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Analysis of Ferrite based PMSM with field strengthening ability
Karthik Nandi Gopala

Department of Electrical Engineering

Chalmers University of Technology

Abstract

This thesis focuses on building a FI-PMSM equipped with ferrite magnets. This
machine has flux barriers in the rotor design that make the inductance in direct
axis greater than the quadrature axis, making the machine to operate primarily in
the first quadrant. Further, when the machine enters field weakening operation,
the usage of negative d axis current is lower compared to a conventional IPMSM.
Theoretically, the working is well suited for a ferrite magnet as there is a lower risk
for the magnet to be demagnetised.

Firstly, an FI-PMSM was designed, similar to the one described in a reference paper,
to gain a deeper understanding of the machine. As a second step, an IPMSM from
a reference paper was selected as a benchmark machine, and the FI-PMSM was
scaled to match the dimensions of this motor. After confirming that the machine
operated well in its whole operating region, the magnets were replaced with ferrite
magnets, and their performance was tested. Subsequently, different rotor designs
were explored and tested for performance.

After the theoretical design of the FI-PMSM equipped with ferrite magnets, it was
compared with an FI-PMSM equipped with rare-earth magnets, as well as a conven-
tional V-shape IPMSM using ferrite magnets. A comprehensive study was conducted
on efficiency, performance, and demagnetization. It was observed that the risk of
demagnetization was higher in the FI-PMSM compared to the V-shape IPMSM.
Additionally, the V-shape IPMSM equipped with ferrite magnets was found to have
similar torque performance to the FI-PMSM equipped with neodymium magnets.
However, the FI-PMSM equipped with ferrite magnets demonstrated higher effi-
ciency in the high-speed, low-torque region compared to the V-shape IPMSM.

Keywords: BEV, electric machines, ferrite magnets, field intensifying IPMSM, de-
magnetisation study.
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Background

Electrical machines have been used for a long time in various applications, ranging
from small power tools to aerospace propulsion in recent years. Recently, carbon
emissions have become a growing concern, with road vehicles being one of the major
contributors within the transportation sector. To address this issue, the automo-
tive industry has taken steps toward alternative vehicle propulsion systems, such
as electric propulsion, fuel cells, and hydrogen propulsion. However, electric trac-
tion motors are commonly used due to their ease of construction, low maintenance,
superior performance, and compact packaging.

The IPMSM is a widely adopted motor topology in battery electric vehicles. These
motors are efficient, power-dense, and easily controlled. They typically use rare
earth metal magnets to produce torque, offering good performance and characteris-
tics. However, these magnets are expensive and have a negative environmental im-
pact when being manufactured[4]. A more affordable and environmentally friendly
alternative is ferrite magnets. Although cheaper and greener, ferrite magnets do not
match the performance of rare earth magnet machines.

In a conventional IPMSM, the operating region for constant torque is narrow, and
in the field weakening region, there is significant use of high negative d-axis current.
The use of high negative d-axis current might demagnetize ferrite magnets due to
their low coercivity. To ensure smooth operation with ferrite magnets, the FI-PMSM
is designed to minimize the use of negative d-axis current. Theoretically, this reduces
the risk of irreversible demagnetization and allows the motor to operate smoothly
at the same operating points. These machines also have a wider speed range in the
constant torque region. The FI-PMSM incorporates flux barriers in the d-direction
of the rotor, resulting in a saliency ratio of less than 1.

1.1 Previous work

Previously, several investigations have explored the use of ferrite magnets as an
alternative to rare earth metal magnets and the application of FI-PMSM. One such
study compared IPMSM and FI-PMSM with rare earth metal magnets[1]. In this
investigation, four motors were tested: two IPMSMs and two FI-PMSMs. While
the dimensions of these motors were identical, one IPMSM was designed with less
magnet mass to match the performance of the FI-PMSM. The IPMSM demonstrated
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higher peak torque than the FI-PMSM; however, the FI-PMSM had a broader high
torque region and proved to be more efficient at high speeds. The machine operated
using less negative d-axis current across the entire operating range, suggesting that
it could potentially operate with ferrite magnets. During aggressive driving cycles,
the machine showed poor efficiency compared to milder cycles. This study, however,
did not include an analysis of FI-PMSM with ferrite magnets or a demagnetization
study.

Another investigation was conducted to evaluate the performance of ferrite magnets
compared to rare earth magnets in a synchronous reluctance machine[2]. In this
research, different rotor geometries were designed and tested to determine whether
ferrite magnets could achieve similar performance to rare earth metal magnets. The
study found that while the machine was able to match the performance of the
machine equipped with rare earth magnet, it required a significantly larger amount
of magnet material. This work demonstrates that the use of ferrite magnets as an
alternative is feasible, but they are prone to demagnetization due to the use of high
negative d-axis currents.

1.2 Purpose of work

This thesis focuses on comparing the performance of an FI-PMSM equipped with
ferrite magnet and one equipped with rare earth metal magnets. The FI-PMSM
machines are also compared to the performance of a conventional IPMSM. The ma-
chine is appropriately scaled to match the performance of the conventional IPMSM,
and is slightly redesigned to accommodate ferrite magnets. The goal is to determine
the practicality and feasibility of using ferrite magnets instead of rare earth magnets,
as the FI-PMSM’s characteristics theoretically support the use of ferrite magnets in
safe operating conditions.

A demagnetization study is conducted to assess the practicality of using ferrite mag-
nets during short-circuit scenarios. Short circuits can occur due to malfunctions in
other components of the electric drive system, which can lead to irreversible demag-
netization of the magnets, causing a deterioration in performance of the machine.
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Theoretical background

The following chapter contains the theoretical background and knowledge for un-
derstanding the thesis report.

2.1 Electric Machine

The following section explains the FI-PMSM and characteristics of the machine. It
will highlight some similarities and differences between a conventional IPMSM and
a FI-PMSM. It gives an overall view of the of design considerations and limitations
in designing the machine.

2.1.1 FI-PMSM

Field strengthening or flux intensifying interior permanent magnet synchronous ma-
chines were introduced for enhancing the control of flux linkage, for having wider
speed range and efficiency over a traditional IPMSM][7]. A notable characteristic of
FI-IPMSM machines are the saliency ratio, it is lower than 1, that means that the
inductance in the direct axis is greater than the inductance in the quadrature axis
throughout the operating region.

These characteristics are facilitated by making design changes to the rotor, by intro-
ducing flux barriers in the direction opposite to the quadrature axis of the rotor. The
introduction of these flux barriers increases reluctance hence leading to a saliency
ratio less than one, i.e, thus making L, greater than L,. In this way, it is possible
to achieve low flux linkage at higher speeds without the use of high negative I
currents.

Due to the nature of the machine, maximum torque per ampere is achieved in the
first quadrant where I; is positive. The FI-PMSM from the literature has a rated
peak RMS current of 200A and DC link voltage of 364V. The rated torque for this
machine is 75 Nm. Figure 2.1 illustrates the operating region of an FI-PMSM that
lies in the first quadrant. Figure 2.2 illustrates the torque vs speed and power vs
speed curves for the FI-PMSM variant called FS-D, as derived from the literature.
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Figure 2.2: Torque vs speed and power vs speed curve
for FI-.PMSM from literature

During the operation in the first quadrant, the magnetic flux is maintained high
even during loaded operation. Unfortunately, the overall torque from the magnetic
flux linkage and reluctance torque is seen to be lower than a traditional IPMSM with
the same machine dimensions and magnet mass. The requirement for negative I is
lower in the field weakening region to suppress the flux linkage from the magnets.
As a result, efficiency in this region is expected to be higher because less negative I
is needed to weaken the magnetic flux. This also means that the risk of irreversible
demagnetization in the field weakening region is reduced. These characteristics of
the machine theoretically support the use of low-coercive magnets.

4
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Figure 2.3 shows the structure of a particular type of FI-PMSM, called FS-D, from
[7], among other variants. In this design, the magnet is transversely placed with
distributed flux barriers to accommodate leakage flux.

Figure 2.3: Structure of a Field Intensifying Permanent Magnet Synchronous Motor

2.1.2 Equivalent electrical circuit

The machine’s physical quantities are initially measured in the three-phase or abc
coordinate system, which is later transformed into the a8 coordinate system using
the Clarke transformation

. 12 -1 17 |%
== 3 "i|l|a 2.1

where z,, 1, and x. are quantities in three phase system and the value of K is
considered as 1. Further, the quantities can be converted into the dq coordinate
system using the Park transformation

xq| | cosB, sind,| |z,
[xq] n [— sin6, cos Gr] [3351 (2:2)

where z, and z are quantities in z, -xg coordinate system and z,; and z, d-q
coordinate system respectively and 6, represents the transformation angle. The
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electrical machine is analyzed in the dq coordinate system. The dq coordinate
system appears stationary with respect to the rotor because its angular velocity
matches that of the rotor. The d-axis is aligned with the rotor’s magnetic flux
linkage, while the g-axis is aligned with the rotor’s rotation. This approach makes
the signals simplified and easier to study and control the machine. The d axis is
responsible for magnetisation and the q axis is responsible for the latent part of the
torque production. Figure 2.4 illustrates the process of transformation from rotating
vectors to stationary vectors.

Figure 2.4: Transformation of vectors from rotating to stationary

Figures 2.5 2.6 illustrate the electrical circuits in d-axis and g-axis respectively.

i : R 0)rqujsq L R o, Lm"sr[
. S 5 .
lsa
+
.,
Figure 2.5: Electrical circuit in d Figure 2.6: Electrical circuit in q axis
axis direction direction

In figures 2.5 and 2.6, vyq and vy, are the stator voltages in d- and g- axis direction,
respectively; isq and 75q are the currents in d- and g- axis direction, respectively; Lgg
and Lgq are the inductances in d- and g- axis direction, respectively; R, is the stator
winding resistance; w, is the electrical speed of the machine and \,, is the flux due
to the magnets. The voltage equations in d- and g- direction are as follows

_ dig _
Usq = RSZSd + Lsdditd - erqusq (23)
. dZ’Sq .
Usq = Rslsq + quﬁ — Wy Leqlsq + wrAm, (2.4)
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The electrical speed of the rotor is given by

wy = Qyny, (2.5)

where the electrical speed is in radians per second, €2, represents the mechanical
speed of the rotor, also in radians per second and nyisthenumbero f polepairnumber.

2.1.3 Voltage and current limits

The voltage and current is limited by the capacity of the inverter and the current
magnitude of the motor respectively

Vdc
Vi< (2.6)
V2T 12, < L (2.7)

where, vyq and vy, represent the voltages in the d- and g-axis directions, respectively,
while V. denotes the voltage available from the battery. The term Vd§ refers to the
peak phase voltage. Similarly, ¢sq and s, represent the currents in the d- and g-axis

directions, respectively, and I, is the maximum current available from the battery.

2.1.4 Torque production

The total torque output of a motor is generated by both the torque produced due
to the magnetic flux linkage and the reluctance torque within the motor

3n . o
T = 202 g + (Lt — L i) (28)

where, A, represents the magnetic flux linkage. The first term in (2.8), which is the
product of the magnetic flux linkage and 4y, corresponds to the torque produced
due to the magnetic flux linkage. The second term, which is the product of the
difference between the inductance in the d- and g-axis directions and the stator
currents in the d- and g-axis directions, is responsible for the reluctance torque.
It can be noted that a higher flux linkage results in higher torque, and a larger
difference in inductance also contributes to higher torque. The stator flux linkage
equation, which governs the torque production due to magnetic flux linkage, is given
by

)\5 = Legtsq + jLSqisq + )\m (29)



2. Theoretical background

where ) is the stator flux linkage. The inductance in d- and g- axis directions are
derived from

Asd — Am
Ly = dzi (2.10)
sd
As
Ly =224 (2.11)
lsq

where \; and A, are the flux linkages in the d- and g- axis directions respectively.

2.2 Permanent Magnets

The following section describes the permanent magnets used, characteristics and its
operating region.

Permanent magnets contain several magnetic domains. These domains are initially
arranged in a random manner, causing them to cancel each other out, resulting in
no net magnetic flux in the absence of external excitation. When an external field is
applied to the magnet, the domains align with each other, creating a flux. However,
if the external field exceeds the saturation limit, the magnetic domains all align and
the flux saturates. Beyond this point, the magnetic domains can no longer return to
their original positions causing irreversible demagnetisation. Figure 2.7 illustrates
the theory model of magnetic domains within a magnet when partially magnetised,
fully magnetised and saturated.

g \ TT l / Unmagnetised

—> /' —_
e //' Partially magnetised
—_— >

Saturated

Figure 2.7: Theoretical model of magnetic domain arrangements
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The resultant magnetic flux depends on the external field, as

B = pop, H (2.12)

where B is the flux density, po is the permeability of vacuum, pu,. is the relative
permeability, and H is the applied external field. Figure 2.8 represents the char-
acteristics of the resultant flux of a magnet when an external field is applied on
it.

A Flux Density B (T')
Residual
Flux Density™ B
B, —
Initial B,
Magnetization
Coercive Curve
Force-H, H,
I H (A/m)
_Bm
foe—— Hi— Hg

Figure 2.8: Hysteresis loop|[2]

When the external field is reversed, the flux starts to drop but lags behind the
external field; this phenomenon is known as hysteresis. When the external field
reaches zero, the magnet retains some remaining magnetic flux, known as residual
or remanent magnetic flux. If a negative external field is applied, the flux continues
to decrease until the knee point, after which the magnet undergoes irreversible de-
magnetization.

2.2.1 Rare earth Magnets

Rare earth magnets are very strong magnets made from alloys. These magnets typi-
cally have flux densities greater than 1.2 T, and their saturation points are also very
high. They are known for their strong resistance to irreversible demagnetization,
meaning that their coercivity (H,) is higher. These magnets are an attractive mate-
rial for traction motor applications. However, they are hazardous to the environment
and are known to be expensive.

The magnet chosen for this thesis is from the Hitachi’s Neomax series. It is a
Neodymium-Iron-Boron magnet, known as NMX-37F. Table 2.1 has the necessary
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information of the magnet used.

Table 2.1: Rare earth magnet properties

Name NMX-37F
Manufacturer Hitachi magnets
Coercive Force(H.,) -849.2 kA /m
Residual magnetic flux density(B,) 1.15T
Relative permeability 1.08
Bulk conductivity 0.67 MSiemens/m

2.2.2 Ferrite magnets

Ferrite magnets are soft magnets that typically have a low flux density, ranging
between 0.4 T and 1.02 T. Their coercivity is also very low, meaning that they
can be easily demagnetized permanently, which makes their use in traction motors
for automotive applications challenging. However, they exhibit excellent magnetic
properties at higher temperatures. Ferrite magnets are cheap and environmentally
friendly, making them an attractive material for certain applications, however a bit
weaker.

The ferrite magnet selected for this thesis is the FB9B magnet from the manufacturer
TDK. This magnet was chosen for its high remanent flux and superior performance
compared to other ferrite magnets. Table 2.2 describes the properties of the ferrite
magnet used.

Table 2.2: Ferrite magnet properties

Name FB9B
Manufacturer TDK electronics
Coercive Force(H.,) -342.2 kA /m
Residual magnetic flux density(B,) 0.45 T
Relative permeability 1.05
Bulk conductivity 1.5 MSiemens/m

2.3 Field oriented control

Field-oriented control is used to ensure that the machine operates in a safe working
condition without damaging other parts of the drivetrain. To achieve the desired
torque and minimize losses in the machine, the stator currents in the d- and g-axis
directions are controlled using selected strategies in various operating regions. By
controlling the d- and g-axis currents, we can regulate both the torque-producing

10



2. Theoretical background

component and the flux linkage. Two control strategies are implemented to ensure
safe operation below and above the base speed. The following section will explain
these strategies in detail. Figure 2.9 illustrates different operating regions for a trac-
tion motor.

Constant torque region

Field weakening region

Torque in Nm

High speed region

v

Speed in RPM

Figure 2.9: Different operating regions of an automotive traction motor

2.3.1 MTPA

The Maximum Torque Per Ampere (MTPA) control strategy is used in the constant
torque region before the base speed is reached. This strategy minimizes losses and
provides the desired torque output by optimizing the values of isq and tsq. The
relationship between isq and iy is

isa = I cos 3 (2.13)
isq = Isinf (2.14)

where [ is the stator current magnitude and [ is the current angle. The minimum
current magnitude is achieved at a specific current angle, also known as the MTPA
current angle. The MTPA angle is the angle between the stator current vector and
the d-axis of the rotor.

2.3.2 MTPV

The Maximum Torque Per Voltage (MTPV) control strategy is used in high-speed
regions beyond the base speed, where the available voltage is limited due to the
increasing back electromotive force (EMF). Since the voltage supply is constrained
by the inverter, it can only compensate for the back EMF and induced voltages
until the base speed is reached. Afterward, this strategy adjusts the d- and g-axis

11
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current components based on the available maximum voltage. The MTPV strategy
is applied until the maximum speed of the motor is reached. Theoretically, the mo-
tor speed is infinite, but it is limited by the mechanical components due to friction.
Figure 2.10 illustrates the limiting lines MTPA and MTPV control strategies. The
circular boundary represents the maximum current magnitude, while the ellipse rep-
resents the maximum DC link voltage limit.

Ja

— MTPA
—— Field weakening & High speed

Constant torque line

Current limit

Voltage limit

*lig

Figure 2.10: Current circle and voltage ellipse

2.4 Field weakening operation

When the motor reaches its rated speed, the constant torque region ends and beyond
that point onwards the field weakening region starts. The back electromotive force
(EMF) begins to increase as the speed rises, followding the relation

e = Nw,\p, (2.15)

where, e represents the back electromotive force (EMF), N is the number of coil
turns in the stator, w, is the electrical speed in radians, and A, is the magnetic flux
linkage. At the rated speed, the stator voltage reaches the maximum value which
can be compensated by the DC link voltage. The stator voltage in steady state
comprises of different components which is shown below

12
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Usa = Rgisa — wrLgqlisq (2.16)
Usq = Ryisq — WrLsdalsa + wWrAm (2.17)

where the first term makes up for the resistive voltage drop, the second term is the
inductive voltage drop and third term is the EMF'. In the field weakening region, the
d-axis current is adjusted to a negative value to suppress the magnetic flux linkage.
This, in turn, reduces torque and enables the motor to increase its rotational speed,
a process known as field weakening. In the field weakening region, the power remains
constant. However, the negative iy, also known as the demagnetizing current, is
damaging to low-coercive magnets. Excessive negative d-axis current may lead to
irreversible demagnetization, exceeding the coercivity limit of the magnets.

2.5 Field strengthening operation

In a conventional IPMSM, the entire operational region lies in the second quadrant,
where only negative igq is used. Since, in a traditional IPMSM, the inductance in
the d-axis direction is lower than in the g-axis direction, negative d-axis current is
required to produce positive reluctance torque. However, in a FI-PMSM, the induc-
tance in the d-axis direction is greater than in the g-axis direction, meaning positive
d-axis current is needed to generate positive reluctance torque, resulting in higher
total torque. Therefore, most of the operating region, such as the constant torque
region, lies in the first quadrant, where positive 754 is present. To produce a resul-
tant torque, positive d-axis current is used. During machine loading, the magnetic
flux is maintained by increasing the positive d-axis current, a phenomenon known
as field strengthening operation.. Figure 2.11 illustrates the field strengthening and
field weakening operation for a FI- PMSM machine.

2.6 Short circuit & Demagnetization

The IPMSM is the preferred choice of traction motor over other ones for their
efficiency. However, there are some disadvantages such as a risk of irreversible
demagnetisation of the magnets in the field weakening operation. This is one of
the main challenges for IPMSMs equipped with ferrite magnets. There are risks of
failures in the driveline that may cause short circuits. Short circuits may be caused
by various reasons such as winding insulation failure, inverter components failure,
overloading to mention some. Short circuits leads to motor overheating, mechanical
damage and failure of the entire drivetrain.

Demagnetization of magnets is what we are most interested in this thesis. When
there’s a short circuit in the system, a large external field which might be in the
wrong direction is sent through the magnet which when is beyond the point of
coercivity, the magnet undergoes partial or complete irreversible demagnetisation

13
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i_q
A
Field weakening operation

P
.

Field strengthening operation

-id id

Figure 2.11: Field strengthening operation

leading to failure of the magnets. This leads to increased motor losses, improper
control of the motor and it may lead to a complete failure of the motor itself. This
is a major concern for ferrite magnets because of the low point of coercivity.

A Flux density(B)

Knee point

N\

Area of irreversible demagnetisation

External field(-H)

Figure 2.12: Demagnetisation curve

2.7 Losses

IPMSM are known to be efficient and easier to control over induction machines.
Since the rotor does not have any windings, there is significant reduction in winding
losses in the high torque low speed region. The overall efficiency of the machine is
therefore higher. The following section describes the different losses in the machine
and how different parameters affect losses.

14
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2.7.1 Winding losses

Winding losses in the stator also known as ohmic losses which are mainly responsible
due to the copper coil windings in the stator

3
P, = ﬁRslﬁMs (2.18)

where R is the stator resistance. This is mainly because of the heating in the
copper coils. Since the copper windings are present only in the stator, we have
lower winding losses in IPMSM. The stator resistance is given by

ltotal
Ry=p——71— 2.19
P Acond Nparallel ( )

where p is the resistivity of the material, lio, is the length of the winding conductor,
Acond 1s the area of the conductor and Nparanel is the number of parallel branches.

2.7.2 Iron losses

Based on Bertotti’s theory, iron losses consist of eddy losses(Pe), hysteresis loss(FP,)
and excess 108S(Pee).

PP=P + P + P, (2.20)

Eddy losses are considered in stator and rotor. These losses occur due to circulating
current in the conducting parts,the fluctuating magnetic flux and the frequency of
the current

P, = kB2 f? (2.21)

max

where k. is the coefficient of eddy current loss, Bp., is the peak flux density and f
is the frequency. Hysteresis loss is due to the presence of magnetic materials and
magnetic fields. This happens due to the lag of magnetic flux as the external field
varies.

P, = kB2 f (2.22)

max
where, kj, is the coefficient of hysteresis loss factor.

Pee = ke(Bmauxf)L5 (223)

where, kj is the coefficient of excess loss factor.

15
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Case Set-up

This chapter will give the necessary details about geometric dimensions, parameters
and other necessary values. This also explains the method of analysis that was used
with explanation .

3.1 Initial motor design of FI-PMSM

After the initial literature review, a particular type of FI-PMSM, called FS-D, gained
significant interest due to its motor performance and characteristics. In this study,
this type of machine exhibited similar performance to a V-shaped IPMSM with the
same magnet mass, while demonstrating better efficiency in high-speed, low-torque
regions. The machine’s rated torque is 75 Nm, which is 14% lower than that of the
V-shaped IPMSM, though both machines have almost the same power output of 50
kW. As a result, an initial design of the motor was created and tested to evaluate
its performance and operation. Figure 3.1 illustrates the geometry of the F'S-D type
FI-PMSM referenced in the literature.
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3. Case Set-up

Figure 3.1: Initial geometric design of FI-PMSM

The literature indicates that placing the magnets vertically in this design resulted
in 27% higher torque and 18% higher power compared to a design with horizontally
placed magnets. The geometric dimensions and other design parameters necessary
for constructing the machine are detailed in Table 3.1.

Table 3.1: Design parameters for initial FS-PMSM

Parameter Value
Stator outer dia(mm) 176.1
Stator inner dia(mm) 109.2
Rotor outer dia(mm) 108.4
Rotor inner dia(mm) 40

Stack length(mm) 100
Number of turns 6
Peak RMS current(A) 200
Max DC link voltage(V) 364
Magnet material NMX 37 F
Magnet mass(Kg) 0.27

3.2 V shape IPMSM reference motor

As a benchmark machine, a V-shaped IPMSM equipped with Neodymium magnets
was used. This motor was referenced in the literature and was inspired by a Prius
motor. It has a rated torque of 239 Nm and a power output of 100 kW. To create
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3. Case Set-up

suitable benchmark data, the motor was equipped with the same amount of ferrite
magnets as the Neodymium magnets used in the literature. The geometric dimen-
sions and other parameters were carried over to rescale the initial FS-PMSM for
the starting design. Figure 3.2 illustrates the geomtric design of a V shape IPMSM
equipped with neodymium magnets.

Figure 3.2: V shape IPMSM equipped with neodymium
magnets

Table 3.2 provides the geometric and other design parameters needed for the con-
struction of the V shape IPMSM.

Table 3.2: Geometric and other design parameters for V shape IPMSM

Parameter Value
Stator outer dia(mm) 200
Stator inner dia(mm) 135
Rotor outer dia(mm) 133.5
Rotor inner dia(mm) 80
Stack length(mm) 127
Number of slots 48
number of poles 8
Number of turns 7
Number of parallel branches 4
Peak RMS current(A) 260
Max DC link voltage(V) 430
Magnet mass(Kg) 1.25
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3. Case Set-up

3.3 Scaling the motor

The geometric dimensions of the V-shaped IPMSM were used to rescale the FI-
PMSM. The peak RMS current and maximum DC link voltage are 260 A and
430 V, respectively, values brought forward from the reference machine.The stack
length of the machine is kept constant at 127 mm for all design iterations which is
also brought forward from the reference machine. The stator, shown in Figure 3.3,
remains the same for most of the design iterations. It will be modified in the future

as per the design requirements and goals.
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Figure 3.3: Reference stator design for different FI-PMSM design iterations

In figure 3.3, BSO is the slot opening width, BS1 is the slot wedge maximum width
and BS2 is the slot body bottom maximum width. From the literature, it was
observed that using a 6-pole PMaSynRM with ferrite magnets in low-speed operation
produced high torque and power output, so the 6-pole configuration was considered
to be maintained for the FI-PMSM machine. The stator was modified from 48 slots
to 36 slots for all FI-PMSM design iterations.
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Table 3.3: Geometric dimensions of the stator

Parameter Value
Stator outer dia(mm) | 200
Stator inner dia(mm) | 135

BS 2(mm) 6
BS 1(mm) 4
BS 0(mm) 2

The initial rotor design is based on the FI-PMSM from the literature but rescaled to
match the geometric dimensions of the V-shaped IPMSM. The rotor design is mod-
ified in different design iterations to evaluate its effect on the motor’s performance.

Flux barrier

X

Figure 3.4: Reference rotor

In Figure 3.4, the term AG stands for Air Gap, FB for Flux Bridge, and RR for
Rotor Ring. The geometric values of AG, FB, and RR vary across different rotor
design iterations. The AG in the rotor is considered as one flux barrier ring. The
number of flux barrier rings will vary for different rotor designs. The outer and inner
diameter of the rotor are kept constant for majority of the designs.
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3. Case Set-up

3.4 Rescaled FI-PMSM equipped with neodymium
magnets

The initial FI-PMSM from the literature was redesigned to match the geometric
dimensions of the V-shaped IPMSM reference machine. The magnet mass in this
machine was increased to maintain the same amount as in the V-shaped TPMSM,
i.e., 1.25 kg. As the thickness of the magnets increased to match the magnet mass,
it was observed that the torque ripple of the machine also increased. Figure 3.5
illustrates the redesigned FI-PMSM equipped with neodymium magnets.

-

X

Figure 3.5: Re scaled FI-PMSM equipped with
neodymium magnets

Table 3.4 provides information on the geometric dimensions and other key parame-
ters for the construction of the machine.

Table 3.4: Geometric dimensions of re scaled FI-PMSM

Parameter Value
Magnet mass(kg) | 1.25
AG(mm) 1.6
FB(mm) 1.7
RR(mm) 1.8
Flux barrier(mm) | 16
number of turns 6

The inner diameter of the rotor was reduced from 80 mm to 50 mm to accommodate
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3. Case Set-up

the magnet length. The magnet thickness could not be increased further due to the
rising torque ripple. It was also observed that the design was suitable for neodymium
magnets and well within saturation limits of the rotor and stator materials.

3.5 Investigated motor designs for FI-PMSM equipped
with ferrite magnets

Different rotor designs that were investigated to improve the performance will be
explained in this section. A Detailed explanation about their geometry changes will
be mentioned.

3.5.1 Design 1 & 2

In the following rotor design, the geometry is the same as that of the re scaled FI-
PMSM but equipped with ferrite magnets. The magnet dimensions remain the same,
but the magnet mass is lower due to the lower density of the ferrite magnets. Figure
3.6 illustrates Rotor Design 1 for the FI-PMSM equipped with ferrite magnets.

X

Figure 3.6: Design 1 of FI-PMSM equipped with ferrite
magnets

Table 3.5 provides information on the geometric dimensions and other key parame-
ters for the construction of the rotor design 1.

It is observed that there is saturation in some parts of the rotor ring and flux
bridges. Therefore for design 2, the rotor ring thickness was increased slightly to
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3. Case Set-up

Table 3.5: Geometric dimensions of design 1

Parameter Value
Magnet mass(kg) | 0.83
AG(mm) 1.6
FB(mm) 1.7
RR(mm) 1.8
Flux barrier(mm) | 16
number of turns 6

check the changes in saturation in the same regions and evaluate changes in its
performance. Table 3.6 provides information on the geometric dimensions and other
key parameters for the construction of the rotor design 2.

Table 3.6: Geometric dimensions of design 2

Parameter Value
Magnet mass(kg) | 0.83
AG(mm) 1.6
FB(mm) 1.7
RR(mm) 2
Flux barrier(mm) | 16
number of turns 6

In Design 2, the saturation in the same region improved slightly, but the torque
ripple increased. However, the overall torque decreased slightly. Table 3.7 presents
the torque and torque ripple data for both Design 1 and Design 2.

Table 3.7: Torque and torque ripple figures for design 1 and design 2

Parameter Design 1 | Design 2 | Difference(in %)
Torque(Nm) 102 100 -2
Torque ripple(Nm) 28 27 +2

3.5.2 Design 3,4 & 5

To further reduce saturation effects and improve flux linkage distribution in the
rotor, an additional air gap ring was introduced. Rotor Designs 3, 4, and 5 have a
5-ring setup, with different air gap, flux barrier, and rotor ring thicknesses for each
design. Figure 3.7 illustrates rotor Design 3, while rotor Designs 4 and 5 are similar
in structure.
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3. Case Set-up

X

Figure 3.7: Design 3 of FI-PMSM equipped with ferrite
magnets

In Designs 3, 4, and 5, the magnet thickness is decreased while the length is in-
creased, in order to maintain the magnet mass. Table 3.8 provides information on
the geometric dimensions and other key parameters for the construction of Rotor
Designs 3, 4, and 5.

Table 3.8: Geometric dimensions of design 3,4 and 5

Parameter Design 3 | Design 4 | Design 5
Magnet mass(kg) 0.8 0.81 0.8
AG(mm) 1.6 1.6 1.6
FB(mm) 1.7 1.7 1.9
RR(mm) 2 1.8 1.8
Flux barrier(mm) 15 15 15
Number of turns 6 6 6

Design 3 retained the same rotor ring thickness as Design 2 but included an addi-
tional ring. Design 4 also kept the original rotor ring thickness while following the
same layout as Design 3. Design 5, however, featured an increased flux bridge thick-
ness, with the rest of the design remaining the same as Design 4. Design 5 showed
slightly reduced iron saturation compared to Designs 3 and 4. Improvements in
both torque and torque ripple were observed across these designs. The 5-ring setup
demonstrated reduced torque ripple compared to the 4-ring setup, linked to the
placement of the air gap rings in relation to the stator teeth openings. Table 3.9
presents the torque and torque ripple data for Designs 3, 4, and 5.
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Table 3.9: Torque and torque ripple figures for design 3,4 and 5

Parameter Design 3 | Design 4 | Design 5
Torque(Nm) 104 106 104
Torque ripple(Nm) 14 14 12

It was observed that design 4 had a 2.5% increase in torque compared to design 5,
but it should also be noted that there was a 1.2% increase in magnet mass. However,
design 5 exhibited the lowest torque ripple, with a 12.6% improvement over design
4.

3.5.3 Design 6

The previous designs exhibited low iron saturation in the stator, which presented an
opportunity to increase the stator teeth size. This could improve flux linkage and
reduce copper losses. Hence, in Design 6, this possibility was investigated. At the
same time, the rotor’s outer diameter was slightly increased, and the stator’s inner
diameter was slightly reduced to explore the potential for improving torque. Figure
3.8 illustrates the geometrical design for rotor design 6.
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Figure 3.8: Design 6 of FI-PMSM equipped with
ferrite magnets

Table 3.10 provides the geometric and other design parameters needed for the con-
struction of the design 6.
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Table 3.10: Geometric and other design parameters for design 6

Parameter

Value

Stator outer dia(mm)
Stator inner dia(mm)
Rotor outer dia(mm)
Rotor inner dia(mm)
Stack length(mm)
BS2(mm)
BS1(mm)
BSO(mm)
Number of turns
Magnet mass(kg)
AG(mm)
FB(mm)
RR(mm)

Flux barrier(mm)

200
138
136.5
30
127
8

)
2
6
0.8
1.6
1.7

1.8
15

The attempt to improve torque proved unsuccessful, but there was a 5% improve-
ment in torque ripple compared to Design 5. However, there was a reduction in

copper loss.

3.5.4 Design 7

It was observed that the area near the rotor shaft had a low flux density. To improve
flux density in this region, ring 5 (the outermost ring) was extended toward the shaft.
The rest of the design remained similar to that of design 5. Figure 3.9 illustrates

the geometric layout of rotor design 7.
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%

Figure 3.9: Design 7 of FI-PMSM equipped with

ferrite magnets

Table 3.11 provides the geometric and other design parameters needed for the con-

struction of the rotor design 7.

Table 3.11: Geometric and other design parameters for design 7

Parameter Value
Magnet mass(kg) | 0.85
AG(mm) 1.6
FB(mm) 1.9
RR(mm) 1.8
Flux barrier(mm) | 15

Table 3.12 compares the torque and torque ripple of design 5 and 7. Design 7 did

Table 3.12: Torque and torque ripple comparison of design 5 and design 7

Parameter Design 5 | Design 7

Torque(Nm) 104
Torque ripple(Nm) 12

101
8

not show significant improvement in overall magnetic flux linkage. However, there
was a 34% reduction in torque ripple and a 1% decrease in overall torque.
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3.6 Demagnetisation setup

As discussed earlier in Section 2.6, demagnetization occurs due to an external field
in the wrong direction. Ferrite magnets are at higher risk of demagnetization at
lower temperatures. The critical flux at 20°C ranges from 0.013 T to 0.016 T. It
has been observed that increasing the g-axis current results in a very low risk of
demagnetization, whereas increasing negative d-axis current poses a higher risk.
Therefore, to assess the risk of demagnetization beyond safe operating regions, the
g-axis current is kept constant at 0, and the negative d-axis current is increased up
to the peak RMS current to evaluate the risk of demagnetization at each point.
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Analysis

This chapter will give a detailed explanation of all the simulated results and their
comparisons.

4.1 V shape IPMSM

This section presents the results of the V-shaped machine equipped with both
neodymium and ferrite magnets, along with a comparison between them.

To analyze the machine in Ansys Electronics and retrieve the necessary data, a
parametric sweep of 75 and ¢, is performed. The number of turns and conductors in
series are specified. The data imported from Ansys Electronics consists of transient
3-phase quantities, which are a function of different combinations of 7,5 and 7,. Table
4.1 lists the quantities imported from Ansys.

Table 4.1: Quantities imported from Ansys Electronics

Parameter Unit
Time Sec
3-phase flux linkages
3-phase induced voltages
3-phase input current
Torque
Core loss
Eddy current loss
Hysteresis loss
Solid loss
Copper loss
Mechanical position

sssssFr <3

oL

—

a

A simulation was carried out to check the magnetic flux by setting the d-axis current
to 0 and varying the g-axis current from 0 to 400 in steps of 50, while maintaining a
constant current angle. In the absence of an external field, the magnetic flux in the
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4. Analysis

d-axis direction is solely due to the magnets. Figure 4.1 illustrates the comparisson
of the magnetic flux of two different magnetic materials.

V shape neodymium
V shape ferrite

0.03 | :
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Figure 4.1: Magnetic flux linkages of V shape IPMSM
equipped with two different magnets

Magnetic flux is a key parameter in deriving magnetic torque. It has been observed
that the magnetic flux from neodymium magnets is nearly four times greater than
that of ferrite magnets, indicating the ability to obtain a higher output torque. Field-
oriented control (MTPA) was used to define the operating region of the machines
and to reduce resistive losses. Figures 4.2 and 4.3 show the operating regions of the
machines equipped with neodymium and ferrite magnets, respectively.
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Figure 4.2: Operating region for Figure 4.3: Operating region for V
V shape IPMSM equipped with shape IPMSM equipped with ferrite
neodymium magnets magnets

The operating regions are plotted on the d-q plane, with contours representing
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the torque output and the circular boundary indicating the current limit. Torque
values for various ¢4 and %, combinations were obtained from simulations and later
interpolated to map the entire torque vs. speed regions with high resolution. A
speed step of ngep = 500 RPM and a torque step of Ty, = 10 Nm were used.
Figure 4.4 shows the torque vs. speed and power vs. speed plots for the V-shaped
machine equipped with two different magnets.

250 T T
V shape neodymium torque
— V shape neodymium power
— — Vshape ferrite torque
200 - — — V shape ferrite power

2
2150}
(o]
a
=
E
<
© 100 -
=]
g
o
|—

50 -

O L L L L L
0 2000 4000 6000 8000 10000 12000

Speed(rpm)

Figure 4.4: Torque vs power vs speed curve for a V shape
machine equipped with two different magnet materials.

The plot shows that the torque output of the ferrite magnet is 33% lower than
that of the V-shaped machine equipped with neodymium magnets, while the power
output is 37% lower. Both machines begin field weakening at 4500 RPM. The total
loss for each machine is the sum of copper losses, eddy current losses, and hysteresis
losses. Copper loss is calculated analytically as the product of stator resistance and
the square of the RMS currents at different speeds, noting that copper losses are
frequency-dependent. To account for core lamination degradation, iron losses are
multiplied by a factor of 1.7, making the result more realistic. The losses are obtained
from simulations at one speed point and then scaled using a factor to interpolate
and estimate losses across different speeds, mapping the losses for the entire torque-
speed range. The scaling factor is the ratio of the current simulation speed to the
speed at which the loss is being calculated. Figure 4.5 and 4.6 illustrate the total
losses over the entire operating region for V shape equipped with neodymium and
ferrite magnets respectively.
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Figure 4.5: Loss map for V shape Figure 4.6: Loss map for V shape
IPMSM equipped with neodymium IPMSM equipped with ferrite magnets
magnets

It can be observed from the plots that the machine equipped with ferrite magnets
has higher losses in the high-torque, low-speed region and lower losses in the low-
torque, high-speed region compared to the machine with neodymium magnets. The
efficiency of these machines is calculated as the ratio of mechanical output power to
input electrical power. Figures 4.7 and 4.8 illustrate the efficiency across the entire
operating regions for the V-shaped machine equipped with neodymium and ferrite
magnets, respectively.
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Figure 4.7: Efficiency map for Figure 4.8: Efficiency map for V
V shape IPMSM equipped with shape IPMSM equipped with ferrite
neodymium magnets magnets

4.2 Rescaled FI-PMSM equipped with neodymium
magnets

The simulation was conducted by performing a parametric sweep of iq and ¢, from
-400 to 400, with a current step of 50. The magnetic flux in the q direction was
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calculated at time steps of 50 as well. Figure 4.9 illustrates the magnetic flux linkage
of the re-scaled FI-PMSM.
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Figure 4.9: Magnetic flux linkage in g-axis direction for

a FI-PMSM equipped with neodymium magnets

It can be seen that the magnetic flux is high at even ¢, is equal to 0 indicating
possibility of having high efficiency in low speed low torque region. The MTPA
control strategy is used to plot the entire operating region of the machine. Figure
4.10 illustrates the entire operating region for the machine.
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Figure 4.10: Operating region for a FI-PMSM equipped
with neodymium magnets
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It can be seen that the magnetic flux remains high even under load, as the constant
torque region lies in the first quadrant where positive d-axis current is applied. Using
the operating region, the torque is interpolated at corresponding i, and ¢, values
at different speeds to plot the torque vs. speed and power vs. speed curves. The
field weakening point is also visible in this plot. Figure 4.11 illustrates the torque
vs. speed and power vs. speed mapping.
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Figure 4.11: Torque vs power vs speed curve for a FI-
PMSM equipped with neodymium magnets

The mapping was carried out with a torque step of 10 Nm and speed steps of 500
RPM. The machine’s rated torque is observed to be 161 Nm, with a rated power
of 105 kW. Field weakening begins at 6000 RPM. The losses and efficiency are
calculated in the same manner as for the V-shaped machine. Figures 4.12 and 4.30
illustrate the total loss and efficiency plots for the machine’s entire operating region,
respectively.
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Figure 4.12: Loss map for FI-PMSM Figure 4.13: Efficiency map for
equipped with neodymium magnets FI-PMSM equipped with neodymium
magnets

The efficiency in the high-speed, low-torque region is significantly higher. And the
overall efficiency is observed to be high as well.

4.3 FI-PMSM equipped with ferrite magnets

This section presents the results of various design iterations equipped with ferrite
magnets.

Three notable designs are selected for performance comparison: Design 1, Design 5,
and Design 7, which are renamed as Design A, Design B, and Design C, respectively,
to simplify the comparison. Table 4.2 provides a comparison of the different design
iterations for the FI-PMSM equipped with ferrite magnets.

Table 4.2: Comparison of design A,B and C

Parameter Design A | Design B | Design C
Magnet mass(kg) 0.8 0.81 0.8
AG(mm) 1.6 1.6 1.6
FB(mm) 1.7 1.7 1.9
RR(mm) 2 1.8 1.8
Torque 104 102 101
Torque ripple 28 12 8

It is observed that all designs have a similar torque output. However, it is worth
noting that the torque ripple in Design B is reduced by 56% compared to Design
A. Figures 4.14 and 4.15 illustrate the magnetic flux linkages and the torque-speed
and power-speed curves for the different designs, respectively.
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Figure 4.14: Magnetic flux linkages for different rotor
designs of FI-PMSM equipped with ferrite magnets
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Figure 4.15: Torque speed and power speed curves
for different rotor designs of FI-PMSM equipped with
ferrite magnets

It is observed that the magnetic flux linkage for design A reaches its peak value at a
lower g-axis current. Additionally, the peak torque achieved by design A is 104 Nm,
which is 2% higher than that of design B and design C. However, design B has the
highest power output of 63 kW, which is 1% higher than both design A and design
C. Figures 4.16, 4.24, and 4.18 illustrate the efficiencies across the operating regions
for design A, design B, and design C, respectively.
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From the efficiency plots, it can be seen that all designs achieve high efficiency in
the high-speed, low-torque region. However, design B shows higher efficiency in this
area compared to the other two designs. Considering the overall performance of
design B, it has been selected for further analysis.

4.3.1 Parametric sweep of design B

Design B was selected for a parametric analysis of magnet thickness and magnet
mass. Three different magnet masses were tested: one from the previous analysis,
one with a lower mass, and another with the same magnet mass as the V-shaped
ferrite design. Table 4.3 outlines the different magnet masses used for the parametric
sweep.

Table 4.3: Different magnet mass quantities for design B

Design names | Magnet mass
Design B; 0.8kg
Design B, 0.7kg
Design Bj 1.25kg
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Figures 4.19 and 4.20 illustrate the magnetic flux linkage, as well as the torque-
speed and power-speed curves, for the different magnet thickness parametric sweeps
of design B.
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Figure 4.20: Torque speed and power speed curves
for different magnet thickness

Figure 4.19 shows that the flux linkage is highest for design Bs, but the torque
output for all magnet masses remains similar. However, design Bs, which has the
lowest magnet mass and thickness, exhibits 2% higher torque compared to Design
Bs, despite having 44% less magnet mass. This can be explained by the contribution
of reluctance torque, driven by the difference in inductance between the d-axis and
g-axis directions. Figures 4.21, 4.22, and 4.23 illustrate the inductance difference
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along the d-axis and g-axis for design B, design Bs, and design Bs, respectively.
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Figure 4.23: (L4 L,) for design B;

From these plots, it can be observed that the difference in inductance between the
d-axis and g-axis in the constant torque region for design Bs is greater than that
of design B3. This results in a higher reluctance torque contribution, leading to an
overall increase in torque. Figures 4.16, 4.25 and 4.26 illustrate the efficiency maps
for design Bj, design B, and design B3 respectively.

41



4. Analysis

Torque (Nm)
?
Efficiency (%)
Torque (Nm)
®
Efficiency (%)

00 2000 4000 6000 8000 10000 12000 00 2000 4000 6000 8000 10000 12000
Speed (rpm) Speed (rpm)
Figure 4.24: Efficiency map for de- Figure 4.25: Efficiency map for de-
sign By sign By

Torque (Nm)
Efficiency (%)

0
0 2000 4000 6000 8000 10000 12000
Speed (rpm)
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The plots show that all three designs exhibit higher efficiency in the high-speed, low-
torque region, with design B3 having the highest efficiency among them. Considering
all performance factors, design Bs, with a magnet mass of 1.25 kg, was selected for
further comparison against the FI-PMSM equipped with neodymium magnets and
the V-shaped IPMSM equipped with ferrite magnets.

4.4 Comparison of V shape ferrite vs FI-PMSM
noedymium vs FI-PMSM ferrite

This section will compare the different machines with their respective final selected
designs. Table 4.4 describes the key design parameters for the different motor de-
signs.
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Table 4.4: Comparison of V shape ferrite, FI-PMSM neodymium and FI-PMSM

ferrite
Parameter V shape ferrite | FI-PMSM neodymium | FI-PMSM ferrite
Magnet material FB9B NMX 37F FB9B
Magnet mass(kg) 1.25 1.25 1.25
stack length 127 127 127
number of turns 7 6 7.5
Peak RMS current 260 260 260
DC link voltage 430 430 430

It can be observed that the number of turns is not equal, which may impact the
overall torque output of each machine. The number of turns in the final design
was adjusted to harmonize the field weakening points, enabling a more accurate
comparison of each machine. Figures 4.27 and 4.28 illustrates the magnetic flux

linkage and torque speed and power speed curves for the different machines.
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Figure 4.27: Magnetic flux linkages for V shape fer-
rite, FI-.PMSM neodymium and FI-PMSM ferrite
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Figure 4.28: Torque speed and power speed curves
for V shape ferrite, FI-PMSM neodymium and FI-
PMSM ferrite

The plots show that the magnetic flux linkage for the FI-PMSM with neodymium
magnets is nearly five times that of the V-shaped ferrite machine, yet the torque
output of the FI-PMSM neodymium is only 1.25% higher than the V-shaped ferrite
machine. The peak torque for the V-shaped ferrite machine is 158 Nm, for the FI-
PMSM with neodymium magnets it is 160 Nm, and for the FI-PMSM with ferrite
magnets it is 130 Nm. The power output is 79 kW for the V-shaped ferrite, 110
kW for the FI-PMSM neodymium, and 60 kW for the FI-PMSM ferrite. Figures
4.29, 4.30 and 4.31 illustrate the efficiency maps for the V shape ferrite, FI-PMSM
neodymium and FI-PMSM ferrite machines respectively.
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It is observed that the V-shaped ferrite machine has higher efficiency in the low-
speed, high-torque region compared to the FI-PMSM with ferrite magnets. However,
the latter shows higher efficiency in the high-speed, low-torque region. Overall,
the FI-PMSM with neodymium magnets exhibits the highest efficiency across most
operating regions.

4.5 Demagnetisation study

The risk of irreversible demagnetization of ferrite magnets was assessed in the oper-
ating regions by testing the V-shaped ferrite machine and the FI-PMSM ferrite with
two different magnet thicknesses. Two operating points were selected for evaluation:
one at iy = -260 (the peak RMS current) and the other at iy = -250. Figures 4.32,
4.33, and 4.34 illustrate the flux densities and their flux directions for design B,
design Bs, and the V-shaped ferrite machine at iy = -260.
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It is observed that when i4 = -260 for design B (with the lower magnet thickness),
demagnetization occurs in certain areas as the magnet flux density drops below 0.01
T. In contrast, design Bz (with the higher magnet thickness) does not experience
demagnetization, as seen the flux density remains above 0.08 T in all regions of the
magnet. This highlights the critical role that magnet thickness plays in preventing
demagnetization. Additionally, the V-shaped ferrite machine demonstrates better
performance than design B; in handling negative d-axis current and avoiding de-
magnetization. Figures 4.35, 4.36, and 4.37 illustrate the flux densities and their
flux directions for design B;, design Bs, and the V-shaped ferrite machine at iy =
-250.

B [tesla]

Max: 0.100 \
0.10

. 0.09
0.08

0.07

o~ BRI 4 |

0.00

Figure 4.35: Demagnetisation study of design By
at i4=-200

B [tesla] | "%
Max: 0.288

0.30
. 0.27

024
021
018
015
012
0.09
0.08
0.03
0.00
Min: 0.081

VT
AL X[[

v - H
. 47 p—x

Figure 4.36: Demagnetisation study of design B3
at 14=-200

47



4. Analysis

B [tesla]
Max: 0534

0.450
. 0405
0.360

0315
0.270
0.225
0.180
0.135
0.090
0.045
0.000
Min: 0.037

X
1
-

47 b—=X

Figure 4.37: Demagnetisation study of V shape
ferrite at i3=-200

The designs were studied at iy = -250, where it was observed that design B just
begins to demagnetize, with flux density in some areas dropping below 0.01 T. At this
same current, design B3 and the V-shaped ferrite machine were also tested to assess
their behavior. Design B3 showed no signs of demagnetization, maintaining higher
flux densities, while the V-shaped ferrite machine demonstrated better resilience
against demagnetization than design B;.
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Conclusion

5.1 Results

In this thesis, an FI-PMSM was constructed using ferrite magnets to evaluate its
performance and resistance to demagnetization when negative d-axis current is ap-
plied within its operating region. Several rotor designs were explored, and the most
promising design was compared against an FI-PMSM equipped with neodymium
magnets and a V-shaped IPMSM using ferrite magnets. These machines were eval-
uated based on their rated torque, efficiency, and ability to withstand demagnetiza-
tion.

The study found that the FI-PMSM equipped with ferrite magnets had a 24%
lower rated torque and a 45% lower rated power compared to the FI-PMSM with
neodymium magnets. Additionally, it demonstrated a 23% lower rated torque and
a 23% lower rated power than the V-shaped IPMSM with ferrite magnets. In terms
of efficiency, the FI-PMSM with ferrite magnets exhibited lower efficiency than the
neodymium-equipped FI-PMSM in the high-speed, low-torque region, but outper-
formed the V-shaped ferrite IPMSM in this same region.

Regarding risk of irreversible demagnetization, the FI-PMSM with ferrite magnets
showed better resilience with thicker magnets, but overall, it presented a higher risk
of demagnetization compared to the V-shaped IPMSM with ferrite magnets.

5.2 Future work

The results from this thesis are based on the specific requirements and assumptions
made throughout the study. Further optimization of the rotor designs for the FI-
PMSM equipped with ferrite magnets could help reduce torque ripple and mitigate
the risk of irreversible demagnetization. One area for improvement involves optimiz-
ing the spacing of the air gap rings to reduce torque ripple. Additionally, increasing
the number of air gap rings by reducing their thickness could potentially enhance
performance while lowering the risk of demagnetization.

With the availability of more advanced ferrite magnets on the market, these could be
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5. Conclusion

tested to assess their potential for improved performance. Considering the favorable
magnetic flux linkage characteristics observed in the FI-PMSM with ferrite magnets,
the designs could be tested in drive cycles to evaluate their efficiency in the low-
speed, low-torque regions, where performance is expected to be better.

Finally, different orientations of magnet placement should be explored to examine
their effects on demagnetization risk. This could provide further insights into ways
to optimize machine design and performance while minimizing demagnetization vul-
nerability.
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