this, Beo from (2-15), after considering the effects of both stator slots
and the uneven air gap, is evaluated using the Fourier transform as a function of 4 as

[oe]

By (8) = Z a, sin(nf + ay,). (2-26)

n=1

In (2-26), 6 is replaced by (0;-wt). Consequently, ¢4¢ (2-25) and ey (2-24) can be estimated
analytically.

2.5.4 Magnetizing Current

Since the operating principle of VFMs is based on the demagnetization of magnets in the
field-weakening mode of operation, the armature winding should also be able to re-magnetize
magnets to regain the full torque capability when the motor slows down. In order to fully
magnetize the magnets, the magnets operating point has to be pushed beyond the knee of the
1t or 3™ quadrants of the Hysteresis loop. The current at which the magnets saturates is
considered the full magnetization current.

Fig. 2-16 shows the equivalent magnetic circuit of the machine during magnetization. In this
circuit, Iuqg 1s the magnetization current d-axis pulse peak value. &, &, &, and R, are the
reluctances of the rotor, the stator, the air gap and the magnets, respectively. /qqe produces a
magnetic flux density of B,, in the magnet.

Based on A4,,, the magnetic flux (@) can be calculated as
@,y = BpAp,. (2-27)
Based on the basic rules of the magnetic circuit
D (Rys + Ry + Ry + 2Ry + Rs) = Nl (2-28)

Because of high relative permeability of magnetic steel materials, &.; and & are negligible.
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Fig. 2-16: Magnetic equivalent circuit for each pole of VFM during the magnetization.

Also, the number of current carrying turns is N=aNy,yn;.. Based on (2-27), (2-28) can be

written as
BnAm(Rm + 2Ry) = aNgppniclnag (2-29)
t .
where R, = —"—and R, = 9_ and as a result (2-29) is:
UrecloAm HoAg
tm 2g
B, A = aN I
m m(ﬂrec,uOAm * :HOAQ) ¢ SPPntC mad (2_30)

and after some simplifications
Bn tm  29Am

— =aN Lnag-
Ho Hrec * Ag ) ¢ sppntc mag (2'31)
A h
Based on (2-13) and (2-14), A—m = %, and as a result /,.¢¢ can be calculated as
g Tp~im
I _ By, ( bm + 2ghy >
mas ﬂOaNsppntc Hrec Tp —lm . (2-32)

Based on (2-32), the magnetization current of the machine can be estimated analytically and
the effect of different design parameters such as magnet dimensions and the air gap length on
the magnetization current can be evaluated. When the AINiCo9 is fully magnetized, B, is 1.5
T. Based on this value and the machine geometry, the estimated magnetization current is 35 A.
This is close to the experimental magnetization current of 40 A. The air gap length of the
proposed machine changes from 0.4 mm to 0.75 mm and in the magnetization current

estimation, the average air gap length is used.
2.5.5 Calculation of Peak to Peak Value of the Torque

The instantaneous electromagnetic torque (7.;) can be expressed as the derivative of the co-

energy (W'") with respect to the rotor-stator position in the air gap as
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a0

T, (6) = |i: constant. (2-33)

Also based on the torque definition and Lorentz force, the electromagnet torque can be

calculated as

T, = fﬂ? x (J x B)dv. (2-34)

where v, 7, j are the volume of integration, the vector diagram of the integration volume and
the current density vector respectively. (2-34) can be written as the interaction between the
magnet flux density and stator current. In other words, the peak to peak value of the
electromagnetic torque can be calculated as the summation of the torques produced by the

current-field interaction at each slot as [53]

Ns o,
M) = LincRpo Y | Bro@n).J (@:)dan (2-33)
n=1 0

where J can be defined as [49]:

i
b_a 0 is in a slot and current has the positive direction.
0
0) = i . 2-36
J® - b_a 6 is in a slot and current has the negative direction. ( )
0
0 out side the slot opening.

It should be considered that J is similar for all phases.
2.6 Results and Discussion

The results of the analytical model are compared with the FE results in this section.
2.6.1 Air Gap No-load Magnetic Flux Density

As it is mentioned before, the air gap flux density at the no-load condition is the key
parameter of the analytical model. Fig. 2-17 depicts the magnetic flux density in the middle of
the air gap at the no-load condition, for both analytical and FE models. Fig. 2-17(a) shows the
air gap magnetic flux density for the VFM with even air gap length of g=0.4 mm. Fig. 2-17(b),
represents the air gap magnetic flux density for the VFM with uneven air gap length, gni,=0.4
mm, and gmax=0.75 mm. In Fig. 2-17(b), linear and non-linear refer to the linear function of the

air gap length and the non-linear function of air gap length, respectively.
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Fig. 2-17: Air gap magnetic flux density for VFM with (a): the even air gap, (b): the uneven air gap.

Both figures show good agreement between the analytical and FE results. The effect of stator
slots can be seen in this figure. The comparison of Fig. 2-17(a) and (b) shows the effect of
uneven air gap length on the air gap magnetic flux density waveform. Based on Fig. 2-17(b),
the air gap magnetic flux density for both linear and non-linear functions is almost the same
because of the dominant effect of the stator slots on the actual air gap length. One of the benefits
of this analytical model is the ability to investigate effects of design parameters on the machine
characteristics before performing FE analysis.

To estimate the average magnet torque, the maximum value of the main component of the
no-load air gap flux density (see (2-17)) should be considered. Based on the results of
Fig. 2-17(b), the analytical model show good agreement with the FE model in terms of the main
component maximum value. Based on (2-15) and (2-16), the effect of the magnet dimensions
and the ML of the magnet can be studied with the analytical model before performing the FE
simulation.

Fig. 2-18 demonstrates the effect of the magnet length and the ML of the magnet on the no-

load air gap magnetic flux density for an even air gap length.
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Fig. 2-18: Effect of (a): the magnet length, (b): the ML of the magnet on the air gap magnetic flux density for
the VFM with an even air gap (analytical model).

In Fig. 2-18(a), the effect of the magnet length on the air gap flux is clear (see (2-15)) and
15.4% increase in magnet length increases the air gap magnetic flux density by about 14.3%.
Based on Fig. 2-18(b), the peak value of the air gap magnetic flux density is a linear function
of the ML of the magnet (see (2-15)).

2.6.2 No-load Back-EMF

Fig. 2-19 compares the measured, the FE simulated and the analytically estimated no-load
back-EMF when the magnets are fully magnetized. The results of the two models have a good
agreement with the experimental results. Based on these results, the fundamental component of
the no-load back-EMF, for the experimental, the FE simulation and the analytical results are
195.3V,208.6 V and 205.7 V.

The measured back-EMF waveform correlates well with the FE and the analytical predictions
with a 6% reduction in the measured RMS voltage. This deviation can be caused by the stresses

introduced into the steel due to the lamination cutting.
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Fig. 2-19: No-load back-EMF for the VFM.

These stresses can affect the lamination properties and they were not considered in the FE
simulations. In addition, the reduction of the measured flux linkage can also be attributed to the
actual magnet properties, which may differ from the simulated properties in the FE simulation.
It should be noted that in the analytical calculation of the no-load back-EMF, only nine
harmonics of the air gap magnetic flux density are considered to keep the method fast, simple

and at the same time accurate.

2.6.3 Torque vs. Torque Angle Curve and Peak to Peak Value of Torque

The analytical method has the ability to calculate the magnet torque component of the
machine. To compare the analytical and FE models results, the reactance torque (Ty) of the
machine should be deducted from the FE results. To calculate T based on FEA, the magnet is
replaced with air and the machine reluctance torque is calculated.

Fig. 2-20 compares the mean value of the magnet torque from FE and analytical models for
different torque angles. Analytical results show good agreement with FE results. This

comparison shows that the analytical model is a reliable tool to do the initial design of the VFM.
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Fig. 2-20: Average magnet torque vs. torque angle.
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Fig. 2-21 shows the peak to peak value of the electromagnetic torque for the VFM vs. angle
from both analytical and FE models.
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Fig. 2-21: Peak to peak electromagnetic torque for the VFM.

Based on this figure, the torque waveforms of both methods are in good agreement based on
their peak to peak values. Fig. 2-22 compares the average magnet torque and peak to peak value

of torque vs. the magnet length and the magnet width for both analytical and FE models.
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Fig. 2-22: Average magnet torque and torque peak to peak value of the VFM vs. (a): magnet length, (b):
magnet width, for both analytical and FE models.
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Based on Fig. 2-22(a), the torque mean value is a linear function of magnet length and 21.5%
increase in the magnet length will increase the average torque by 18.8%. The reason for this
increase can be seen in Fig. 2-18(a) and associated with (2-15). The increase in 4,, increases Bgo
and consequently, enhances 7py,mean. The figure presents good agreement between the FE and
the analytical results. The error between these two models, for different magnet lengths, is in
the range of 2% to 10%. The same agreement can be seen in Fig. 2-22(b), as the error for torque

peak to peak value is in the range of 1% to 5%.
2.7 Conclusion

In this chapter, an analytical model of a spoke type VFM at no-load condition has been
discussed. To make this model easy to understand, the basic principles of the VFM such as
magnet flux control, the magnet topology selection and the general dimensions of the existing
VFM are discussed. While the no-load air gap flux density is used to estimate the torque
waveform and the back-EMF of the machine, the effects of stator slots and uneven air gap
length were taken into account in the analytical model. Moreover, a new analytical estimation
method for the magnetization current of VFM was proposed. Besides, the average magnet
torque vs. torque angle and torque peak to peak value are analyzed using the analytical model.
Using this analytical model, the effect of different design parameters such as the magnet
dimension and ML on the machine performance can be analyzed. The analytical model had
been verified by the FE simulation results for all cases. This analytical model can provide an
analytical design criterion for VFM based on the magnet torque and magnetization current that

is presented in the next chapter.
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Chapter 3. Design Optimization of Variable Flux Machines

3.1 Introduction

The recent progress in optimization algorithms and FE software opens a new approach in the
design optimization of electrical machines with a complex topology. Design optimization
requires analysis of a large number of candidate designs. Therefore, it must be done using a
well-defined strategy.

Different types of optimization strategies with different optimization objectives are used for

PMSMs as shown in Table 3-1.

Table 3-1. Optimization methods for PMSMs.

Ref. Machine Optimization Method Objectives
[56] BLDC Analytical model and FE software Cogging torque
[57] IPM A parallel sensitivity analysis using a second-order Minimize active material cost,
response surface methodology followed by a large- power loss and torque ripple
scale design optimization based on evolutionary
algorithms and FE software
[58] Outer rotor Improved Tabu search algorithm and FE software Maximize average torque and
PMSM efficiency, minimize torque ripple
[59] SMC claw- Sizing equation, local sensitivity analysis, global Minimize the material cost,
pole PMSM sensitivity analysis, 3D FE software maximize the output torque, keep
the volume constant
[60] IPM and MATLARB scripts includes design equations, magnetic Maximize efficiency and torque
CWSPMSM FEA, multi-objective optimization, and simplified
structural and thermal design
[61] SPMSM Multi-objective optimization method and FE software Minimize weight and winding

temperature, maximize efficiency

In most cases, the design optimization of a PMSM is a multi-dimensional multi-objective
problem due to the large number of design parameters, objectives, and constraints. Smart
algorithms are used widely to do the design optimization in various types of PMSM [56]-[61].

The design and control of the existing tangentially magnetized VFM is presented in [41]-[43].
While the tangentially magnetized design can achieve high torque at low speeds and high
efficiency at higher speeds, the tangentially magnetized rotor design has relatively high torque
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ripple (7,%) compared to surface and conventional interior PMSMs. For the existing VFM, the
experimental and FE-based characterizations confirm the high 7,% and In.. These can limit
the application of the tangentially magnetized VFM in traction drives of electric vehicles.
Therefore, an optimization method is developed in this chapter to reduce on 7,% and lae of
this machine, while the torque mean value is kept within an acceptable range.

In the mentioned works in Table 3-1, all of the objectives can be defined in one FE simulation
file. However, for the VFM, torque ripple and magnetization current are defined in two different
operating conditions. In this chapter, a complex multi-objective optimization problem is
transferred to a two-level optimization procedure to reduce 7%, and /e, and to keep the torque
mean value (7ean) Within an acceptable range (maximum 5% of reduction in comparison with
the existing VFM). Moreover, the no-load operating point of the magnet must be considered
during the optimization procedure.

The proposed optimization method in this chapter consists of two levels. The first level is
selecting the magnet dimensions based on the required values of the magnetization current and
the average torque. To do this, an analytical design criterion is proposed. The second level uses
the FE software and a Genetic Algorithm (GA) to perform the optimization. Due to the complex
relationship between the objectives, firstly, GA is used to reduce 7,% and keep Tnean in the
acceptable range. Then /,.e and the no-load operating point of the magnet are checked and the
final design refinements are applied.

This chapter is organized as follows. In section 3.2, the characterization procedure of the
existing VFM is explained. Section 3.3 presents an analytical design criterion for the VFM,
which is used to select the magnet dimensions based on the desired values of Tyean and lyag.
Section 3.4 states the problem and discusses the design optimization limitations. Section 3.5
focuses on the design optimization of the VFM using GA and FE software. In this section, the
data structure of the optimization procedure, the main steps and principals are proposed.
Moreover, the complete flowchart of the optimization procedure, and also a comparison
between the initial design and the optimized one are presented in this section. Section 3.6

concludes this chapter.
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3.2 Existing Variable Flux machine Torque and Magnetization Current

Characterization

To develop an effective optimization strategy, it is essential to have a general overview of
the existing VFM and measure its characteristics accurately. As this machine has the ability to
be magnetized and demagnetized, the properties of this procedure and the features of the

machine at different MLs should be investigated.
3.2.1 Existing Variable Flux Machine Design Specifications

The design specifications of the existing machine are shown in Table 3-2.

Table 3-2. Specifications of the existing VFM.

Number of poles 6 Magnet material AINiCo 9

Number of slots 27 Steel material M19G29
Stator outer diameter (mm) 200 Saliency ratio (La/Lg) 1.6
Axial length (mm) 120 DC bus voltage (V) 600

Magnet width (mm) 7 Rated current (A) 14.14 (peak)

Magnet length (mm) 14.2 Output torque (N.m) 36.8
Active total mass (kg) 23.9 Torque density (N.m/litter) 9.76

Rated speed (rpm) 1150 Air gap length (mm) 0.4-0.75

The air gap length of the VFM is uneven. It is minimized at the d-axis (0.4 mm) and
maximized at the g-axis (0.75 mm) to reduce the back-EMF harmonics and make the air gap
flux density more sinusoidal. Moreover, the reduction in the machine core losses and the
improvement of the machine performance is reported in [41], [42]. The maximum output torque
of the proposed VFM in Table 3-2 is 36.8 N.m that is achieved with the rated peak current of
14.14 A [10 A RMS], and the DC bus voltage of 600 V. Both rotor and stator core are
manufactured with M19 G29 as a steel material. For this machine, the base speed is evaluated

as 1150 rpm.
3.2.2 Magnetization and Demagnetization Procedure Characterization

In order to apply VFMs in the industrial, and traction applications, the magnetization and

demagnetization procedures, as well as the machine features at different MLs, should be studied
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in more depth. Moreover, in a specific working strategy, this machine may be subjected to many
times of magnetization and demagnetization based on the operating condition (required torque
and speed). In this situation, the properties of the magnetization and demagnetization current
pulses besides the amount of energy is important, specifically for the electrified transportation

applications, where the machine is supplied using a battery and the driving range is important.
3.2.2.1 Why Demagnetization and Magnetization?

The VFM with AINiCo has great potential as a traction motor in electrified transportation.
The application of low coercivity magnets, as well as the spoke type design of this machine,
provide the ability of magnetization and demagnetization of the rotor magnets using short-time
d-axis current pulses that improves the efficiency of the machine in the high-speed region. This
short-time d-axis current produces negligible loss.

For the conventional rare-earth PMSM, in the field-weakening mode of operation, a
permanent demagnetizing current is needed to reduce the magnet flux and keep the back-EMF
within the system limitations. This produces Ohmic losses in the machine in addition to the
high current from the inverter. In addition, for conventional rare-earth PMSMs, the rotor
magnets remains in the fully magnetized state at all operating conditions. At higher speeds, the
eddy current loss in the steel laminations increases, as it is proportional to the square of the flux
rate of change. This causes a significant increase in the lamination core losses and reduces the
machine efficiency at higher speeds. For the VFM with reduced ML, the core losses will be
reduced in the higher speed regions. As a result, the VFM can work with high efficiency for a
wider range of speed while the conventional rare-earth PMSM suffers from lower efficiency at

high-speed region.
3.2.2.2 Magnetization Level Estimation

To calculate the ML of the VFM experimentally, the no-load flux linkage should be
estimated. The back-EMF of the VFM while running as a no-load generator is used to estimate

the linkage flux in the partial magnetization condition (45) as

B N2V, 1

e =
/4 3-1
2\/§ﬂp6—]\(]) G-1)

where V1. and N are the RMS value of the line to line no-load back-EMF and rotor speed in
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rpm respectively. The ML of the VFM is defined as

A
ML% =" %100 (3-2)
Ay
where Ay is the flux linkage of the fully magnetized VFM while it is run as a no-load generator.
A DC motor is used to run the VFM as a no-load generator. Table 3-3 shows the value of

measured line to line voltage, the speed of the VFM, and the estimated flux linkage.

Table 3-3. Measured speed, line to line voltage, and the resultant flux linkage for VFM.

Speed [rpm] Line to line voltage [V] Flux linkage [WDb]
476 94.5 0.52
749.9 148.68 0.52
1138.4 225.63 0.52

Based on the test and FE results, the flux linkage of the fully magnetized VFM is 0.52 Wb
and 0.55 Wb, respectively, which shows around 5.8% deviation. The reduction of the measured
flux linkage can be attributed to the magnet properties, which may differ from the simulated
properties in the FE model.

To do ML estimation in the FE software, the operating point of the magnet should be

considered for different operating conditions. Fig. 3-1 shows the typical B-H curve of AINiCo
9 magnet.
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Fig. 3-1: B-H loop of AINiCo 9 for 1%t and 2" quadrants.

To estimate the ML(%,) of the magnet, the B-H loop of AINiCo 9 (Fig. 3-1) in the 1% and 2™

quadrants is used. As can be seen from the magnetic properties of AINiCo in Fig. 3-1, once the
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magnet operating point goes from point A to point D as a result of an external magnetic field,
the magnet does not recoil to point A and recoils to point F through line DE that has the same
slope as line Al. This means that the magnet is partially demagnetized. To estimate ML (%) of
the magnet at the operating point F, the magnetic flux density of point E (Bk) can be calculated

as

(By=B;) _(Bp—Bg) _,
H, Hp

Hp(By—By)
H,

(3-3)
BE :BD -

where B4, B; and Bp are the magnetic flux densities at points A, I and D respectively (Fig. 3-1).
H,4 and Hp are the magnetic field intensities at points A and D. The ML (%) can be defined as

ML(%) = i—E x100. (3-4)
7

To estimate the magnet operating point while the demagnetization or magnetization current
pulse is applied to the VFM, 8 probes are placed along the magnet in the FE model, to record

B and H during the magnetization/demagnetization procedure (Fig. 3-2).

Fig. 3-2: Probes to record B and H in the FE model.

Based on the recorded data and using (3-3) and (3-4), the ML(%) for each point and the
average ML(%) could be calculated. The mean value of both magnetic flux and field intensity
for each probe is calculated over an excitation cycle. These mean values are averaged for 8
probes to have the average magnetic flux density and field intensity in the magnet which is
considered as the operating point of the magnet in each working condition.

To clarify this concept, an operating regime is developed for the VFM to check the flux
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density of the magnet before, during, and after the demagnetization procedure. Fig. 3-3 shows
the magnetic flux density of the magnet recorded by the probes while the VFM works at no-
load condition for one cycle and then it is supplied by the demagnetization current of -4 A for

one cycle and at the end, it works in no-load condition again for one cycle.

Flux density [T]

0 0.01 0.02 0.03 0.04 0.05 0.06
Time [Sec.]

Fig. 3-3: The magnetic flux density of the magnet before (A), during (B), after (C) the application of the
demagnetizing current of -4 A (FE results).

In Fig. 3-3, section (A) is the no-load condition before the demagnetization, section (B)
shows the magnet flux density during the demagnetization, and section (C) is the no-load
condition after removing the demagnetizing current. According to this figure, the magnetic flux
density of the magnet is reduced during the demagnetization procedure. After removing the
demagnetizing current, the magnetic flux density of magnet increases, but it is still less than the
same parameter before the demagnetizing current that shows the demagnetization of the
magnet. Table 3-4 shows the mean value of the magnet flux density before, during, and after

the -4 A demagnetizing current pulse.

Table 3-4. The mean value of flux density for each probe and the average magnet flux density, before, during,
and after the demagnetization procedure (FE results).

Probe No. Before During After
1 0.99T 0.78 T 0.85T

2 099 T 077 T 0.84T

3 098 T 0.77T 0.84T

4 098 T 0.76 T 0.84T

5 098 T 077 T 0.84T

6 098 T 077 T 0.84T

7 098 T 0.76 T 0.84T

8 098 T 0.75T 0.83T
Average 098 T 0.77T 0.84T
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According to Table 3-4, the average magnetic flux density of the magnet in the no-load
condition is 0.98 T, and it shifts to 0.77 T during the demagnetization procedure. After the
demagnetization procedure the new operating point of the magnet is 0.84 T. According to these
results, the -4 A demagnetizing current demagnetizes the fully magnetized VFM to a ML% of
75%. Moreover, the flux linkage of the machine can be extracted in the FE model that can be
used for ML estimation of the VFM. The ratio of the maximum linkage flux of sections (C) and

(A) in Table 3-4 gives the ML of the VFM.
3.2.2.3 Magnetization Current

To measure the magnetization current, the fully demagnetized VFM is supplied with a d-axis
current pulse with controlled amplitude. After each pulse, the machine is run as a no-load
generator and based on the RMS value of the no-load back-EMF and the speed, the ML of the
machine is measured. According to the experimental results, for the existing VFM, 1,,,e=40 A,
that is 2.8 times of the rated current (14.14 A). The FE model of machine also shows that with
40 A d-axis magnetization current, the AINiCo magnets of the existing VFM are fully
magnetized. The high required /nqg also reveals the necessity for a higher rating inverter and

drive system that is undesirable for electrified transportation applications.
3.2.3 Torque Waveform and Torque-Angle Characterization

Torque is one of the important parameters for the machine characterization. The torque-
efficiency characteristics [62], the toque-current characteristic [63], and the torque-angle
characteristics [64] are measured for the PMSMs. The power versus rotor position is measured
for a 27-slot and 6-pole PMSMs in [65]. A static measurement method of the torque waveform
and torque angle characteristics of the PMSMs using the potential of the drive system can be
interesting to characterize this machines. In this section, the conventional SPWM drive system
is used to characterize the VFM machine. This means that the same drive system and equipment
that are used to run the VFM are also used to characterize the machine. Hence there is no

additional equipment for the machine characterization.
3.2.3.1 Experimental Setup

The FE model of the VFM plays the main role in the optimization procedure. As a result, to

verify the FE model, the torque waveform of the VFM are measured experimentally and
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compared to the FE results. A drive system based on a power electronic converter with an
advanced space vector pulse width modulation (SVPWM) technique is used to control the
proposed VFM [43]. The main idea for the static torque waveform measurement is using a
constant current vector to supply the locked VFM at the specific rotor position. Fig. 3-4 shows

the lock system, the torque transducer, the VFM and the DC dyno.

Fig. 3-4: Experimental setup and the mechanical lock system.

In this lock system, the rotor is locked using clamp #1 and clamp #2. With this lock system
and based on the encoder resolution, the accuracy of the measurement is around 0.5° electrical
((1/6)° mechanical). This accuracy shows the high potential of this method for precise static
measurement of torque waveforms. To measure the torque-angle curves using the SVPWM
drive system, the rotor is locked in a fixed position and the torque angle changes are applied by
changing the current vector. Based on the load of the machine and the torque angle, /; and I,
are specified.

To reduce the effect of the switching and the drive system on the torque waveform, both d-

and g- axes currents are monitored to ensure a minimum ripple. During this test, the ripple of
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1y and I, are maintained less than 1% using the PI controllers of the drive system.
3.2.3.2 Results

Fig. 3-5 compares the measured torque waveforms of the VFM with the FE results for two

different operating conditions (maximum power and /,=0) at a ML of 96%.
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Fig. 3-5: Torque waveforms of the VFM (comparison between measured and FEA results) at rated current and
ML of the magnet equal to 96% (a) maximum power point (6=78°), (b) 1,=0 (6=90°).

For maximum power, the torque mean values from the FE simulation and the measured
results are 34.9 N.m and 33 N.m, respectively that shows 5.5% deviation. For /,=14.14 A and
1~0 operating condition, the torque mean values from the FE simulation and the measured
results are 33.7 N.m, and 31.1 N.m, respectively that shows 7.6% deviations. According to the
results, the FE and measured torque ripple values for the 1% operating condition (6=78") are
17.6% and 19.9%, respectively. These values for the 2" operating condition (9=90") are 16%
and 19.7% respectively. Besides the difference in the flux linkage values, the accuracy of the
measurement equipment, especially the torque transducer can cause a deviation between the
measured values and the FE simulation results. The torque transducer was calibrated before

doing the torque measurement tests, but the calibration can be affected by the torque ripple of
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the machine.
3.3 A Novel Analytical Design Criterion for the Variable Flux Machine

The magnet dimensions in rare-earth PMSMs are selected based on the desired torque and
the no-load operating point of the magnet using the PC. However, for the VFM, e 1s an
important parameter that must be considered during the design procedure. The magnet
dimensions of the VFM should be selected based on the desired Tinean and Luae. For the VFM,
an equivalent magnetic circuit without considering the stator slots effect is used to develop the
mathematical model of the machine for the no-load condition. In this model, the iron reluctance
is assumed to be negligible.

The no-load air gap flux density, By, is a function of the air gap size, magnet dimensions,
and properties as explained in (2-15). Based on the definition of 4z and A, Bgo can be rewritten
as
2B.h,

At 6-5)

m

20 =
(tp—ty

Using the analytical model, /.4¢ can be estimated using (2-32). Based on (3-5), %, that is

necessary to produce the required By is

BgO (Tp —lby )tm

= : (3-6)
" (2B,1,, _4g,urecBg0)
Substituting 4, as a function of Bgg and t, in (2-32), Lnag 18
B t L
Ly =——2— (2 + ), (-7)
:UONsppanlc Hyec Brlm _2gﬂrecBg0
Rearranging (3-7), t» can be calculated by solving the following equation
ikt + ty(Kieoks + ik By ~ kgl ) + Ksl e =0 (3-8)
L Bu b ke =20 B Tl (2 1
where k = , ko , k=g, ky=B., and K5=284:D50 . Using (3-8), ¢ is calculated
uoNsppanse Hyec

based on the required values of Bgo and In.. Considering the estimated #, and using (3-6) or
(3-7), hy can be calculated.

Fig. 3-6 shows the magnet dimensions for three different desired values of 7puymean and Zinag.
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With constant /e, to increase 7pumean the magnet length should be increased. Moreover, with
the constant 7prp;mean, to reduce Inqe the magnet thickness should be reduced. According to
Fig. 3-6, with constant [,.4, an 8% increase in 4, increases 7puy,mean by 7%. Moreover, with the
constant 7pasmean, an 84% increase in ¢, increases Inqg by 75%.

It is clear that 1,4 and Tpry,mean are not completely decoupled and are functions of both 4,
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Fig. 3-6: Magnet dimensions as a function of /,,ae and Tpumean (analytical design criterion).

To verify the analytical design criterion, three different VFMs with zero saliency are modeled
using the FE software with constant #,, and /4, of 13.6 mm, 14.1 mm and 14.6 mm.

Fig. 3-7 compares the analytical and FE results for the Try;mean. Based on this figure, both
analytical and FE results show acceptable agreements that validate the capability of the

analytical design criterion to be used for the design of the VFM. To reduce the magnetization

current, the magnet thickness should be reduced. At the same time, the no-load operating point
of the magnets in the VFM should be checked.
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Fig. 3-7: Analytical design criterion verification with FE results.
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3.3.1 Magnet Dimensions for the Variable Flux Machine

According to the results provided in section 3.2.2.3, the magnetization current of the machine
is larger than the rated current of the machine that implies a higher current rating of the drive
system. This optimization procedure aims to optimize the size of the magnet based on the
desired value of the magnetization current and torque mean value. Reduced magnetization
current, decreases the rating of the drive system which can be economically beneficial in
electrified transportation applications. The magnet thickness affects the PC and its reduction
shifts the AINiCo magnet no-load operating point towards the knee point of the B-H loop. In
other words, the magnetization current reduction can cause partial demagnetization of the rotor
magnets even at no-load condition. Fig. 3-8 shows the relationship between the magnetization

current and operating point of AINiCo magnets.
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Fig. 3-8: Connection between air gap lines and the magnetization current (FE simulation).

Based on the proposed analytical design criterion and to achieve /e close to 35 A and Tyean
close to 36 N.m, the initial magnet length and width for the design optimization procedure are
assumed 5.8 mm and 15.4 mm, respectively. The modified magnet dimensions in comparison
with the magnet dimensions of the existing VFM (7 mmx14.2 mm) show more than 10%

reduction in magnet volume.
3.4 Design Optimization, Problem Statement and Limitations

In order to reduce the prototyping cost, the same stator of the existing VFM is used during
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the optimization procedure. However, the similar stator design means a constant number of
poles and stator slots, as well as a fixed winding design. As the stator is 27-slot and double
layer, the rotor pole number is limited to 6 that is a significant limitation in the design of the
new machine. Also, the fixed stator design limits the outer design of the rotor and also the rotor

magnetic material. Besides, the voltage and current ratings of machine are kept constant.
3.5 Design Optimization Using Genetic Algorithm and Finite Element Software

The optimization procedure using the GA of the FE software is presented in this section. The

main features of the GA and the data structure of the optimization procedure are described.
3.5.1 Data Structure of the FE-Based Optimization Procedure

Fig. 3-9 shows the data structure of the proposed optimization procedure in the FE

software [66]. All FE projects have the basic geometry information.
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Fig. 3-9: The data structure of the FE based optimization procedure [66].

The CAD model of the machine is parameterized in the geometry editor. Some of these CAD
parameters may be selected as optimization parameters to be used during the optimization
procedure. In the case control, the optimizer setting is defined, the optimization parameters and
their range are selected and the optimization objectives are specified. Based on the number of
optimization parameters and their range, some initial cases are defined. An optimization
controller uses the optimization engine to generate new cases based on the result of each initial
case. As a result, the next set of optimization parameters are calculated and a command is sent

to the geometry editor to change the optimization parameters and create the new cases. This
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procedure is terminated automatically once the algorithm converges at the desired objectives.
3.5.2 Genetic Algorithm

GA as an evolutionary algorithm works based on the example of the biological evolution and
try to breed the optimal solution instead of calculating it. In this algorithm, a group of new
generations is generated after crossover, mutation and selection and individuals (genes) with
high adaptability remain due to the selection [66].

The Real Number Genetic Algorithms is used in the FE software. In the FE software, the
population size, the maximum number of generations, the number of children, step-size
parameter and stopping criteria can be defined. Based on the software support
recommendations, the appropriate population size and maximum number of generations are
equal to the number of optimization parametersx10. The number of children is the number of
optimization parametersx4+1. The step-size parameter determines the scale of displacement in
the global descent direction of the range where a child is generated. The recommended value
for the step-size parameter is 2 [67]. The stopping criterion specifies the number of generations
that are used for stopping the optimization calculation. When the adaptability of the best
individual through all generations does not change within the generations specified as the
stopping criteria, the optimization calculation will end as the calculation has converged. The
appropriate value for stopping criteria is the maximum generations/4 [66].

Table 3-5 summarizes the properties of the GA used to solve an optimization problem with

8 optimization parameters.

Table 3-5. The properties of the GA used to solve an optimization problem with 8 optimization parameters.

Parameter Recommended value
Population size 80
Maximum number of generations 80
Number of children 33
Step-size parameter 2
Stopping criteria 20

3.5.3 Design Optimization Considering Torque Ripple and Torque Mean Value

The proposed optimization procedure is focused on a group of objectives at different

operating conditions. In this section, the optimization procedure considering Tesn and 7,% and
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using FE software and GA is presented while the magnet dimensions are constant. Moreover,

the main steps and rules of this procedure are presented.
3.5.3.1 Initial Design

The existing VFM (Fig. 3-10) with new magnet dimension obtained from the analytical

design criterion is selected as the initial design to start the optimization.
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Fig. 3-10: Initial VFM topology (FE simulation).

Based on the FE simulation, three regions are selected to apply modifications to reduce 7,%
and at the same time to keep 7T).ean Within an acceptable range. Region 1 is an air rib above the
magnet that is limiting the circulating flux on top of the magnet. The thickness of the steel layer
above the air rib is chosen as small as possible which ensures its saturation during the normal
operation of the VFM. The geometry of the rib specifies the rotor pole arc angle (6,) and
controls the magnetic flux linkage and leakage. Region 2 is the main barrier of the rotor that is
carved to limit the g-axis flux effects on the magnet to prevent the demagnetization of the low
coercivity AINiCo magnets during the normal operation. Region 3 is the small barriers in the
rotor that divide the rotor core area into two magnetically separated areas to obtain a better
control of the magnetic flux distribution in the rotor. They also limit the demagnetization effect

of the g-axis magnetic flux and enhance the saliency ratio of the machine.
3.5.3.2 Parametrizing the FE Model

The geometry editor of the FE software has an in-built capability to define the CAD
parameters like the length of a line, the angle between two lines, the clearance between two
lines, etc. Several parameters are defined in the rotor to control the shape and the relative

position of the corresponding sections. These parameters are shown in Fig. 3-11.

62



Ilur .;l: i I_'),,,' ,.‘.
hm
1 :

sb
= tm R
Rmh 24
— O."/)
er) o ""
0ml) . OI\I)
{ 0.’\/7
0,
( / 2mb
2 0/\/, Ilml)

b

Fig. 3-11: Defined geometrical parameters in the FE model of the VFM.

Five parameters are defined in region 2 in Fig. 3-11, to modify the shape of the main barrier
(mb) as, limb, L2mb, Ymb, Rmb, and Opp. Four parameters are considered in region 3 of Fig. 3-110,
to control the shape of the small barriers (sb) as @i, G2, R, and tg. Three parameters are
defined in region 1 of Fig. 3-11, to change the shape of the upper rib (ur) as /1ur, [2ur, and 6,.

Table III shows a list of geometrical parameters that are defined in the FE model.

Table 3-6. The list of geometric parameter defined in the FE model.

tm Magnet thickness Oy Pole arc angle

hm Magnet length Limb Main barrier horizontal Length
Liur Upper rib horizontal length L2mb Main barrier vertical length
Dur Upper rib vertical length Fmb Main barrier upper radius

Lsb Small barrier thickness Rumb Main barrier radius

Oish, Oosp Small barrier angle Omb Main barrier angle

Rsp Small barrier radius Rro Rotor outer radius

All parameters can be defined to be dependent on one master parameter from the same type
or can be independent of one another. For example, for the small barriers in one pole, 6;5 and
02 are defined. 014 can be defined as the master parameter and 62, can be defined to be
dependent on 6;4. These two parameters can be also defined with no connection. Based on the
FE results, a small difference between the small barrier angles of one pole helps to reduce the

torque ripple.
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3.5.3.3 Optimization Parameter Selection

To select the optimization parameters, their effect on 7,% and Tinesr must be studied. These
parameters are varied within specified ranges and the variation of 7,% and Tyeqn are monitored.

Fig. 3-12 shows the effect of /;u» and /2,,» (main barrier shape) on both 7% and Tiean.
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Fig. 3-12: Effect of /;u and 2, on T,% and Trpeqn.

Based on Fig. 3-12, 7,% is reduced from 12.9% to less than 9.9%. This range of change
shows the effectiveness of the main barrier shape.
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Fig. 3-13: Effect of 8,4 and 024 on T,% and Tiean.

Fig. 3-13 shows the effect of 0;s and 62 on both 7,% and Tinean. According to Fig. 3-13,
T,% is reduced from 15.8% to less than 11%. Moreover, Fig. 3-12 and Fig. 3-13 show that Tinean
does not change with the mentioned parameters and this design objective is dependent on the
magnet dimensions especially the magnet length. FE simulations show a small difference
between these two parameters will cause 7,% reduction. Using the FE results, the parameters
related to the pole arc angle, the small barrier angle, the upper rib shape, and the main barrier

shape are selected to optimize the rotor design.
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3.5.3.4 Initial Range Definition for the Optimization Parameter

After selecting the optimization parameters, their range of change must be defined to obtain
better results. For the first optimization problem, this range is defined based on the magnetic
and mechanical features of the VFM. To define the initial range of change for R.u», the no-load

magnetic flux lines as shown in Fig. 3-14 are considered.

Fig. 3-14: Rage definition for R, based on the no-load magnetic flux lines.

As shown in this figure, the small barriers in each pole create two magnetically separated
flux paths on each side of the magnet. Based on the FE simulation results, to reduce 7,%, Ru»
should be selected to obtain equal reluctances for two flux paths. To fulfill the equal reluctances

in these two areas (&; and &), (3-9) must be valid:

((d1+d2)+tm+g) ((d2+d3)

R, =R, = —4r ==
h h

(3-9)

where d;, d2, and ds are the average magnetic path lengths without considering the magnet
thickness as well as air gap length, and /; and /, are the magnetic path widths. The air gap length
will affect the machine performance, but for this analysis, the air gap is kept constant and its
effect in comparison with other parameters like 7, is negligible. Based on the center of the main
barrier arc (point Oy, in Fig. 3-11), /; and />, the initial range of change for R,.» can be selected.

Fig. 3-15 shows the effect of pole arc angle on both Tyean and 7,%. According to this figure,
a reduction of 6, increases 7,%. On the other hand, increasing 8, causes a reduction in Tnean as
a result of the reduced flux leakage. Based on the FE simulation, 6, min=38" and 6, max=44" is set

as the initial range for 6.
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Fig. 3-15: Effect of 8, on both 7,% and Tean value (FE simulation).

To specify the range of change for the upper rib geometrical parameters, magnetic properties,
and mechanical limits must be considered. Based on Fig. 3-16, an increase in /7, reduces the
size of region 1 that causes more leakage flux above the magnet. A larger /2, reduces the size
of region 2 that results in higher leakage flux above the magnet and non-uniformity in the

magnetic flux density distribution.

Fig. 3-16: The upper rib optimization parameters.

The range of these two parameters is decided based on a constant #,, and mechanical and
magnetic considerations. The minimum and maximum values for these two optimization

parameters are 0.7 mm and 1.5 mm, respectively.
3.5.3.5 Applying Genetic Algorithm

To begin the optimization procedure, a group of initial cases is defined based on the
optimization parameters and their range. To define the initial cases, the best cases of the other
optimization problems and the value of the optimization parameters in those cases are
considered. To find the best cases in this step, the GA is applied several times. Different

combinations of optimization parameters are considered and each combination creates one
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optimization problem. After solving each optimization problem, the best designs in term of
torque ripple are considered as initial cases for other optimization problems with new
optimization parameters and ranges. In this manner, a wide variety of parametric parameters
are considered that helps to find the overall best design and prevent the selection of the local
minima.

To reduce the overall time of solution for each optimization problem, the FE simulation is
done for one electrical cycle, while the number of steps for each cycle is 50. With this number
of steps, 7% is lower though it provides a correct overview about all the cases. In the final
evaluation of the best case for each optimization problem, the number of steps for each cycle is
increased to 200. Fig. 3-17 shows T,% and Tuean values for one optimization problem with five
optimization parameters. According to Fig. 3-17, the selected magnet dimensions guarantees
Tmean within the specified range (less than 3% change of Tyean). Moreover, seven cases with
T,%<9% are selected as initial designs for the optimization.
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Fig. 3-17: T:% and T)can for all cases of one optimization problem.

The best case in this optimization procedure has 7.74% torque ripple once the optimization

is done with 50 steps for one cycle. 7,% is 10.42% when the number of steps increases to 200.

3.5.3.6 Best Case Selection

Twenty designs as the best cases of the first step are selected for the second step of the
optimization. To select one of these designs, the base speed of the machine at the different
levels of the magnet magnetization is estimated and compared with the existing VFM. One of
the main advantages of the VFM is that the AINiCo magnet flux can change with a short time
d-axis current pulse and the machine can work in the field-weakening mode of operation with

reduced permanent demagnetizing current. So, the base speed of the machine at different MLs
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is a parameter that is used in this step to select one case. The base speed of the machine depends
on the back-EMF as well as Ls and L,. Once the barrier shapes of machine change, Ls and L,
change and the base speed will change. The base speed of the optimized case should be greater
than or equal to the same parameter of the existing VFM. To estimate the torque-speed
characteristic of each design at each ML the mesh data of each simulation file is used by the FE
software to simulate the VFM at different operating points. Fig. 3-18 shows the variation of the

base speed at different levels of the magnet magnetization for different designs.
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Fig. 3-18: Variation of the base speed for different designs at different levels of magnetization.

Design #1 is the existing VFM. Based on this figure, design #5 is selected since it fulfills the

optimization objectives.

Table 3-7 shows the optimization parameters used to develop design #5 and their range.

Table 3-7. Optimization parameters used to develop design #5 and their range.

Geometric parameter Range Geometric parameter Range

Lur 1-2 mm Op 41°-44°

Lur 1.5-2.5 mm Limb 4-6 mm

O1sh 26727 Lomb 3-5 mm

O 26727 Rub 24.5-25.5 mm

Table 3-8. Comparison of the optimization parameters between design #1 and design #5.

Geometric parameter Design #1 Design #5 Geometric parameter Design #1 Design #5
tm 7 mm 5.8 mm O2sb 27.26° 26.50°

hm 14.2 mm 15.4 mm Oy 40° 44°

Liur 1 mm 1.7 mm Limb 5 mm 5.5 mm
Lour 1.65 mm 2.4 mm L2mb 3.3 mm 4 mm

Oisp 27.26° 26.75° Rump 47.21 mm 2521 mm
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Table 3-8 shows the optimization parameters used to develop design #5 and compares them
with the same parameters in design #1. For design #5, 7,%=9.52% and Tyean=37.33 N.m. In

comparison with design #1, it shows more than 50% reduction in 7:% and 2% increase in Tean.
3.5.4 Magnetization Current Examination and Final Design Refinement

The magnet dimensions are kept constant during the previous step of design optimization.
This step examines /. and the magnet no-load operating point for design #5 and modifies the
magnet dimensions to fulfill the objectives. In order to estimate /g in the FE model, the VFM
is supplied by a magnetizing d-axis current with an increasing amplitude until the magnet

reaches the saturation flux density. The current at which the magnet saturates is considered as

[mag-
3.5.4.1 New Magnet Dimensions

To reduce lns in this step of the magnetization procedure, the effect of the magnet
dimensions on the magnet operating points at different loading conditions, the magnet
dimensions are investigated. To do this, the magnet dimensions are varied within a small range

around the selected magnet dimensions in section 3.3.1 [h,=14.7 mm and t,=5.6 mm].
3.5.4.1.1 Effect of d- and g-axes Flux on the Magnet Operating Point

Based on the experimental results and the FE simulations, the armature current affects
ML(%) of AINiCo magnets in the VFM machine. To study this effect, d- and g-axis flux lines
should be considered. To consider the d-axis flux, the armature current is assumed to be zero
and the flux is only as a result of AINiCo magnets. To investigate the effect of g-axis flux lines,
the magnets are replaced with air and the VFM is supplied with pure /.

Fig. 3-19 shows the d-axis and g-axis magnetic flux vector of the VFM using the FE
simulation. In Fig. 3-19(a), two small red arrows show the magnetization direction of the
magnet. Moreover, the black arrows show the magnetic flux path in both the rotor and the stator.
Based on this figure, the magnetic flux paths are predictable based on the rotor configuration
(shape of small and big barriers). If the machine is supplied with d-axis current and the magnet
is replaced with the air for all poles, the magnetic flux pattern is as shown in Fig. 3-19(a) and
its direction changes with the current direction. Based on Fig. 3-19(b), for the g-axis current,

the magnetic flux pattern is not predictable.
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Fig. 3-19: (a): d-axis, (b): g-axis magnetic flux vectors (FE simulation).

Based on this figure, the g-axis flux is the main source of the non-uniformity of the magnetic
flux density in the rotor at the loaded condition and it is clear that magnetic flux lines have the
tendency to go through part of the magnet and affects its flux density through the magnets.
According to this figure, the pure g-axis current in the armature is an extreme condition
regarding the demagnetization of the magnets. This operating condition is one of the conditions
that should be taken into account during the magnet dimension selection.

Fig. 3-20 shows the magnetic flux pattern in the rotor when the fully magnetized VFM is
supplied with a pure g-axis armature current. In Fig. 3-20, the red arrows show the
magnetization direction of the magnets. The non-uniform magnetic flux pattern of Fig. 3-20
can be described based on the magnetic flux patterns of Fig. 3-19(b). The effects of g-axis
current on the flux pattern in the magnets and in the specified areas (dashed boxes) are clear. In
those areas, the g-axis magnetic flux arrows oppose the magnetic flux arrows as a result of the

magnets. In the lower parts of the magnets, this effect is obvious.
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Fig. 3-20: The magnetic flux pattern in the rotor of the VFM with g-axis armature current and AINiCo 9
magnets.

98.4

98.2

5.6 5.8 6 6.2 6.4 6.6 6.8 7
Magnet width [mm] (a)
98.6
98.55
985
98.45
98.4
98.35

ML (%)

983
98.25

98.2

98.15

14.4 14.5 14.6 14.7 14.8 14.9 15 15.1
Magnet length [mm] (b)

Fig. 3-21: Effect of (a): the magnet width, and (b): the magnet length, on the ML(%) of the magnet at no-load
condition (FE simulation).

3.5.4.1.2 No-load Condition

The operating point of the magnet at the no-load condition is related to the magnet and the

air gap dimensions. Fig. 3-21 shows the effect of the magnet width and the magnet length on
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the ML(%) of the magnet at the no-load condition. For Fig. 3-21(a), the magnet length is
assumed to be constant. With an increase in the magnet thickness, the ML(%) is enhanced.
Based on this figure, a 25% increase in ¢, increases the ML(%) by 1%. This increase in #,
increases Inqg from 33 A to 40 A. In Fig. 3-21(b), the magnet width is assumed to be constant.
According to this figure, the ML(%) is an incremental function of 4, with a very small slope
that means /,, does not have too much effect on the ML (%) at the no-load condition.
3.5.4.1.3 Loaded Condition (Pure g-axis Current Pulse)

The proposed VFM is a spoke type to reduce the effect of g-axis flux on ML(%) of the
magnet. This section analyses the effect of g-axis flux on the ML(%) for different magnet
dimensions. Fig. 3-22 shows the effect of the magnet width and the magnet length on the ML (%)

when the machine is supplied with pure /; current.
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Fig. 3-22: Effect of (a): the magnet width, (b): the magnet length, on the ML (%) of the magnet for the VFM that
is supplied with /g (FE simulation).

For Fig. 3-22(a), with an increase in the magnet width, the ML (%) is enhanced. Based on
this figure, a 25% increase in the magnet width increases the ML (%) by more than 5% and in

comparison with Fig. 3-22(a), it is obvious that the magnet width has a large effect on the
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ML (%) of the magnet when the machine is supplied with /,. Based on Fig. 3-22(b), an increase
in the magnet length reduces the ML of the magnet at the mentioned operating condition and a

5% increase in the magnet length reduces the ML(%) by 1.5%.
3.5.4.1.4 Summarizing the Results and the Magnet Dimensions Selection

According to Fig. 3-21(a) and Fig. 3-22(a), when #, increases the ML (%) of the magnet at
both no-load and loaded conditions are improved, and ¢, also has a greater effect on the loaded
condition. Moreover, an increase in f, will increase I..¢. This means that to select ¢, a tradeoff
should be considered between the ML (%) of the magnet at the no-load condition and /... Based
on FE simulations, Try mean increases with an increase in the magnet length and based on
Fig. 3-21(b) and Fig. 3-22(b), the ML(%) of the magnet in both loading conditions decreases.
This means that a tradeoff should be considered between the ML (%) of the magnet in the loaded
condition and Tpy,mean for the magnet length selection. Using Fig. 3-21 and Fig. 3-22, the
magnet thickness is selected at 6.2 mm to have ML (%) more than 99% and 95% at the no-load
condition and when the motor is supplied with /,, respectively.

Fig. 3-23 shows the effect of magnet length on ML(%) of the magnet when the VFM is

supplied with pure /,.
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Fig. 3-23: Effect of magnet length, on ML (%) of the magnet at different operating points for #,=6.2 mm (FE
simulation).

Before and after the I, current pulse is the no-load condition. Based on this figure, for
hm<lI4.3 mm, ML (%) at the no-load condition before the pulse is more than 99%. Moreover, as
a result of rated /1, ML(%) will be more than 95% during the pulse and 94.5% at the no-load
condition after the pulse. Also, with A,=14.4 mm, there is a larger drop in ML(%) at different
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operating conditions. To have a tradeoff between ML (%) and Tpu,mean, hm 1s selected to be 14.3

mm.
3.5.4.2 Selection of Optimization Parameters and Initial Range

In this step of optimization, the optimization parameters must be selected so that they do not
have a negative effect on /.4 and the no-load operating point of the magnet. According to the
FE simulations, /7ur, [2ur, L155 and Lo (Fig. 3-24) are chosen. The range of change for /5, and L
is defined based on both the mechanical and magnetic considerations. The minimum value for
each of these parameters is defined based on the cutting and mechanical limitations of the

laminations.

Fig. 3-24: New optimization parameters with the minimum negative effect on Imag and the no-load operating
point of the magnet.

Moreover, the clearance between the magnet and the small barrier cannot increase more than
a maximum value since it causes non-uniformity in the magnetic flux density distribution.
These two parameters are defined independently in the range of lispmin=1.6 mm and lisp,max=3

mm.
3.5.4.3 Applying Genetic Algorithm

The optimization parameters and their ranges are specified and the initial cases are defined
manually to minimize 7,% as the objective function. For the first three optimization problems,
all four optimization parameters are selected. To solve each optimization problem, based on the
initial cases, more than 40 generations of the GA are applied to modify the design. After 20
times of using GA to optimize the model with different sets of optimization parameters, the
T,% variation 1s almost zero. Therefore, the obtained design at this stage is selected as the

optimized design.
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3.5.5 Flowchart of the Optimization Procedure

Fig. 3-25 shows the overall flowchart of the optimization procedure. As shown in Fig. 3-25,
the optimization procedure consists of two levels. The magnet dimensions are selected using
the analytical design criterion in the first level (block (1) in the flowchart). The FE software
and the GA are used to perform the optimization in the second level (blocks (2) to (13) in the
flowchart). In this level, the existing topology of the VFM with new magnet dimensions from

the first level is selected as the initial design.
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Fig. 3-25: The overallflow chart of the optimization procedure.

As explained in block (3), the FE model is parameterized. In block (4) the optimization
parameters and their range are defined to create the optimization problem. In block (5), the
properties of the GA are selected and the optimization objectives are defined. Block (6) checks
the best case of the optimization problem. If the best case fulfills the objectives, the design will
be selected for the next step. Otherwise, the procedure will go back to block (4) to define a new
set of optimization parameters, and as a result, a new optimization problem. The selected
designs in block (6) are checked in block (7) to select one design to go for checking the
magnetization current and the no-load operating point of the magnet that happens in block (8).
If the selected design doesn’t fulfill the required values of magnetization current and no-load
magnet operating point, the magnet dimensions are slightly modified as explained in block (9)
and then the procedure will go to block (8) to recheck /.4¢ and the magnet operating point in
the no-load condition. Otherwise, the procedure will go to block (10) to continue the 7,%

reduction with lower negative effects of /4. In block (10), new optimization parameters with
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lower negative effects on the magnetization current are selected to perform the optimization
procedure. The range of these parameters and the properties of GA are defined in block (11).
Block (12) checks the design objectives for the best case of each optimization problem. If the
case doesn’t meet the required optimization objectives, the procedure goes back to block (10)
to select a new set of optimization parameters. The case that fulfills the optimization objectives

is selected as the best case in (13).
3.5.6 Optimized Design, Results, and Discussion

Fig. 3-26 shows the rotor topology of the existing VFM and the optimized design. The
differences between these two designs are in the magnet dimensions, the main barrier shape,
the rotor pole arc angle, the upper rib shape and the small barriers angle. The magnet dimensions
for the existing VFM are 7 mmx14.2 mm while for the optimized case are 6.2 mmx14.3 mm.
Based on a similar stack length (120 mm). The optimized design shows more than 11%

reduction in the magnet volume.

1A

(a)

N

N

(b)

Fig. 3-26: Rotor topology (a): the existing VFM, and (b): the optimized design.
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In this topology, the rotor core is attached to the shaft using a non-magnetic hub. For both
existing and optimized designs, the ribs above the magnets and the main barrier, as well as the
small barriers, keep the rotor components together. In the optimization procedure, to select the
range of change for each geometric parameter, the minimum is selected based on the existing
design. Based on Fig. 3-26 , the rib thickness for the optimized design is larger than the existing
design that improves the mechanical integrity of the optimized design.

Fig. 3-27 shows the torque waveform for both designs at full load and 100% magnetization
level. According to Fig. 3-27, Tuean for the initial, and the optimized designs are 36.7 N.m, and
35.1 N.m, respectively. The peak to peak value of torque for the initial and the optimized
designs are 7.2 N.m, and 2.9 N.m, respectively. As a result, 7,% is 19.5% for the initial case
and 8.3% for the optimized design. These values show a 4.4% reduction in 7jneqsn and more than
57% reduction in 7,% for the optimized case.

Fig. 3-28 compares the no-load phase back-EMF of both designs. The RMS values of the
phase no-load back-EMF for the initial and the optimized cases are 124.3 V and 119.8 V,
respectively that shows 3.7% reduction for the optimized design.
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Fig. 3-27: Comparison of the torque waveform for the initial design and the optimized design.
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Fig. 3-28: Comparison of the no-load phase back-EMF for the initial design and the optimized design.
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Fig. 3-29: Comparison between the initial design and the optimized design, the average flux density of the

magnet during the magnetization procedure.

Fig. 3-29 shows the average flux density of the magnet during the magnetization procedure.
Based on this figure, the same amplitude of magnetization current produces more magnetic flux
density in the magnets of the optimized design. Thus, the optimized rotor requires lower
magnetization current. Based on the FE simulation and test, /,,,,c=40 A for the initial design.
Based on the FE simulation, /,,,c=35 A for the optimized design which shows more than 12.5%

reduction.
3.6 Conclusion

A two-level design optimization method for a spoke type VFM with AINiCo 9 magnets was
presented in this chapter. To do the optimization, the characteristics of the existing VFM were
reviewed and the problem and its limitations were also discussed. A measurement technique
was developed to measure the torque waveform and verify the FE model of the VFM. An
optimization strategy was proposed to reduce 7% to less than 10% and reduce Znqg by 12.5%
and maintain 7T.eqn close to the torque mean value of the existing VFM. Moreover, the no-load
magnet operating point was examined for the optimized cases. An analytical design criterion
was proposed to estimate the magnet dimensions based on the desired values of Tinean and Lnqg
and was verified using FE results. The application of GA as an optimizer was discussed and the
main guidelines were presented. The main rules for optimization parameters selection and their
range definitions were proposed. The GA was applied to find the cases with reduced torque
ripple and the torque mean value close to the existing VFM. The magnet dimensions of the best
case were modified to reduce the magnetization current and also keep the AINiCo magnets fully

magnetized at the no-load conditions. After performing the optimization, the optimized case
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with 11% reduction in the magnet volume, 57% reduction in the torque ripple, 4.4% reduction

in the torque mean value and 12.5% reduction in the magnetization current is chosen.
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Chapter 4. Design of an AINiCo-Based Variable Flux
Machine with Enhanced Power at the High-Speed Region

4.1 INTRODUCTION

The application of low coercivity magnets provides the ability of magnetization and
demagnetization of the rotor magnets using a short-time d-axis current pulse that improves the
efficiency of the machine in the high-speed region. This short-time d-axis current produces a
negligible loss. For the conventional rare-earth PMSM, in the field-weakening mode of
operation, a permanent demagnetizing current is needed to reduce the magnet flux and keep the
terminal voltage within the system limitations. For the VFM with reduced ML, the core losses
are also reduced in the high-speed region. As a result, the VFM can work with high efficiency
for a wider range of speed while the conventional rare-earth PMSM suffers from lower
efficiency at high-speed. [68] reports 30% loss reduction for the urban driving cycle of an
electric vehicle (EV) using a VFM.

According to the value of d and ¢g axes inductances, the saliency ratio (y) is defined. The
conventional PMSMs are designed with Ls<L, that causes the positive reluctance torque in the
field-weakening operation. However, due to the large L, the g-axis armature field is quit high
specifically at higher currents which can lead to the low coercivity magnet demagnetization in
the VFMs.

The flux intensifying designs with Ls>L, (inverted saliency designs) have been proposed
in [39]-[41], [69] to reduce the demagnetizing effect of the g-axis armature current. Due to the
machine inverted saliency, the reluctance torque in the field-weakening region is negative
which leads to torque and power capabilities reduction in that region.

The characterization of the torque-speed envelope is an important step in the design of
PMSMs, specifically for the field-weakening mode of operation [41], [70], [71].

[40] presents the torque-speed characteristics of a VFM with flux intensifying design,
considering constant Ly and L,. [69] proposes a flux intensifying design of a PMSM and
compares the torque-speed characteristics of this design with a conventional PMSM
design. [39] shows the torque-speed envelop of a VFM with inverted saliency at MLs from
100% to 0% with 25% intervals.
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As the VFM has the capability of operating at different MLs, the torque-speed envelope
characterization method should be able to consider the demagnetization of the magnets, and the
variation of Ly and L, based on the operating condition.

This chapter focuses on a new design of AINiCo-based radially magnetized VFM with
conventional saliency to keep the promising features of the VFM and enhance its power and
torque capabilities in the field-weakening region. To achieve this, a VFM is designed with
interior magnets positioned to keep the fully magnetized condition at no-load, withstand the
demagnetizing effect of g-axis armature flux, and be able to get demagnetized and re-
magnetized using the d-axis current pulse. Moreover, the design is optimized to have minimized
torque ripple, and at the same time maximized power and torque capabilities.

In this chapter, the torque-speed characterization method considering the demagnetization of
AINiCo magnets is proposed in Section 4.2. Section 4.3 discusses the design of a tangentially
magnetized VFM. Section 4.4 shows the FE-based optimization of the proposed tangentially
magnetized VFM. Section 4.5 presents the optimized radially magnetized design and compares

it with the initial design. Section 4.6 concludes the chapter.

4.2 Torque-Speed Characterization Considering the AINiCo Magnets

Demagnetization

The torque-speed characteristics of the AINiCo-based VFM are calculated using the
inductance, and flux linkage matrices from the FE model of the machine, as well as the dg
model equations. According to the dg model of the PMSM, the output torque (7)) of the machine

is represented using

P
T(I4,1,)= 35(ﬂm(ld,lq)+(Ld (Id,lq)—Lq(Id,Iq))ld)lq (4-1)

where I; and [, are d and ¢ axes currents, respectively. Ls and L, are d and ¢ axes inductances
in H, respectively. 4, and P are the magnetic flux produced by the magnets in Wb and the
number of pole pairs. In (4-1), La, Ly, and A» are considered as functions of the current vector.
To calculate the torque matrix for each operating condition, the matrices of dg inductances and
magnet flux from the FE software are used.

The d and g axes voltages (Va4 and V) of this machine are then represented as
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Vd(ld’lq):RS[d_a)Lq(Id’Iq)Iq (4-2)

Vq([d’lq):Rslq+a);im(1d>lq)+a)Ld(Idﬂlq)ld' (4-3)

Ry and o are the stator resistance in Ohm, and the rotor electrical speed in rad/sec,

respectively. The amplitude of both voltage and current vectors (V, Is) based on the value of

Ve=\Vi+V; (4-4)
I, =13 +12. (4-5)

Based on (4-2) and (4-5), the PMSM terminal voltage is dependent on the rotor speed, and

their d and g axes components are

the voltage limit of the drive system should be considered for operation above the base speed.
The maximum achievable voltage on the machine phases is a function of the DC bus voltage

(Vpc) as

Vv
y - .DC

m_\/g'

To develop the torque-speed characteristics below the base speed of the machine, the

(4-6)

maximum value of the torque matrix is considered. For a speed above the base speed of the

machine, the voltage limitation should also be considered as

V. <V

<V 4-7)

This means that the torque matrix is estimated only for the current vectors which fulfill the
voltage limit of (4-7), and then the maximum torque is extracted for the considered speed.

To operate above the base speed in the field-weakening region, the PMSM should be supplied
with a negative d-axis current. For the AINiCo-based VFM, as the negative d-axis current has
a demagnetizing effect, the maximum allowable demagnetization of the magnets should be
taken into account to develop the torque-speed envelope. Using the demagnetization
characteristics of the VFM at each ML, and considering the maximum allowable
demagnetization, a limit for the negative d-axis current (/s») can be defined. For example, the

90% allowable demagnetization for a fully magnetized condition means that the VFM can be
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supplied with a negative d-axis current that reduces the ML to 90% during the field-weakening.

As a result, the d-axis current limitation can be defined as

17| <\ T am|- (4-8)

The torque matrix above the base speed is developed only for the current vectors which fulfill

(4-7) and (4-8), and the maximum torque is extracted for the considered speed.
4.2.1 Torque-Speed Characteristics for the Existing VFM

To develop the torque-speed characteristics of the existing VFM at each ML, the FE model
of this machine is used and the Ls and L, matrices as a function of the current vector amplitude
and angle are extracted. The torque angle changes between 45" to 180°. I is positive between
45" to 90" and is negative between 90" to 180°. Fig. 4-1 shows Ly and L, of the existing VFM in

fully magnetized condition from FE simulation.
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Fig. 4-1: Inductances as a function of current vector amplitude and angle for fully magnetized VFM, (a): d-
axis inductance, (b): g-axis inductance, (FE results).

According to Fig. 4-1, both Ls and L, vary with the current vector and the assumption of

constant inductance with current may cause error in the performance analysis of the machine.
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In this machine, L, varies between 12.4 mH to 63.1 mH and L, changes between 35.1 mH to
71.7 mH in the proposed range of the current vector. Moreover, the comparison between
Fig. 4-1(a) and (b) shows that the existing VFM has the inverted saliency in the maximum
power point region.

Fig. 4-2 shows the effects of the current vector on the magnet flux (4m).

Magnetic flux [Wb]

100

12
140 ree|
15 180 160 Torque angle [D°8

Fig. 4-2: Magnet flux as a function of current vector amplitude and angle for the fully magnetized VFM, (FE

results).

To develop Aw(l4, 1;) characteristic, the VFM is supplied with different current vectors, and
the amplitude of the magnet flux is obtained after the current is removed. For torque angles less
than 90’, as the d-axis current is positive, the magnet flux is constant. For toque angles larger
than 90°, the d-axis current is negative and it has the demagnetization effect. This effect is
enhanced when the current is increased. This means at larger current and torque angle values
the magnet is more demagnetized. At some operating points, the magnet flux is negative, which
means that the negative d-axis current not only demagnetizes the magnet, but also magnetize it

in the other direction. Fig. 4-3 presents the demagnetization characteristics of the existing VFM
at different MLs.
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Fig. 4-3: Demagnetization characteristics of the existing VFM at different MLs, (FE results).
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According to this figure, the fully magnetized VFM is partially demagnetized with a small
negative d-axis current and is fully demagnetized with a demagnetizing d-axis current pulse of
-10.6 A. Moreover, at lower MLs, more current is needed to demagnetize the machine and as a
result the maximum allowable negative d-axis current increases. For instance, if the maximum
allowable demagnetization in each level of magnetization considered 90%, the maximum
negative d-axis current for 100%, 75%, 50%, and 25% MLs are -3.5 A, -5.6 A, -7.3 A, and -8.7
A, respectively.

Fig. 4-4 shows the torque-speed and power-speed characteristics of the existing VFM for the

allowable demagnetization of 95% considering the AINiCo magnets demagnetization.
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Fig. 4-4: (a): Torque-speed characteristic, and (b): Power-speed characteristic of the existing VFM at different
MLs, with 95% allowable demagnetization (proposed method).

Based on Fig. 4-4, for the fully magnetized VFM and for speeds more than 3150 rpm, there
is no operating condition (current vector) that fulfills the voltage and d-axis current limits. To
operate at higher speeds with the fully magnetized machine, the maximum allowable negative
d-axis current should be increased to reduce the magnet flux and as a result, meet the voltage

limit. At the same time, this increase is not helpful as Fig. 4-4(b) shows that the output power
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of a fully magnetized VFM after 2000 rpm is less than the output power at MLs of 75% and
50%. According to Fig. 4-4(b), the output power of the existing VFM decreases above the base
speed which is more severe for the fully magnetized machine. For example, the existing VFM
at the speed of 10000 rpm loses 42% of its maximum power that occurs at 1700 rpm. The main
reason for this power drop is the inverted saliency of this machine. According to (4-1), La>L,
results in the negative reluctance torque for /,<0, This reduces the total torque of the machine
for speeds above the base speed. As the existing VFM is interior PMSM with spoke-type
topology, it has high torque ripple as measured and reported in section 3.2.3. The high torque
ripple may limit the application of electrical motors in industries. As a result, the torque ripple

is a parameter that is considered during the design and optimization of the new VFM.
4.3 Radially Magnetized Topology of Variable Flux Machine

The stator of the new design is the same as the existing VFM, 27-slot, 6-pole with double
layer winding. As the AINiCo magnet can be demagnetized easily, the rotor replacement of this
machine is less complicated in comparison with rare-earth PMSMs. On the other hand, the fixed

stator design limits the rotor design, in term of the number of poles and outer diameter.
4.3.1 Magnet Orientation

To design a VFM with an enhanced torque and power capabilities at the field-weakening
region, a 6-pole design of rotor with radially magnetized interior magnet is selected as this
design can provide a positive reluctance torque in the field-weakening region.

Fig. 4-5 shows one pole of the rotor of the radially magnetized machine. The magnet shape is

an important factor in the PMSM design as it affects the magnet price.

Rotor Core

Fig. 4-5: Radially magnetized variable flux motor.
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Three topologies of the magnet, concave-up (dashed blue line), concave-down (dotted red
line) and rectangular magnets (solid black line) are shown in Fig. 4-5 as the possible choices.
The V-shape magnet topology can be considered as a concave-up magnet with more depth and
a barrier in the middle of the magnet. Due to the low coercivity of AINiCo magnet, the VFM
should be designed to be fully magnetized in the no-load condition. FE analysis shows that for
both concave magnets, the edges of the magnet will be partially demagnetized in the no-load
condition, which reduces the overall ML and torque capability of the VFM. Moreover, in the
concave-up design, with an increase in the curve radius, the partial demagnetization is more
severe. Besides, the design with rectangular magnet shows more promising results in term of
the magnet operating point in the no-load condition. As the rectangular shape of the magnet is
the basic shape of magnet that is provided by magnet manufacturers, this shape is also

economically preferable.
4.3.2 Barrier shape

The barrier dimensions affect parameters like torque mean value, torque ripple, nag, Lg, and
La. To have a better understanding of the barrier shape in the proposed topology, Fig. 4-6 shows

d and ¢ axes flux lines in this topology.

Fig. 4-6: d and ¢ axes flux lines in the radially magnetized design.

The main role of the barriers on both sides of the magnet is to reduce the leakage flux. It can
also be seen from Fig. 4-6 that the magnets are buried at a relatively larger depth from the rotor
surface in order to allow the g-axis armature flux to flow through the steel area above the

magnet, thus reducing the irreversible demagnetization effects of the armature g-axis current
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component. As shown in Fig. 4-5, the pole arc angle (6,) is defined based on the shape of the
barriers. 6, affect the flux linkage of the machine and as a result, the torque mean value.
Moreover, its effect on the torque ripple of the machine is reported in section 3.5.3.4. With the
reduction of 6, the d-axis armature flux coming from the stator to the rotor is reduced. This
means higher current is required to magnetize or demagnetize the magnet, which is not
preferable in VFMs. Besides, as it is clear in Fig. 4-6, 8, affects the reluctance of d-axis flux
path and as a result Ly in this topology of the VFM.

The barrier shape and / (as defined in Fig. 4-5) affect the reluctance of the g-axis flux path
and as a result L,. The clearance between the barriers and the rotor surface affects the torque

ripple of the machine that will be discussed in more depth in section 4.3.3.
4.3.3 Magnet and Air Gap Dimensions

Due to the armature reaction, the edge of the magnets can get partially demagnetized [40].
The magnitude of this distorting effect varies with the spatial distribution of the stator MMF
that is related to the stator design, current phase, magnet dimensions, air gap length, and the
magnet position (), shown in Fig. 4-5.

To select the magnet dimensions for the VFM, as explained in section 3.3, the full load torque
and the magnetizing current of the machine should be considered. Besides, the no-load
operating point of magnet should be also considered. Fig. 4-7 shows the B-H curve of AINiCo
9 magnet at different MLs and the no-load operating point of the magnet. Based on Fig. 4-7,
the no-load operating point of the magnet for fully magnetized magnet [point (1)] is the
intersection of the air gap line (PC line), and the B-H loop in the second quadrant.
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Fig. 4-7: B-H curve of AINiCo 9 at different MLs and the magnet operating point.
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According to (2-10), the no-load operating point of the magnet is a function of the magnet
and air gap dimensions. To prevent the partial demagnetization, the magnet and air gap
dimensions should be selected to keep the no-load operating point of the magnet within region
1 in Fig. 4-7. Lower magnet thickness, which results in a lower /g, decreases the absolute
value of PC and move the no-load operating point towards region 2. In region 2, the risk of
magnet partial demagnetization increases.

For the new design, the air gap length is initially assumed to be 0.50 mm. An increase in the
air gap length reduces the absolute value of PC, which moves the no-load operating point of
the magnet towards region 2 in Fig. 4-7, and results in the partial demagnetization of the magnet.
Besides, the higher air gap length increases the air gap reluctance which causes flux linkage
reduction, as well as an increase in Iyqg.

As the stator dimensions and winding design are kept constant, the maximum limit of the
magnetization current for the new design is considered the same as the existing VFM, 40 A.
According to the mentioned design objectives and to provide the same rated torque as the
existing VFM, the variation ranges for both the magnet length and the magnet thickness are
defined as 24 mm<#,<26 mm and 4 mm<z,<5 mm. Within the mentioned ranges of the
magnet dimensions, the resultant VFM will operate with a rated torque close to 36 N.m and
Inag<40 A and the magnet is almost fully magnetized in the no-load condition. FE simulations
show that the reduction of the magnet thickness to less than 4 mm decreases /nqg, but causes the
magnet to be partially demagnetized in both no-load and loaded conditions. The clearance
between the magnet and the rotor outer surface (4 in Fig. 4-5), affects the ML of the VFM in
both no-load and loaded conditions. Fig. 4-8 shows the effect of # in mm on the ML% of the
magnet at the no-load condition for a design with the rectangular magnet and fixed dimensions.
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Fig. 4-8: ML% of magnet vs. i (FE simulation).
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Based on Fig. 4-8, once the magnet shifts toward the rotor outer surface, the operating point
of the magnet moves below the knee point of the magnet in the second quadrant of the B-H
loop. According to the FE results, with 4=17 mm, the magnets are almost fully magnetized in

the no-load condition.
4.4 FE-based Design optimization

In this section, the optimizer and FE software presented in section 3.5 are used to perform
the optimization procedure. The properties of the GA integrated in the FE software are

explained in section 3.5.2
4.4.1 Optimization Objectives

According to the characterization of the existing VFM, the new machine should have less
torque ripple, the similar average torque close to the existing one, and a better torque capability
in the field-weakening operating condition. Moreover, the magnetization current and the no-
load operating point of the magnet should be controlled. The objective for 7, is defined as
T,%<7.5%, and the torque mean value objective is defined as 36 N.m<7}ea,<38 N.m.

To make the control of the radially magnetized VFM easier, the VFM is assumed to operate
with pure /, before the base speed and the negative I, component will be considered for
operation above the base speed. As the current rotor topology provides a positive reluctance
torque in the field-weakening region (L,>La), the maximum torque of the machine is checked

for the best cases of the optimization problems.
4.4.2 Optimization Parameters

To perform the optimization in the FE software, the CAD model of the machine is
parameterized and the geometric parameters are used as the optimization parameters. Fig. 4-9

shows the defined optimization parameters in the FE model.

Fig. 4-9: Optimization parameters.
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Except for magnet length and width, the other parameters are related to the barrier shapes.
Defining five parameters for each barrier provides a great flexibility and a very wide range for
the shape of the barriers.

ap; and ap; are defined as the angle between the magnet and the barriers which specify 6,.
The initial range for the mentioned angles is defined as 95'<ap<115". Based on the FE
simulations, for angles larger than 115", the risk of the partial demagnetization of the magnets
increases. Also, angles less than 95", limit the flux linkage and increase luqg.

l1, b2, 15, ls are parameters that define the clearance between the two barriers in two adjacent
rotor pole. The clearance between the two adjacent barriers is important as it can change the
reluctance of the flux path for both d and ¢ axes flux. Moreover, some part of magnetizing and
demagnetizing flux pass through this area that will not be effective. Besides, the magnetic
considerations, the mechanical considerations should be taken into account. As a result, the
minimum and maximum values for these parameters are considered 0.5 mm and 1.5 mm,
respectively. With /3, 14, I7, I3, the clearance between the barriers and the outer surface of the
rotor is specified. According to the FE simulations, this clearance affects the 7,%. Moreover,
this area should be saturated to prevent any circulating flux in the rotor. This area also has an
important role to enhance the design mechanically so it can be suitable for high-speed
applications. According to the mentioned considerations, the minimum and maximum values
for these parameters are 0.5 mm and 1.5 mm, respectively.

The magnet dimensions are also considered during the optimization procedure. The range of
change for these parameters are defined based on the required /uue and Tinean and also regarding
the ML of the magnet at no-load condition. According to the FE simulation, with 24 mm<#,,<26
mm and 4 mm<¢,<5 mm, the design fulfills the expected lnse and Trean.

During the optimization procedure, the air gap length of the machine is kept constant as 0.5

mm that is a reasonable value for this size of machines.
4.4.3 Applying Genetic Algorithm

To perform the optimization, a group of initial cases is necessary to be defined. The number
of initial cases depends on the number of optimization parameters. The initial cases of each
optimization problem are defined using the best cases of the previous optimization problems.
This means that the optimization procedure is done several times to prevent the selection of

local minima. Moreover, different combinations of optimization parameters are selected to have
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a more comprehensive optimization procedure. Fig. 4-10 shows the 7,% and Tyesn for one
optimization problem with 230 initial cases and 1000 of evaluated cases. The best cases in terms
of 7% and Tyean are considered as the initial cases for other optimization problems.
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Fig. 4-10: T,% and Teqn for an optimization problem (FE results).

4.4.4 Optimized Design Selection

87 best cases with 7,26<7% and 34 N.m<7.,<38 N.m are selected to evaluate the maximum
power, magnetization current, and maximum reluctance torque.

The proposed method to evaluate the torque-speed, and power-speed characteristics of
PMSMs in section 4.2 requires simulating many cases, which is time-consuming. A rough
method considering constant L, to evaluate the maximum power of a design is proposed. As
the proposed radially magnetized VFM is supplied with pure /, for speeds less than the base
speed, the voltage equations of (4-2) and (4-3) can be written as

Vallg =0)=-0L,1, (4-9)

Vo =0)=R, +oh,. (4-10)
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According (4-9) and (4-10), Vy(14=0) is

Voly =0) =\ (-0L,)* + (R, + wh,)*. (4-11)

Using (4-11), L, can be calculated as

R

. (4-12)

ol q

To evaluate the base speed of the VFM, Vs in (4-11) is replaced with V,, from (4-6), and w is

replaced with @pase as

Vi = \/(_a)b‘”eLqu )2 + (RSIq + Opaserm )2 (4-13)

Based on (4-13), and neglecting Rsly, @pase 1S

Wpgse = 2 > (4-14)
VgL + )
The estimated maximum power of the VFM can be estimated as
Prax = Tmean X @pase (4-15)

where Tean 1s the torque mean value from the FE simulation. Moreover, the produced
reluctance torque of each design at a specific angle in the field-weakening region is estimated
using FE results. Table 4-1 lists the best ten cases according to the design requirements. To
select one of the proposed designs as the best design, the method proposed in section 4.2 is used

to develop the torque-speed and power-speed characteristics of all ten selected designs.

Table 4-1. Specification of the best designs.

Case # 1 2 3 4 5 6 7 8 9 10
Tmean [N.m] 36.7 36 35.6 34.1 35.8 36.2 36.5 36.5 363 36.4
T:% 5.5 6 5.6 53 6.1 5.8 5.8 5.6 5.8 53

Wpase [rad/s] 308.6 311.2 304.1 313.1 306.1 303.8 309.4 306.5 307.5 308.2

Pumax [Watt]  3766.1  3733.7  3609.3 3563 3656 3667 3766 3732 3717 3735

Tretm [N.m] 21.8 22.7 24.6 21.8 235 24 22.1 23.1 24.35 23.1
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Fig. 4-11: Power-speed characterization of the best designs (proposed method).

Fig. 4-11 shows the power-speed characteristics of the selected cases and compares it with
the initial design. According to Fig. 4-11, the radially magnetized designs have larger operating
speed range in comparison with the initial design. Moreover, the initial design has a higher base
speed and maximum power. As it can be seen, even between the optimized designs, the
operating range is limited according to the design parameters [Designs # 2 and 5]. Based on the

maximum power and the operating range, design #8 is selected as the best one.
4.5 Optimized Design, Results, and Discussion

Fig. 4-12 shows the rotor topology of the optimized design. According to this figure, the
proposed radially magnetized VFM has a simple rotor topology. The red arrows in this figure

show the magnetization direction of AINiCo 9 magnets.

Barrier

Rotor core

Fig. 4-12: Rotor topology of the optimized radially magnetized design.
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Moreover, unlike the existing VFM where the rotor core is attached to the shaft using a non-
magnetic hub, in the proposed design the rotor core is connected to the shaft using a key way.
Besides, to fix the rotor laminations six holes are carved in the rotor core. These holes are on
the g-axis of the rotor and do not affect the magnetic flux pattern in the rotor at different
operating conditions. The magnet dimensions of the new and existing designs are 5 mmx25.75
mmx120 mm and 7 mmx14.1 mmx120 mm, respectively. These values show 31% increase in
the magnet volume for the new design. The main reason for the magnet dimension increase in
the new design is to prevent the partial demagnetization of the magnet due to the armature g-
axis flux.

To check the operating point of the magnets, five probes are placed in the middle of the
magnet in the FE model. Fig. 4-13 shows the magnetic flux lines in the proposed VFM and the
magnetic flux density of the magnet at the no-load condition. Based on this figure, the radial

pattern of the flux lines as a result of the magnet is clear.
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Fig. 4-13: Fully magnetized optimized radially magnetized VFM, (a) No-load magnetic flux line, (b) No-load
magnetic flux density in the center of the magnet (FE results).
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Fig. 4-14: Fully magnetized optimized radially magnetized VFM, g-axis flux lines (FE results).

Moreover, based on Fig. 4-13(a), the ML of the magnet is more than 99% at no-load. To
check the impact of the g-axis flux of the armature, the magnet is replaced with air, and the
machine is supplied with /,=14.14 A. The resultant g-axis flux lines in the optimized radially
magnetized VFM are shown in Fig. 4-14. Based on Fig. 4-14, the g-axis flux lines do not pass
through the magnet that shows the precise design of magnet position and dimensions, as well
as the barrier shapes. This prevents the demagnetization of the magnet in the loaded condition.
Moreover, the g-axis flux lines pass through the upper area of the rotor core, and the area
between the two adjacent barriers are saturated.

Fig. 4-15(a) shows the magnetic flux lines pattern when the proposed VFM at full-load
condition (/;,=14.14 A). To check the impact of the armature current on the ML of the machine,
the proposed VFM is supplied with 7,=14.14 A and then run for one cycle at the no-load
condition. The magnetic flux density of the magnet is shown in Fig. 4-15(b). According to this
figure, the machine keeps its ML after loading. Based on the FE results, the no-load flux linkage
of the machine after removing /; is 0.50 Wb that shows the ML of the VFM is 98%. This means
that the demagnetizing effect of the g-axis flux is minimized as a result of the appropriate design
of the proposed machine.

To check the demagnetization and magnetization procedures and also the required current,
an operation strategy is defined in the FE simulation, as shown in Fig. 4-16. In this strategy, the
proposed VFM is run at no-load condition for one cycle [period (1) in Fig. 4-16] to show that
the machine is fully magnetized. Then the demagnetizing current pulse is applied to the machine

[period (2) in Fig. 4-16].
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Fig. 4-15: Fully magnetized radially magnetized VFM, (a): full-load (/,=14.14 A) magnetic flux lines pattern,
(b): magnetic flux density in the center of the magnet during and after the full-load condition (FE results).
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Fig. 4-16: Phase current and flux linkage for magnetization and demagnetization procedures (FE results).
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The VFM is run again at no-load condition for one cycle [period (3) in Fig. 4-16] to check
the effect of the demagnetizing pulse on the magnet operating point and consequently on the
machine flux linkage. The magnetizing current pulse is then injected to the VFM [period (4) in
Fig. 4-16] and the machine is run again at no-load condition for one cycle to check the ML of
the magnet after the magnetizing pulse [(5) in Fig. 4-16]. In Fig. 4-16, the VFM is fully
demagnetized in part (3) as a result of the demagnetization current of -13.8 A in part (2), and it
is fully magnetized in part (5) as a result of the magnetization current of 40 A in part (4).

Fig. 4-17 compares the torque waveform of the optimized and initial designs. Based on
Fig. 4-17, Tnean for initial and optimized designs are 36.7 N.m and 36.6 N.m, respectively.
Moreover, the peak to peak value of torque for the initial and optimized designs are 7.2 N.m

and 2.2 N.m, respectively.
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Fig. 4-17: Comparison of the torque waveform between the initial and optimized designs (FE results).

As aresult, 7% of initial and optimized designs are 19.6% and 6%, respectively. This shows
70% reduction in 7% for the optimized design while Tean 1s almost constant for both designs.

Fig. 4-18 compares the no-load back-EMF of the initial and optimized designs at a speed of
1000 rpm. According to Fig. 4-18, the optimized design has less no-load back-EMF in
comparison with the initial case, as the RMS value of the no-load back-EMF for the initial and
optimized designs are 124.5 V, and 109.9 V, respectively, which shows 11.8% reduction in the
optimized design. According to the FE results, the peak value of the no-load linkage flux are
0.56 Wb and 0.51 Wb for the initial and optimized designs, which shows 9% reduction. Besides,
Fig. 4-18 shows a higher 3™ harmonic content in the optimized design. Table 4-2 compares the

harmonic content of the no-load back-EMF between the optimized and initial designs.
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Fig. 4-18: Comparison of the no-load back-EMF between the initial and optimized designs (FE results).

Table 4-2. No-load back-EMF harmonics in [V] (FE results).

1 3 5 7 9 11 13
Initial design 175.1 4.9 2.6 1.9 1 1.1 1.5
Optimized design 154.7 11.9 1.6 0.9 0.1 0.1 0.3

Based on the FE result, the 3" harmonic of the no-load back-EMF is increased in the
optimized design. In term of total harmonic distortion of the no-load back-EMF, this parameter
is 7.4% for the initial case and 10.3% for the optimized design. For the initial case, the harmonic
content of the no-load back-EMF is lower as a result of the uneven air gap length. For the
optimized case, the air gap length is even and equal to 0.5 mm.

To have an overview regarding the saliency, Fig. 4-19 shows that torque-angle characteristics
of the initial and optimized designs at ML of 100%.
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Fig. 4-19: Comparison of the torque-angle characteristics between the initial and optimized designs at 100%
ML (FE results).
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According to this figure, the inverted saliency of the initial design enhances the torque of the
machine in the region where /; >0. Both designs have the same torque mean value at /,=14.14
A. In the region of 1;<0, Tyean of the initial design decreases while this parameter increases for
the optimized design till the current angle of maximum torque is reached.

Fig. 4-20 compares the demagnetization characteristics of the initial and optimized design at
a ML of 100%.
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Fig. 4-20: Comparison of the demagnetization characteristics between the initial and optimized designs (FE
results).
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Fig. 4-21: Inductances as a function of current vector amplitude and angle for optimized radially magnetized
VFM at fully magnetized condition, (a): d-axis inductance, (b): g-axis inductance, (FE results).
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Based on Fig. 4-20, to reach a specific ML, the optimized design needs more current to be
demagnetized. The demagnetization current to make the VFM fully demagnetized for the
existing VFM is -10.6 A and for the optimized VFM is -13.8 A. According to Fig. 4-20, for a
specified allowable demagnetization level in the field-weakening region, a higher negative d-
axis current can be applied to the optimized case. This provides a higher power capability for
the optimized case at higher speeds.

Fig. 4-21 shows Lqs and L, of the optimized radially magnetized VFM in fully magnetized
condition. According to Fig. 4-21, both Ls and L, vary with the current vector and for most of
the operating range, L,>La. In the optimized radially magnetized VFM, L, varies between 21.5
mH to 86.5 mH and L, changes between 66 mH to 128.5 mH in the proposed range of the
current vector.

Fig. 4-22 shows the effects of the current vector on the magnet flux (4,) of the optimized

radially magnetized VFM.

Magnetic flux [Wb]

Current 1A ]

Fig. 4-22: Magnet flux as a function of current vector amplitude and angle for optimized radially magnetized
VFM at fully magnetized condition, (FE results).

According to Fig. 4-22, the demagnetizing effect of the armature current in the field-
weakening region is clear. Moreover, a comparison between Fig. 4-2 and Fig. 4-22 shows that
this demagnetizing effect is reduced for the optimized radially magnetized design, which justify
the results of Fig. 4-20.

Fig. 4-23 compares the torque-speed characteristics of the initial and optimized VFMs at
different MLs using the proposed method in section 4.2. According to Fig. 4-23, and based on
the drive system limits, it is clear that the fully magnetized optimized radially magnetized VFM
can operate at a wider range of speed. As the optimized design has a higher torque capability

as a result of the positive reluctance torque in the field-weakening operation, it can produce

101



more torque at the lower MLs. Besides, as the stator topology is fixed, the rotor topology
modifications in the optimized design results in a lower base speed in comparison with the

initial case.
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Fig. 4-23: Comparison of the torque-speed characteristics between the initial and optimized designs at ML of (a)
100%, (b): 75%, (c): 50%, and (d): 25% (proposed method).

Fig. 4-24 shows the power-speed characteristics of both initial and optimized designs.
According to Fig. 4-24, the optimized design provides higher power for the high-speed region.
Moreover, at lower MLs, the optimized design has a higher power in comparison with the initial
design. At a ML of 75%, the power-speed characteristic is almost constant for the optimized
design in the high-speed region. Fig. 4-23 also shows that having a positive reluctance torque
in the field-weakening region helps to have a constant power at the high-speed region. The
maximum developed power (at ML of 100%) of the initial machine is higher than the optimized
design as the base speed of the initial case is larger than the optimized design.

Fig. 4-25 shows the efficiency map of optimized radially magnetized VFM at different MLs
developed using the FE software for efficiencies higher than 85%. According to this figure, at
a ML of 100%, the proposed VFM provides high efficiency at the low-speed region and low
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efficiency at the high-speed region.
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Fig. 4-24: Comparison of the power-speed characteristics between the initial and optimized designs at ML of (a):
100%, (b): 75%, (c): 50%, and (d): 25% (proposed method).

As the ML is reduced to 75%, the efficiency of the high-torque and low-speed region reduces
and the efficiency of the machine at the high-speed region increases. Based on Fig. 4-25, with
the ML reduction, the dark area (maximum efficiency) at the center of the efficiency map is
enlarged toward the high-speed region. According to these results, lower MLs, provides a better
efficiency at the high-speed region. On the other hand, the higher ML provides a better
efficiency at low speed, high-torque region.

Table 4-3 shows the operating range of the proposed VFM at different MLs, and efficiency
ranges. With an appropriate control strategy, and working at different MLs, the maximum
available efficiency can be achieved at each operating point by varying the ML.

Fig. 4-26(a) shows the efficiency map of the optimized case considering the maximum
achievable efficiencies at different MLs. Fig. 4-26(b) shows the MLs at which the maximum
efficiency of the VFM is achieved. Based on Fig. 4-26(a), the optimized design has a high

efficiency for a wide range of torque and speed that is provided by the variable magnet flux.
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Fig. 4-25: Efficiency map of radialy magnetized VFM (a): 100%, (b): 75%, (c): 50%, and (d): 25% (FE
results).
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Table 4-3. Operating range (%) for different ranges of efficiency at different MLs (FE results).

ML% >90% >80% >70% >60% >50%
100% 75.6 88.8 92.1 93.2 94.1
75% 77.2 89.1 91.9 92.9 93.9
50% 76.8 87.8 90.9 92.4 93.6
25% 62.9 81.3 86.6 89.7 90.6
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Fig. 4-26: (a): Efficiency map of the optimized VFM considering maximum efficiencies, (b): MLs to achieve
maximum efficiency (FE results).

The maximum efficiency in this machine is 97.3% and for more than 90% of the operating
range shown in Fig. 4-26(a), the efficiency is more than 94%. Based on Fig. 4-26(b), the

maximum efficiency of the optimized VFM in the high-speed region is achieved at lower MLs.
4.6 Conclusion

A radially magnetized design of VFM with AINiCo magnet with an enhanced power and
torque capabilities in the high-speed region was proposed in this chapter. An analytical method
using the FE results of L4, L, and flux linkage, as well as the dg model of PMSMs, was provided

to develop the torque-speed and power-speed characteristics of the VFM considering the
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AINiCo magnet demagnetization. Application of the proposed method for the existing spoke-
type VFM with inverted saliency (Ls>L,) revealed that the power and torque drop in the field-
weakening region is mainly due to the negative reluctance torque and the AINiCo magnet
demagnetization. A design procedure of the radially magnetized VFM was presented and the
impact of magnet dimensions, position selection, and barrier shape on the machine
performance, were discussed. A FE-based design optimization strategy to minimize the torque
ripple of the machine and guarantee the high torque capability of the machine was proposed.
The optimized radially magnetized design was compared with the existing VFM, and the results
show 70% reduction in torque ripple and an improved power capability for a wider range of the

speed.
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Chapter 5. Characterization of the Variable Flux Machine at

different Magnetization Levels

5.1 Introduction

Since the AINiCo-based VFM is designed to operate with reduced magnet flux beyond the
base speed, it is important to identify the features of VFM at this operating condition. The
required energy for magnetization and demagnetization, torque, as well as the core loss, at
different MLs are important parameters for the characterization and industrial applications of
the VFM.

An analytical method is developed to calculate the required energy for the magnetization and
demagnetization of AINiCo magnets in the existing spoke type VFM. The FE model of a VFM
is used to record the magnet operating point variations during the magnetization or
demagnetization procedure and an advanced method is proposed to estimate the required
magnetic energy to change the magnet operating point. A test procedure is also developed to
measure the required magnetization and demagnetization energy using the applied current and
voltage pulses. Moreover, the effect of the pulse duration on the required energy is studied.

In addition, the torque performance of the VFM at different MLs is analyzed in this chapter.
The test results are compared with the FE results to evaluate the effect of ML variations on the
torque characteristics. Since the harmonic content of the no-load back-EMF and the no-load air
gap flux density affect the torque characteristics, the verified FE model of the VFM is used to
show how the ML variations affect the harmonic content of the no-load back-EMF and air gap
flux density.

A model for achieving improved prediction of core losses in electrical machines is also
proposed in this chapter. The model is based on the calculation of an equivalent sinusoidal
magnetic flux density for a non-sinusoidal magnetic flux density. In addition, an experimental
method based on the flux controllability of the VFM is developed to measure the mechanical
and the core losses at the no-load condition. These results are then used to verify the proposed
core loss model coupled into the FE model of the VFM.

This chapter is organized as follow: Section 5.2 proposes an advanced method to calculate

the magnetization and demagnetization energy at different MLs. An experimental procedure is
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developed to measure the magnetization, and demagnetization energy and verify the analytical
method. Section 5.3 shows the torque characteristics of the spoke type VFM at different MLs.
Section 5.4 demonstrates the proposed model for VFM core loss calculation. This model is then
implemented in the FE software, and an experimental model is developed to verify the proposed

model.
5.2 Magnetization and Demagnetization Energy

While VFM has the potential to be used in the industrial, and traction applications, the
magnetization and demagnetization procedures, as well as the machine features at different
MLs, should be studied in depth. Moreover, in a specific working strategy, this machine may
be subjected to consequent magnetizations and demagnetizations based on the required torque
and speed. In this situation, the properties of the magnetization and demagnetization current
pulses besides their energy are important, specifically for applications where the machine is

supplied from a battery, and the driving range is important.
5.2.1 Test Procedure to Measure Magnetization and Demagnetization Energy

A test is developed to measure the required energy to magnetize the VFM fully or
demagnetize the magnet to a specific ML. The VFM is supplied with one magnetizing or
demagnetizing d-axis current pulse while the rotor speed is set to zero. The current pulse
magnitude and duration can be controlled using the current controller drive system. The friction
and windage losses are speed dependent and once the speed is zero, these two components of
the mechanical loss are zero. During the test procedure, the VFM is supplied with /; and as a
result, the rotor moves to the closest d-axis. In this case, the rotor moves a couple of degrees
that implies the overall speed of zero and as a result, the zero friction and windage losses.

Since the VFM phases are supplied with a constant DC current, the rate of change of the
magnetic flux in different parts is negligible and the core losses are negligible in comparison
with the Ohmic losses. Voltages, and currents of the three phases are recorded during each test.
The supplied energy is calculated based on the power of pulses for all phases and the pulse
duration. The Ohmic power loss is estimated based on the stator phase resistance of 1.3 Q and
the measured phase current pulses. The total Ohmic energy loss is calculated using the Ohmic
power loss pulses for all phases and the pulse duration. The total Ohmic energy is subtracted

from the input energy and the resultant energy is the energy that provides the required magnetic
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energy for the magnetization or demagnetization.
5.2.2 Advanced Method to Estimate Magnetic Energy using FE Results

To change the operating point of a magnet from one point to another, a specific amount of
magnetic energy should be provided. This magnetic energy for a VFM is provided using a short-
time d-axis current pulse. Fig. 5-1 shows the B-H loop of the AINiCo magnet that describes the

flux controllability of the AINiCo-based VFM.
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Fig. 5-1: B-H loop of AINiCo 9 and the flux controllability in the VFM.

The operating point of the magnet for the fully magnetized VFM is point A as shown in
Fig. 5-1. If the operating point of the magnet shifts to point B, the VFM is demagnetized to ML
of D/I as expressed in Fig. 5-1. The magnetic energy that is required to demagnetize the fully
magnetized magnet a the ML of D/I is the required energy to shift the operating point of the
magnet from point A to point B. This magnetic energy (W,,) is proportional to the area between
the B-H curve of AINiCo 9 magnet and the vertical axis (B axis) between the two mentioned

operating points as [72]
BB
v A

where B4 and Bp are the magnetic flux densities at points A and B and V' is the volume of the
magnet.

In the FE software, a probe can be defined to record the radial and centrifugal components,
as well as the absolute value of the magnetic flux density and field intensity in different parts

of the model. To estimate the magnet operating point as explained in section 3.2.2.2, eight
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probes are placed along the magnet in the FE model, to record B and H during the
demagnetization procedure (Fig. 3-2). The mean values of both the magnetic flux density and
field intensity for each probe are calculated over an excitation cycle. These mean values are
averaged for the eight probes to have the average magnetic flux density and field intensity in
the magnet which is considered as the operating point of the magnet in each working condition.

According to the operating point of the magnet at the no-load condition, and also the new
operating point, the required magnetic energy to reach the new condition is calculated using
(5-1). The integral of equation (5-1) is solved using the discrete integral function. In this
integration, H is considered a function of B. To have accurate results of the discrete integration,
the Spline method is used to fit a curve for the B-H loop of AINiCo 9 in the 2" quadrant and

create more B and H values. Fig. 5-2 shows the overall flowchart of the proposed method.

Supply the VFM with the magnetizing or
demagnetizing d-axis current pulse

\ 4
Extract the magnetic flux density waveform at
different points of the magnet using 8 probes

Y
Calculate the mean value of the magnetic flux
density of each probe, and calculate the
average operating point of the magnet

Y
Calculate the following integral

W, :‘J/‘[J‘;jHAdB]dv

Fig. 5-2: The overall flowchart of the proposed method.

As the average operating point of the magnet is calculated based on the recorded magnetic

flux densities, the integral over volume can be done by multiply LfB H.dB by the total volume

of the magnet which is 7x14.2x120 mm? for the existing VFM. Moreover, since the VFM is a

6-pole machine, the number of the magnets should also be considered in the energy calculation.
5.2.3 Results and Discussions

In this section, the test results for the magnetization and demagnetization energy are

compared with the estimated results using the proposed model. Moreover, the test and FE
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results of the torque waveform at different MLs are compared. The effect of ML variation on
the harmonic content of the no-load back-EMF and the no-load air gap flux density of the VFM
is also presented.

Demagnetizing d-axis current pulses with different magnitudes are applied to the VFM and
the ML is estimated after each test. For this, two sets of tests are performed: one with 15 ms
pulses, a smaller DC bus voltage, and a higher current rise time, and the other with 10 ms pulses,
a higher DC bus voltage, and a smaller current rise time. Although with the same
demagnetization current magnitude, both cases lead to the same ML in the machine, with the
15 ms pulse consuming more energy that is not necessary. This means that with enough voltage,
10 ms is an appropriate pulse duration.

Fig. 5-3 shows 14, the voltage and current pulses, and the resultant power in phase b, while
the demagnetization current is set to -7 A with a duration of 10 ms. After 10 ms, the supply is
removed and the current drops immediately, then the reverse voltages appear at the machine
terminals. It is clear from Fig. 5-3 that the /; current pulse follows the reference value with 10
ms duration and -7 A as the amplitude. According to Fig. 5-3, once the rotor moves to the d-
axes, the phase current (phase b in this figure) has the same pattern as the /; pulse and its value
can be estimated using Park transformation with a constant angle. The phase voltage increases
during the current transient and after that, it drops. To estimate the supplied energy to the VFM
during the demagnetization procedure, the power pulse of the three phases for the duration of
10 ms is used.

According to Fig. 5-3(c), a significant part of the energy is injected during the transient of
the current pulse. For this case, 55% of the 3-phase pulse energy is injected to the machine
during the transient of the pulse. To minimize the energy consumption during the magnetization
or demagnetization procedure, the available DC bus voltage magnitude and pulse duration
should be selected to reduce the transient of the current pulse. In the FE simulation, the same

procedure is simulated and the required energy to reach the specified ML is estimated.
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Fig. 5-3: (a) Demagnetizing d-axis current pulse and the current pulse of phase b, (b) the voltage pulse of
phase b, and (c) the resultant power pulse of phase b.

Table 5-1 compares the required demagnetization energy from the test and the proposed
model. Table 5-1 shows the applied demagnetization current magnitude, the achieved MLs and
resultant Ohmic energy loss during the tests. With -11 A d-axis current pulse, the VFM is almost
fully demagnetized. Based on Table 5-1, and the short period of the demagnetization current,
the Ohmic energy loss due to field-weakening in VFMs is negligible compared to the permanent
Ohmic loss of rare-earth PMSMs in the high-speed region. This guarantees the advantage of
the AINiCo-based VFMs against the conventional rare-earth PMSMs.
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Table 5-1. Required magnetic energy for demagnetization.

Magnetic energy [J]

Demagnetization current [A] ML [%] Loss energy [J]
Exp. Sim. Err. %
4 86.6 0.55 1.16 1.21 -4.30
5 76.9 0.80 222 2.13 4.05
6 67 1.14 3.21 3.11 3.12
7 51 1.47 5.32 4.97 6.58
8 36 1.89 6.65 6.27 5.71
9 21 2.32 7.68 7.14 7.03
10 10.5 2.71 9.25 8.75 5.41
11 1.3 3.16 10.39 9.62 7.41

Additionally, Table 5-1 shows the required demagnetization and the required energy for the
demagnetization of the VFM from tests compared to the analytical model. The comparison
between the test and simulation shows the agreement. For all MLs, the difference between
simulation and experimental results is less than 8%. The waste energy during the test can be
reduced using a smaller demagnetization period. To magnetize the VFM magnets fully, a
magnetization d-axis current pulse of 40 A with a duration of 10 ms is applied to the machine.

Fig. 5-4 shows the magnetization /s pulse, the voltage and current pulses, and the resultant
power in phase b. In this case, the VFM is supplied with a d-axis magnetizing pulse for 10 ms
and after that, the supply is removed and the current drops immediately and the reverse voltage
is induced in the VFM terminals. To calculate the required magnetization energy, the supplied
energy to the machine within 10 ms and the Ohmic loss energy of all phases are used. According
to Fig. 5-4, the duration and amplitude of the 7 current pulse show agreement with the desired
values. According to the test results, the three-phase input energy is 65.17 J and the three-phase
Ohmic energy loss is 21.60 J. As a result, the required magnetic energy for the magnetization
procedure is 43.57 J.

Based on the FE model of the VFM and using (5-1), the required magnetic energy to shift
the operating magnet from point Z in Fig. 5-1 to either point F or F2, is 41.66 J. Based on these
results, 52% of the pulse energy is consumed during the transient of the pulses. During the

transient of the current pulse, the voltage is maximum and the current is increasing.
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Fig. 5-4: (a) Magnetizing d-axis current and the current pulse of phase b, (b) the voltage pulse of phase b, and

The provided results in chapter show that the majority of the pulse energy is consumed during
the transient of the current pulse. This shows the importance of the magnetization pulse duration

selection and also minimizing the transient of the current pulse to have an efficient

5.3 Torque Waveform and Torque-angle at Different Magnetization Levels

This section investigates the effect of the ML of the magnet on the torque performance of the



VFM. Fig. 5-5 shows the test and FE results for the torque waveform of the VFM at three
different MLs. The test and FE results show an agreement. Based on this figure, unlike the mean
value of the torque, the peak to peak value and the ripple pattern of the torque waveform does

not change dramatically with the change of the level of magnetization.
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Fig. 5-5: Test and FE model results for torque waveform at different levels of magnetization.

Table 5-2 compares the test and FE results in more depth which shows a linear relationship

between the torque mean value and the ML of the magnet.

Table 5-2. Torque characteristics at different MLs.

Mean value (N.m) Peak to peak (N.m) Ripple (%)
ML (%)
Test FE Test FE Test FE
96% 33.00 34.17 5.29 6.68 16.03 19.53
75% 26.23 26.57 5.11 6.9 19.48 25.99
50% 19.19 18.87 5.88 7.2 30.64 38.16

Furthermore, the peak to peak value of the torque is almost constant with the ML variations.
The torque ripple percentage increases with the ML decrease. According to the low variation
of the peak to peak value of the torque, the torque mean value reduction is the main reason for
the torque ripple increase. Besides the difference in the flux linkage values between the test and
FE analysis, the accuracy of the measurement equipment, especially the torque transducer can
cause the deviation between the measured values and the FE simulation results.

In the no-load condition, the back-EMF and the air gap flux density of PMSMs can project
the effect of the magnet flux density on the electromagnetic torque production.

Fig. 5-6 shows the no-load phase back-EMF for different Mls at 1000 rpm from the FE
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simulation. According to Fig. 5-6, the back-EMF reduction as a result of the reduction in the
ML of the magnet is clear. The RMS values for the no-load phase back-EMF at different levels
of the magnetization are 124.5 V, 90.83 V, 56.80 V, and 23.34 V, respectively.
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Fig. 5-6: Phase back-EMF at different levels of magnetization at 1000 rpm (FE results).

Table 5-3. Harmonic content of no-load phase back-EMF in [V] at different MLs.

ML (%) 1% 3 (%) 5% (%) 7™ (%) THD %
100% 173.11 3.92 (2.26) 1.53 (0.88) 0.88 (0.51) 4.63
96% 164.45 3.86 (2.35) 1.4 (0.85) 0.84 (0.51) 4.66
75% 128.44 3.59 (2.80) 0.98 (0.76) 0.64 (0.50) 4.80
50% 80.32 2.97 (3.70) 0.42 (0.52) 0.35 (0.44) 5.00
25% 32.99 1.83 (5.55) 0.01 (0.04) 0.09 (0.27) 5.88

Table 5-3 shows the harmonic content of the no-load back-EMF at different MLs. Based on
Table 5-3, it is clear that all harmonic components of the no-load back-EMF reduce with a
reduction of the ML. The total harmonic distortion (THD) of the no-load back-EMF does not
change dramatically with the ML reduction. The almost fixed THD of the no-load back-EMF
can justify the constant peak to peak value of the torque with the ML changes.

In the VFM, the flux variation of the magnet affects the air gap flux. To obtain an overall
picture of the flux density in the air gap, two particular points in the air gap with a significant
difference in reluctance are selected for magnetic flux density calculation. One point is in the
middle of one stator tooth and the other is in the middle of one stator slot.

Fig. 5-7 shows the harmonic content of the radial component of the no-load air gap magnetic

flux density at the center of the stator tooth and slot.
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Fig. 5-7: Harmonic content of the no-load air gap flux density at the center of (a): the stator tooth, (b): the
stator slot (FE simulation).

Based on Fig. 5-7, odd harmonics are dominant. For the point at the center of stator tooth,
the 5™ and 7" harmonics are the dominant harmonics and for the point at the center of stator
slot, the 3™ harmonic is the dominant one. According to Fig. 5-7, the harmonics are reduced
when the level of magnet magnetization decrease. For the point at the center of the stator tooth,
the fundamental components of the no-load air gap flux density are 0.71 T, 0.52 T, 0.33 T and
0.13 T for the MLs of 100%, 75%, 50% and 25%. This reduction in the fundamental component
of the no-load air gap magnetic flux density can justify the reduction of the torque mean value
as a result of the magnet flux density reduction. The THD of the no-load air gap flux density at
the center of the stator tooth is 9.58%, 9.11%, 8.5% and 9%, respectively for the mentioned
MLs. These results show that the harmonic content of the no-load air gap flux density is almost
constant with the change of the magnet ML and the main component of air gap flux density has
the main role in the torque mean value reduction and as a result, the torque ripple percentage

increases with the reduction of the magnet ML.
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5.4 Core Loss Measurement and Estimation

The currently adopted core loss models in commercial FE software are based on calculating
the machine core losses using curve fitting techniques that utilize core loss data provided by
steel manufacturers under sinusoidal excitations. In [73], a core loss model for PMSMs is
developed based on the magnetic flux variation loci in different parts of the motor that are
predicted by carrying out a FE transient analysis. Since the flux variation pattern is complicated,
an improved equation based on the conventional three-term expression is used for core loss
calculation. In [74], the magnetic flux density distribution in a single-phase line-start PMSM
are computed by using a two-dimensional FE method. The discrete Fourier transform is used
to analyze the magnetic flux density waveforms in each element of the model and the core
losses are evaluated using the measured core losses by an Epstein test apparatus.

The core loss measurement is a quite challenging step in the characterization of electrical
machines. The existing standard procedures for measuring core losses in electrical machines
are adapted for a simplified and standardized testing in the industry. The core losses obtained
for such a test include several other sources of losses. As a result, the losses calculated by the
use of traditional core loss models will most likely seem to be underestimated [75]. Different
methods are proposed to measure the core losses and mechanical losses or to segregate the
mechanical loss components [76]-[82]. In [77], the rotor of an IPM is replaced with a magnet-
less rotor with identical geometry to measure the mechanical losses at different speeds. The
measured mechanical loss data are used to separate the rotational loss components. Also, the
friction and windage losses of electric machines can be calculated based on analytical
methods [79], [80]. However, these methods require detailed information about the bearings
and machine dimensions.

The ease of magnet demagnetization in VFMs can be utilized to facilitate the separation of
the mechanical and core loss components, as the machine mechanical losses can be simply

measured from the operating condition at which the magnets are completely demagnetized.
5.4.1 Core Loss Modeling

To develop an accurate core loss model, both radial and circumferential components of the
magnetic flux density in each mesh element of the FE model should be taken into account.

Fig. 5-8 shows the radial and circumferential components of the flux density in one mesh
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element in the stator tooth when the AINiCo magnets are fully magnetized and the VFM is
rotating with a speed of 1000 rpm (50 Hz).
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Fig. 5-8: Radial and circumferential components of magnetic flux density in one mesh element of the stator,
1000 rpm, and no-load condition.

It is clear that both components of the magnetic flux density are considerable in this mesh
element. It can also be seen from Fig. 5-8 that the flux density waveforms are non-sinusoidal.
Therefore, the analytical method should be able to consider the harmonic components of the
flux density and their effects on the core loss components; the hysteresis and eddy current
losses. In [83], it is shown that the core loss magnitude depends on the rate of flux density
changes (dB/df). According to this fact, an equivalent sinusoidal flux density can be defined

that produces the same core losses as the non-sinusoidal magnetic flux density.
5.4.1.1 Equivalent Frequency Determination

To calculate the equivalent sinusoidal flux density waveform for a non-sinusoidal one, the

flux density rate of change is first averaged over a complete magnetization cycle as [83]:
1 ¢dB
B - 1 dB 5-2
AB Cﬁ dt 62

where 4B=Buax-Bmin in a cycle. (5-2) can be written as:

T
o __ 1 dB
B"=—[¢

R YA 5-3
AB) a) & (53)

By considering the flux density variation as small linear pieces, (5-3) can be expressed as:
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max min k=2 “k Ykl
By is the k™ sample of the simulated flux density and #-#; is the sampling time.
Based on the above-mentioned considerations, an equivalent sinusoidal magnetic flux
density can be defined as:
(Bmax - Bmin ) . 5.5
Bsin’eq(t)zfxsm@ﬂfeqt) (5-5)
where f¢, is the equivalent frequency. According to (5-3), the average range of change for a

sinusoidal magnetic flux density can be calculated as:
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Based on the core loss model, the average rate of change of the equivalent sinusoidal flux
density waveform should be equal to the same value of the non-sinusoidal flux density

waveform. Thus, f., is determined based on (5-4) and (5-7) as [84], [85]:

B(l) B(l)

smeq

-B (Bmax_Bmin) 2
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The high order harmonics in the steel flux waveforms may affect the hysteresis loss
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component. Depending on the phase and magnitude of these harmonics, the resulting flux
waveforms in the machine core may contain local flux reversals causing minor hysteresis loops
to occur inside the main loop. The core loss model should be able to consider the minor loop
losses. According to (5-8), fes is calculated based on the magnetic flux density variations that
means that the effect of the local reversals in the flux density waveform is included. As a result,
the effect of minor loops is considered in the equivalent frequency calculation. Moreover, this
model also considers the effect of the flux harmonic content on the eddy current loss.

For the magnetic flux density waveforms in Fig. 5-8, the calculated fe; for the radial and
circumferential components is 63.7 Hz, and 59.58 Hz, respectively. The peak value of the
equivalent sinusoidal flux density for the radial and circumferential components is 0.58 T and
0.53 T, respectively. According to these values, the equivalent frequency for the radial and
circumferential components is increased by 27.4% and 19.2% in comparison with the supply

frequency of 50 Hz.
5.4.1.2 Magnetic Material Core Loss Measurement

To implement the core loss model and apply it to the FE model, the core loss density of the
VFM steel material (M19 G29), is measured using an Epstein frame test for a wide range of
frequencies from 20 Hz to 4 kHz. Fig. 5-9 shows the measured core loss density of M19 G29
in Watt/kg. For higher frequencies, the achievable maximum flux density by the test setup is
reduced. As a result, the curve fitting method is applied to estimate the core loss density at

higher magnetic flux densities and higher frequencies.
5.4.1.3 Implementation of the Proposed Method in the FE Model

The magnetic flux density components and the area of each mesh element of the VFM model
are first extracted from the FE simulation [67]. The equivalent frequency and the peak value of
equivalent sinusoidal flux density (B.,) for all components are calculated in each mesh element
using (5-8).

The measured core loss density for M19 G29 is used as a lookup table to estimate the core
loss density of each mesh. For the mesh element of Fig. 5-8, the estimated core loss density
based on the measured data of Fig. 5-9 is 0.52 Watt/kg for the radial component of the magnetic

flux density and 0.4 Watt/kg for the circumferential component.
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Fig. 5-9: The measured core loss density in Watt/kg for M19 G29.

Fig. 5-10 shows the developed meshes in a selected part of the stator, the equivalent
frequency of the magnetic flux density component (black: radial and red: circumferential) in
Hz and the resultant core loss density for each mesh in Watt/kg for the no-load VFM at 1000
rpm (50 Hz supply frequency). The selected part, is a part of the stator tooth close to the air
gap. It can be seen that for meshes closer to the air gap, f; is higher than the meshes in the
center of the stator tooth. For the meshes that are closer to the center of the tooth, the flux lines
will be more radial, and will have less harmonics. As a result, fo, for radial component is closer
to the supply frequency. Moreover, the core loss density for meshes close to the air gap is higher
than the meshes in the center of the stator tooth. The total core losses for each part of the

machine are then calculated using,

N
})cnre,i = Lp zlij/ (5'9)
J:

where Pcore,i 15 the total core losses of part i, L is the stack length of the machine, p is the
magnetic material mass density, N is the number of mesh elements in part i, p; is the estimated

core loss density in each mesh element of part i, and 4; is the area of the mesh element.
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Fig. 5-10: (a) Developed mesh in the stator
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load VFM at 1000 rpm.

selected section for the no-

Fig. 5-11 shows the block diagram of the proposed core loss model.
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Fig. 5-11: The proposed core loss model.
5.4.2 Test Setup and Experimental Procedure

The rotational loss separation in VFMs is a straightforward procedure, as the magnet ML can
be controlled by injecting armature d-axis current pulses. To measure the VFM core losses, the
machine is driven by a DC motor with the VFM magnets adjusted at different MLs. Fig. 5-12
shows the experimental test setup. Five case studies are conducted based on the state of the

magnet flux which is varied from approximately 0% to 100% in 25% intervals.

Assembly

Fig. 5-12: Experimental setup to measure the core loss.
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5.4.2.1 Friction and Windage Loss Measurements

To measure the mechanical losses of the VFM, the fully demagnetized VFM is coupled to
the DC motor as a no-load generator. For the VFM at no-load condition, the Ohmic loss in the
stator is zero. Moreover, the magnet flux is close to zero and the core losses in both the rotor
and the stator are negligible. Therefore, the VFM input power can be considered equivalent to
the mechanical losses. To perform the measurements, the magnet flux is initially reduced to
approximately 0.003 Wb (0.6%). The VFM speed is then increased from 200 rpm to 1800 rpm.
In each speed interval, the output torque of the DC motor is measured using a torque transducer,
which is eventually used to estimate the machine mechanical losses. Fig. 5-13 shows the

measured friction and windage losses for VFM at different speeds.
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Fig. 5-13: Measured friction and windage losses for VFM at different speeds.

5.4.2.2 VFM Core Loss Measurement

To evaluate the effect of the ML of the rotor magnets on the core losses, the VFM with a
specific ML is run as a no-load generator from 200 rpm to 1800 rpm. The core losses at each

speed and ML can be calculated as:

P

core

= Pin = Prech (5-10)

The core losses of the VFM are measured at MLs of 25%, 50%, 75% and 100%. However,
the experimentally measured core losses for the 25% magnetization are found to be inaccurate
as the mechanical losses dominates the total measured VFM losses.

To measure the core loss of the VFM in the loaded condition, the input and output of the
VFM are measured at different loading conditions. The difference between the input and output

of the VFM is the total loss. The core loss is then calculated by subtracting the Ohmic loss and

125



mechanical loss from the total loss. The Ohmic loss is calculated based on the rms value of the
3-phase currents and a phase resistance of 1.3Q.

Fig. 5-14 shows the measured and estimated core losses of the VFM at MLs of 50%, 75%
and 100%. The estimated core losses are based on the FE simulation coupled with the proposed

core loss model.
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Fig. 5-14: Core loss in Watt for 100%, 75% and 50% level of magnetization at different speeds.

The VFM core losses are calculated using two methods; the standard core loss model in the
FE software and the proposed core loss model coupled with the FEA simulation. According to
Fig. 5-14, the results from the FE software underestimate the no-load core loss of the VFM as
the FE package uses the Steinmetz equations with constant coefficients for different harmonics
of the flux density. It can be seen from Fig. 5-14 that the estimated core losses are in good
correlation with measured VFM losses at different ML with an average deviation of 12%. This
deviation can be attributed to the change of the magnetic properties of the steel material during
the manufacturing process.

To verify the proposed model in the loaded condition, the FE model of the VFM is supplied
with the current waveforms which are captured from the experiments. Table 5-4 compares the
core loss of the VFM with different stator currents at 1000 rpm for different magnetization
levels. According to this table, the proposed method results are closer to the experimental test
results in comparison with the FE results. Moreover, it is clear that the core loss increases with
the armature current magnitude, which is related to the flux density level change in the stator
and also the increased harmonic content of magnetic flux density waveforms. A comparison
between the results of Fig. 5-14 and Table 5-4 shows that the core loss of the VFM increases in

the loaded condition.
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Table 5-4. Comparison of core loss for different load and magnetization levels at 1000 rpm.

Core loss [Watt]

ML% RMS current [A]
Experimental FE Proposed method
5 49.25 37.56 41.09
100% 7.5 84.45 66.84 74.65
9 110.94 89.96 99.19
5 39.89 27.23 33.65
75% 7.5 68.11 48.45 61.76
9 93.5 77.68 84.09
5 31.88 20.06 27.33
50% 7.5 56.85 41.83 51.71
9 76.35 56.17 69.56

5.5 Conclusion

In this chapter, a test procedure was developed to measure the required energy for the
magnetization and demagnetization. An analytical method based on the magnet operating point
is developed to estimate the required energy for the magnetization and demagnetization
procedures and verified using the test results. Based on the results, the input voltage and pulse
duration should be selected to reduce the current pulse transient time in order to reduce the
injected energy. Moreover, the results show that negligible Ohmic loss occurs during the
demagnetization procedure in VFMs compared to the rare-earth PMSMs. This is a significant
advantage of the VFM and guarantees the high performance of this machine in the field-
weakening mode of operation.

The test and FE simulation results showed that the torque peak to peak value is almost
constant with the variation of the ML and the torque mean value is a quasi-linear function of
the ML. As a result, the torque ripple value increased with the ML reduction. The relationship
between the no-load back-EMF and the ML of the magnet was discussed. The RMS value of
the no-load back-EMF is reduced with the ML reduction and at the same time, the THD is
almost fixed. Furthermore, the harmonic content of the no-load air gap flux density at two points
in the air gap was analyzed. This shows that the THD of the no-load air gap flux density is
almost constant with the ML variation, which justifies the almost constant torque peak to peak

value of this machine at different MLs.
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Moreover, a core loss model is developed to calculate the no-load core losses of the VFM
using the magnetic flux density components in each mesh element of the FE model. The
proposed model is based on the calculation of an equivalent sinusoidal magnetic flux density
for the non-sinusoidal magnetic flux density waveform. The proposed model was implemented
in FE software to calculate the core losses of the existing VFM. In order to validate the
developed model, a measurement technique was presented to measure and segregate the no-
load core losses and the mechanical losses and also the loaded core losses of the VFM at
different MLs. The proposed model results were verified with the experimental results, and the
results agreement shows that the developed model has a great potential for precise machine core

loss prediction.
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Chapter 6. Conclusions and Future Research

6.1 Conclusions

In Chapter 2, an analytical model of a spoke type VFM at no-load condition has been
discussed and verified using the FE results. An analytical model can be used as a powerful tool
to facilitate the design of VFM. A magnetic equivalent circuit of a spoke type PMSM was used
to calculate the no-load air gap flux density of the machine considering the effects of stator slots
and uneven air gap length. The air gap length is minimum in the center of stator teeth, and it is
maximum in the center of the stator slots. The no-load back-EMF, the magnetization current,
the average magnet torque vs. torque angle, and the peak to peak torque value were estimated
using the analytical model. The peak value of the no-load air gap flux density increases with
the increase in the magnet length and decreases with the decrease in the magnetization level of
magnets, which leads to an output torque reduction. Moreover, an increase in both magnet
length and width increase the magnet torque mean value in this machine. Besides, an increase
in the magnet thickness increases the magnetization current of the VFM.

In Chapter 3, a complex multi-objective optimization problem was transferred to a two-level
optimization procedure to reduce 7,%, and g, and to keep Tmean Within an acceptable range.
Moreover, the no-load operating point of the magnet must be considered during the
optimization procedure. Experimental results of the existing VFM showed torque ripple of
17.6% and a 40 A peak magnetization current. A new analytical design criterion was developed
to select the AINiCo magnet size in the spoke type VFM based on the desired magnetization
current and the torque mean value. The FE-based optimization strategy was discussed and the
main guidelines to use the Genetic Algorithm were proposed. After performing the
optimization, the optimized case was proposed with 11% reduction in the magnet volume, 57%
reduction in the torque ripple, 4.4% reduction in the torque mean value and 12.5% reduction in
the magnetization current.

Chapter 4 focused on a new design of AINiCo-based radially magnetized VFM with
conventional saliency to keep the promising features of the VFM and enhance its power and
torque capabilities in the field-weakening region considering the demagnetization of the

AINiCo magnets. To achieve this, a VFM was designed with interior magnets positioned to
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keep the fully magnetized condition at no-load, withstand the demagnetizing effect of g-axis
armature flux, and be able to get demagnetized and re-magnetized using the d-axis current
pulse. A design procedure of the radially magnetized VFM was presented and the impact of
magnet dimensions, position selection, and barrier shape on the machine performance were
discussed. A FE-based design optimization strategy to minimize the torque ripple of the
machine and guarantee the high torque capability of the machine was proposed. The optimized
radially magnetized design was compared with the existing VFM, and the results showed 70%
reduction in torque ripple and an improved power capability for a wider range of the speed.
Moreover, the optimized design has high efficiency for a wide range of speed.

Chapter 5 focused on the characterization of the existing VFM at different magnetization
levels including the magnetization and demagnetization energy, torque ripple, and core losses.

A test procedure was developed to measure the required energy for the magnetization and
demagnetization procedures. It was shown that the input voltage and the pulse duration should
be selected to reduce the current pulse transient time, which directly reduces the required energy
for demagnetization. An analytical method based on the magnet operating point from FE
software, was developed to estimate the required energy for the magnetization and
demagnetization procedures and was verified using the test results. The results showed
negligible Ohmic loss for the demagnetization procedure in comparison with the rare-earth
PMSMs, which results in higher performance in the field-weakening mode of operation.

The test and FE simulation results showed that the torque peak to peak value is almost
constant with the variation of the magnetization level, and the torque mean value is a quasi-
linear function of the magnetization level. Consequently, the torque ripple value increased with
the magnetization level reduction. Moreover, the FE results showed that the RMS value of the
no-load back-EMF reduces with the reduction of the magnetization level. The analysis also
showed that THD of the no-load air gap flux density is almost constant with the magnetization
level variation which justifies the constant torque peak to peak value at different magnetization
levels.

A core loss model was developed to calculate the core losses of the VFM at different load
conditions by calculating an equivalent sinusoidal magnetic flux density for the non-sinusoidal
magnetic flux density waveform in each mesh element of the FE model. In order to validate the

developed core loss model, a measurement technique was presented to measure and segregate
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the no-load core losses, the mechanical losses, and the loaded core losses of the VFM at
different magnetization levels. The proposed model results were compared with the
experimental results and showed a good prediction of the core losses at different magnetization
levels. The core loss analysis in this chapter showed that the core losses of the VFM increase

with the increase of the rotor speed, the magnetization level, and the stator current.
6.2 Proposed Future Research

O Design of an AINiCo-based VFM for an actual electrical powertrain with a rated current
higher than the magnetization current. Different stator winding configuration for high
current density applications, such as a hairpin stator winding, can be considered in this
design.

O Design optimization of an AINiCo-based VFM considering the performance and cost

and using multi-objective GA of the FEA software.

a

Design of an axial-flux AINiCo-based VFM for in-wheel applications.

|

Design of an AINiCo-based VFM with fractional stator windings.

|

Compare the results of the 2D and 3D models of the VFM considering the eddy currents

in rotor and stator cores, as well as the magnets.
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