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Abstract

Permanent magnet synchronous motors (PMSMs) are commonly used motors. How-
ever, to reduce the usage of rare earth metals magnet-free motors are desirable. The
electrically excited synchronous motor (EESM) utilizes field windings instead of
magnets in the rotor and most research regarding EESMs has been focused on trac-
tion applications. This thesis investigates the possibility of using an EESM for an
air compressor application that continuously operates in the constant torque region.

The performance and cost of the designed EESM were compared to a reference
PMSM.

A rotor for an EESM was designed and optimized to reach high continuous torque,
using the finite element method to study electromagnetic and thermal properties.
The stator used for the EESM was the same as for the reference PMSM. However,
using only stator cooling the EESM had to be approximately 87 % longer than the
reference PMSM to reach the nominal torque in continuous operation. It was shown
that high continuous torque, without significant increases in stack length, requires
more efficient rotor cooling techniques.

The currents in the EESM were optimized using a copper loss minimization algo-
rithm. However, contrary to the reference PMSM, it was not possible to optimize
the currents such that high continuous torque, maximum efficiency and high power
factor were obtained simultaneously. Furthermore, the maximum efficiency of the
long EESM during continuous operation in the nominal operating point was slightly
more than 2.8 percentage points lower than for the reference PMSM. Regarding the
material cost the price levels and the outer dimensions of the motors matter. How-
ever, it was shown that the eco cost is lower for an EESM than for a PMSM, even
if it is substantially longer.

Overall, it was concluded that it is not feasible to use an EESM if the cooling method
and outer dimensions have to be the same as for the reference PMSM. However, if
the motor can be made a little longer, a slightly lower efficiency can be accepted
and more efficient rotor cooling is implemented an EESM may be used as a more
sustainable alternative to a PMSM for the investigated application.

Keywords: electrically excited synchronous motor, finite element method, copper
loss minimization, electric machine design, constant torque region
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Introduction

In today’s electrified society, electrical machines are found almost everywhere. In
electric vehicles there are several different kinds of electric motors; the main traction
motor that drives the car and several auxiliary electric motors that power secondary
systems of the vehicle such as water cooling pumps, air compressors and steering
servos. Commonly, much research is conducted on traction motors. However, to
ensure an environmentally sustainable and cost-effective production and usage of
electric vehicles it is of importance to also investigate different alternatives for the
auxiliary motors.

To achieve high efficiency, high power density, high torque to current ratio and low
noise emissions permanent magnet synchronous motors (PMSMs) are commonly
used [1]. However, high power density PMSMs have permanent magnets in the rotor
that contain rare earth elements (REE). The production of electric motors would be
more environmentally sustainable, cheaper and supply security could be achieved
if REEs could be avoided. Hence, in this thesis the possibility to introduce an
alternative auxiliary electric motor without permanent magnets will be investigated.

1.1 Background

The permanent magnets in a PMSM can either be placed inside the rotor core,
called an interior mounted PMSM (IPMSM), or on the surface of the rotor, called
surface mounted PMSM (SPMSM). These magnets create a constant magnetic field
which is an important part of creating the torque. To achieve a high power density
REEs, especially Neodymium Iron Boron (NdFeB), are often used in the permanent
magnets [2], [3], [4]. However, even though REEs may offer some advantages when
it comes to performance there are several downsides with using them in an electric
machine. High cost is one disadvantage, NdFeB magnets account for approximately
70 % of the material cost in a PMSM [5]. Moreover, the production of REEs is
highly concentrated to one country, China, which was responsible for 90 % of the
global production of rare earth metals in 2019 [6]. This results in that the prices of
permanent magnets are strongly affected by market fluctuations and policy changes
in China [6]. REEs also impact the environment negatively. The NdFeB magnets
account for approximately 5% of the mass of the motor, yet they contribute to
approximately 25 % of the greenhouse gas emissions that are related to the materials
in a PMSM [3]. A large quantity of waste is also produced. According to [7] 2000

1
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Figure 1.1: Illustration of PMSM, IM, synRM and EESM.

tonnes of solid waste are produced in order to get 1 tonne of rare earth metals.

To improve the environmental impact, the cost and the supply security there has
been a trend to develop electric motors without any REEs [2]. Common magnet-free
motors are the induction motor (IM), the synchronous reluctance motor (synRM)
and the electrically excited synchronous motor (EESM) [3], illustrated together with
the PMSM in Figure 1.1.

An IM has a cage consisting of aluminum or copper in the rotor [8]. The rotating
magnetic field from the stator induces a current in the cage and the interaction
between the two magnetic fields creates a torque [3], [8]. IMs are simple, cheap and
robust motors [8]. However, there are also a few disadvantages, such as low efficiency,
difficulty in controlling at low speeds and low power factor when the load is light
[8]. SynRM is a synchronous motor with a salient rotor [3]. However, drawbacks of
synRMs are that they have lower torque density, lower efficiency and lower power
factor compared to a PMSM [8]. Hence, neither IMs nor synRMs are considered
suitable REE-free alternatives to a PMSM.

EESM has field windings in the rotor that are powered with DC current [2], [4].

2



1. Introduction

There are several ways to transfer energy to the windings in the rotor. One option
is to utilize mechanical slip rings, which use carbon brushes to conduct current to
the rotor field windings [9]. However, the slip rings result in friction losses and
they require some maintenance and this technique is therefore not ideal [2], [9]. To
eliminate the need for slip rings inductive transfer or capacitive transfer can be used
2], [9]. Out of these two, inductive transfer has received more research attention,
and several studies have confirmed that inductive transfer is feasible to use in EESMs
[2], [10], [11]. The possibility of avoiding slip rings makes EESMs more attractive
[12].

EESMs also have the advantage of an additional operation freedom since it is possible
to control the rotor flux by changing the field current [2], [4], [12]. By injecting a
high field current for a short period of time a high peak torque can be reached
[12]. The field current can also be tuned to achieve a high power factor, which
results in a higher efficiency of the stator inverter [2], [4], [12]. Moreover, core losses
can be minimized for low torques by reducing the magnetization [13]. Compared
to PMSMs, EESMs are also better at handling fault conditions since it is possible
to remove the induced electromotive force in the stator by turning off the field
current [2]. Thus, overvoltages that are harmful to the inverter and insulation can
be avoided. Furthermore, for motors operating in the field weakening region, such as
traction motors, it is possible to achieve higher efficiency with an EESM compared
to a PMSM at high speeds [4]

However, there are also a few challenges with using EESMs. One is that the copper
windings may take up more space compared to NdFeB magnets. If the current
density is assumed to be 10 A/mm? a coil may have approximately five times larger
cross-sectional area compared to an equivalent NdFeB magnet [3]. Another challenge
is the copper losses in the rotor. This may affect the efficiency negatively in operating
points where the field current is high compared to the output power [14]. Moreover,
heat will be generated in the copper windings and cooling might be a problem [2],
4], 12].

The characteristics of an EESM make it suitable for traction applications and this
has been the focus of much research about EESMs [2], [4], [12], [13], [14]. However,
few investigations have been done on using EESMs as auxiliary motors that mostly
operate in the constant torque region. In this thesis, the potential of using an
EESM for the application of an air compressor used in buses will be investigated.
The motor operates in the constant torque region and it should be designed for
continuous operation.

1.2 Aim and Research Questions

This study aims to investigate the possibility of using an EESM for an air compressor
application. To carry out this investigation a rotor for the EESM will be designed
and the characteristics and the performance in the constant torque region will be
evaluated using the finite element method (FEM). Both electromagnetic and thermal
properties will be studied through these simulations. A reference IPMSM will be
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used for comparison.

To find the advantages and challenges of using an EESM instead of a PMSM for
an application that operates continuously in the constant torque region this thesis
aims to study the following questions:

o How does the geometry of the rotor of an EESM affect the continuous torque?
Can the EESM achieve the same continuous torque density as the PMSM
using the same cooling method?

o How do the characteristics and the performance of an EESM compare to those
of a PMSM in the constant torque region? Is it possible to achieve comparable
efficiency and power factor with an EESM and a PMSM? Is it possible to
achieve a lower torque ripple with an EESM?

o How do the material and environmental costs of an EESM compare to those
of a PMSM?

o What cooling methods should preferably be used for an EESM?

1.3 Limitations

Due to limited time and resources a few limitations had to be set. The limitations
are listed below.

o Not all parts of the EESM will be investigated. Energy transfer to the field
windings and the corresponding power electronics will not be investigated.
Neither will machine control be included in the study. It is considered more
important to first develop the rotor; without a rotor, there is no use for an
energy transfer system or a control algorithm.

e The results of the study will be limited to the results from the FEM simula-
tions, no real machine will be built. Contrary to simulations, building a new
rotor will take quite a lot of time and resources. Since this is a pilot study, it
is considered more informative to use simulations.

o No new stator will be designed for the EESM, instead the same stator that is
used for the PMSM will be utilized. The reason is that it is too time-consuming
to design a completely new stator for the EESM.

o The stator currents used for the electromagnetic FEM simulation will be pure
sinusoidal and the field current will be pure DC. Thus, there will be less har-
monics in the currents compared to a real motor. When calculating core losses
and performing thermal simulations this will be compensated for. However,
there will be no compensation for other quantities. This simplification is made
for both the EESM and the PMSM. Hence, the comparison of the two motors
is rather fair.



2

Theory for EESMs and PMSMs

In this chapter theory about EESMs and PMSMs is described. To begin with,
some fundamental electromagnetic theory and the working principle of EESMs and
PMSMs are explained. Then mathematical models for the two motors are presented.
Finally, information about the operating region, winding arrangements, losses and
thermal modeling is presented.

2.1 Electromagnetic Theory

To understand the working principle of an electric motor some fundamental electro-
magnetic theory needs to be described. The generation of magnetic fields is essential.
Amperes law in integral form in equation (2.1) describes how an electric current [ in
a winding with NV turns will generate a magnetic field H in a closed path C' around
the winding [15]. The parameter F' is the generated magnetomotive force (MMF).

fHdl:Nf:F (2.1)
C

Furthermore, the magnetic field H is related to the magnetic flux density B by
B = popu,H = pH [15]. Here, pqg is the permeability in vacuum and p, is the relative
permeability. Different types of materials have different values of p, and a high
value indicates that the material has a higher tendency to align its magnetic dipole
moments with an externally applied magnetic field [15]. Ferromagnetic materials,
such as iron, have p, > 1 and the value is not a constant; it depends on the
magnitude of H as well as the history of the material’s magnetization [15]. This
will be described further in section 2.7.2.1. The total magnetic flux ® through a
surface S can be calculated from equation (2.2) [15].

(ID:/SB-ds (2.2)

In a magnetic circuit the relation between MMF and flux is described in equation
(2.3), where R is the reluctance [15]. Reluctance in a magnetic circuit is equivalent
to resistance in an electric circuit.

F = ®R, (2.3)

5



2. Theory for EESMs and PMSMs

A varying magnetic flux induces an electromotive force (EMF) £ in a coil with
N turns according to Faraday’s law of electromagnetic induction in equation (2.4)
[15], [16], [17], [18]. Here, ¥ = N® is the flux linkage. A negative sign is used
since the current corresponding to the induced EMF produces a magnetic field in
the opposite direction of the initial field [17]. Because of that the induced EMF is
sometimes called back EMF [18].

do AU

=N ="a

(2.4)

Flux linkage and current are used to calculate the apparent inductance L according

to equation (2.5) [16], [17]. There is a difference between self inductance and mutual

inductance. The inductance caused by flux that the coil has produced itself is the

self inductance [16]. If the flux is created by another coil the inductance is a mutual
inductance [16].

1\

L=— 2.5

- (25)

2.2  Working Principle of EESMs and PMSMs

Both EESMs and PMSMs are synchronous machines (SMs), meaning that the rotor
rotates with the same speed as the rotating magnetic field caused by the currents
in the stator windings. This principle will be further described in this section.

An SM can have one or more pair of poles p [16]. For electromagnetic calculations of
an SM electrical angles, which describe the electrical position, are often used instead
of mechanical angles, which describe the rotation of the shaft [16]. For a machine
with p pole pairs the relation between electrical degrees 6. and mechanical degrees
6mech is eelec = p@mech [16]

The stator windings are supplied with three-phase currents that can be described
as in equation (2.6) [16], [19]. Here, i,(t), in(t) and i.(t) are the phase currents and
during normal operation they have approximately the same amplitude [19]. The
electrical frequency of the phase currents is f; = wy/2m.

ia(t) = Iycos(wit)
in(t) = Ipcos(wit — 2m/3) (2.6)
ic(t) = I.cos(wit — 4m/3)

Just as the phase currents, the produced MMF of each phase will also have ap-
proximately the same amplitude and be shifted 120° in time with respect to each
other [16]. Moreover, the windings for the three phases are separated 120° electrical
degrees in space [16]. The resulting expressions for the phase MMFs are shown in
equation 2.7. Here F}, is the amplitude of the phase MMF and phase A is shifted
from a reference axis by an angle ¢ [16].

6



2. Theory for EESMs and PMSMs

t,¢) = Fcos(wit)cos(o)
Fy(t,¢) = Frucos(wit — 2w /3)cos(¢p — 27m/3) (2.7)
t,¢) = Fncos(wit — 4w /3)cos(¢p — 4m/3)

The total MMF can then be expressed as in equation (2.8) [16]. It is clear that the
resulting MMF will rotate with a constant angular speed w; electrical rad/s and has
a sinusoidal spatial distribution [16]. However, it should be noted that harmonics
have been ignored in this derivation.

Ft0t<t7 ¢) - Fa(ta ¢) + Fb(ta ¢) + Fc(tv ¢) = 2chos(wlt - ¢) (28)

From the rotating MMF a rotating flux will be generated according to equation
(2.3). During the operation of an EESM or a PMSM the poles in the rotor will lock
in with the rotating magnetic field and the rotor will rotate along with it with an
electrical angular speed of w,. For synchronous operation w, = w; [16]. If the stator
quantities have the frequency f = w;/27 the mechanical speed of the rotor can be
calculated as in equation (2.9) [16]. The unit of Qe is revolutions per minute
(rpm) if f is measured in Hertz (Hz).

60 f

Qmech i (29)

2.3 Mathematical Models

2.3.1 DQ Coordinate System

To describe the electrical performance of SMs it is common to use the dq0 coordi-
nates, with two rotating coordinate axes. These rotating coordinate axes are the
d-axis and the g-axis, where the g-axis is leading the d-axis with 90 electrical de-
grees [16]. In this thesis the dg-frame rotates along with the rotor with a speed of
wy. Furthermore, for analysis of electric machines it is common to set the d-axis
such that it aligns with the main rotor flux [16], [19], this is also implemented in
this thesis. The transformation from the abc-system to the dq0-system for the sta-
tor currents is shown in equation (2.10) and the inverse transformation is shown in
equation (2.11) [16], [20], [21]. In this thesis the constant K is set to 2/3 to get
amplitude-invariant scaling, meaning that the peak value of iq and ¢, are equal to
the peak value of the stator currents [16]. The zero sequence current i is connected
to the symmetry of the three phases. For balanced conditions iy will be equal to 0 A
since i, + i, + ic = 0 A [16]. Furthermore, the angle 6, is the time integral of the
angular velocity w,. The transformations shown in equations (2.10) and (2.11) also
apply to stator flux linkages and voltages.
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iq cos(f;)  cos(, — ) cos(6; — ) ] [ia ia
z:q =K —sirll(er) —sin(91r — ) —sin( - ) ;b = Thbesdqo gb (2.10)
to 2 2 2 b te
T 9 cos(6,) —sin(6;) 11 [44 4
in| =35 cos(f, — 2) —sin(0, — 3F) 1| |iq| = Tuqo—sabe |iq (2.11)
Qe cos(f, — ) —sin(f, — F) 1] |ig io

For synchronous operation (w, = w;) in steady state iq and i, are constant and can
be expressed in terms of the stator current amplitude I using the current angle 0
as shown in equation (2.12) [16]. Also other quantities, such as inductances, are
constant in the dg-frame.

1q = Iscosf
4T (2.12)
iq = Issind

2.3.2 Mathematical Machine Model

To understand and analyze the performance of the EESM a mathematical model
is needed. In this mathematical model the core losses are neglected and how to
account for those will be described in Section 2.7.2. Furthermore, it should be
noted that in the mathematical description of the motors lower-case letters i, u etc.
are for instantaneous quantities and upper-case letters I, U etc. describe quantities
in steady state. The DQ coordinate system is used for the mathematical model. As
suggested in [2] a third axis, the f-axis, is introduced for the mathematical modeling
of the EESM to take the quantities associated with the field windings in the rotor
into account.

Important quantities for an EESM are the terminal voltages u, the currents ¢ and
the flux linkages W, these are shown in equation (2.13) [2], [22]. These vectors
contain information about the d-axis, g-axis and f-axis quantities. The direction
of the d- and g-axes and the corresponding flux paths for an EESM are shown in
Figure 2.1.

Uq g Wy
w=|ug i = |ig|, o= |7, (2.13)
ug it Wy
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1 d-axis

Figure 2.1: Direction of d-axis and g-axis and the corresponding flux paths for an
EESM.

The terminal voltages can be calculated from equation (2.14) [2], [22].

dw

The matrix R contains the per phase resistance of the stator windings Ry and the
resistance of the field windings Ry. The resistance matrix is shown together with the
speed matrix w in equation (2.15) [2], [22]. In the speed matrix w, is the angular
velocity of the rotor [2].

Ry 0 0 0 —w, O
R=|0 Ry 0], w=|w 0 0 (2.15)
0 0 R 0O 0 0

aw
In steady state the term —— is equal to zero and the terminal voltages can be

calculated as in equation (2.16) [2].

Ud Rs[d — wr\IJq
U= |U,| = |Ry+w¥y (2.16)
U Rl

According to equation (2.5) the flux linkages can be calculated from the apparent
inductances as ¥ = LI. The inductance matrix L is shown in equation (2.17) and
it contains the self inductances Lgq, Lqq and Lg and the mutual inductances [2].



2. Theory for EESMs and PMSMs

Lga Laq Las
L=|Ly Ly Ly (2.17)
Ly Lig Lg

Commonly, the mutual inductances between the d-axis and the g-axis are small
compared to the other inductances; thus, these mutual inductances may be neglected
and equation (2.18) can be obtained [2]. Here, the self inductances are renamed as
Lq4, Ly and Lf and the mutual inductances between the d-axis and the field winding
are expressed in terms of a mutual inductance L,,. The factor 3/2 in Ly = 3/2Ly,
comes from the amplitude-invariant dq0 transformation [2].

Laa 0 Lgs Ly 0 L,
Lra|0 Lg 0|=|0 L 0 (2.18)
Lg 0 Lg 3L 0 L

Equation (2.16) can then be rewritten as

Uy Rl — w Ly, Ry — w, Ly,
U = Uq = Rsfq + WrLd[d + ermIf = Rsfq + erd[d + wr\I/RM . (219)
Us Rel¢ Rl

Here, Wy is the part of the rotor flux that passes through the air gap [18]. For a
PMSM Wgy; is the part of the flux from the permanent magnets that pass through
the air gap [18]. Moreover, for a PMSM there is no field winding, then only the
terminal voltages Uy and U, are of interest.

2.3.3 Instantaneous Power and Electromagnetic Torque

The complex instantaneous apparent power s is calculated by multiplying the in-
stantaneous voltage vector with the conjugate of the instantaneous current vector
[23]. The real part of the apparent power is then the active power p and the imagi-
nary part is the reactive power ¢ [23]. The instantaneous stator apparent power s
can be calculated as

AT . . g 3, . . . . . .
Ss=Ug 15 = §<ud +]uq>(2d - qu) = i(udld + uqlq> +J§(uqld - uqu) = Ds +JQS7
(2.20)

3
where the factor 5 comes from the amplitude-invariant transformation [20]. Using

equation (2.14) the active stator power can further be expressed as in equation (2.21)
[18].

3 . ) 3
ps = 5Rs(zzl + Zé) + = <

AV, ,d\I/q> 3
2

Zd% + Zqﬁ + Ewr(qjdiq — qjqid) (221)

10
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The first term is the copper losses in the stator windings and these will be further
explained in section 2.7.1 [18]. The second term accounts for the rate of change of
the stored energy in the inductive coupling and it is equal to zero in steady state
operation [18]. The third term is the power transferred across the air gap, caused by
the interaction between stator currents and the induced EMFs in the stator windings
[2], [18]. This power is called the electromagnetic power pey,. The electromagnetic
torque is obtained by dividing the electromagnetic power with the mechanical speed
Qmech: Tom = Pem/Qmeen [18]. Since the mechanical speed is equal to Qe = wi/p
the torque can be expressed as in equation (2.22) [18].

3p, .
T = Ep(\ydzq — Wyiq) (2.22)

Using that W4 = Lqlq + Yrm and ¥y = Lyl the electromagnetic torque can be
calculated as shown in equation (2.23).

3p

Tem =
2

(Wrniq + (La — Lqg)iatq) (2.23)
Here, the flux generated in the rotor creates the part of the torque that contains
the term Wgy;. Differences in the reluctance of the d-axis and g-axis will generate

a reluctance torque, which is the part of the torque that contains the term Lg — L
[19].

The relation between the electromagnetic torque 7, and the mechanical torque T},
can be described using the swing equation, shown in equation (2.24) [16]. Here, J
is the moment of inertia and Q,cq is the mechanical angular velocity of the rotor
as before. For motor operation negative values for Ty, and 7Ty, should be used [16].

deeCh
J =T, — Ton, 2.24

2.4 Operating Region

Electric motors that have different applications also have different operating points.
However, in this section the entire operating region for an EESM and a PMSM will
be described to get a clear picture of how the motors operate. In Section 3.1 the
operating region of the designed motor will be explained further.

2.4.1 Current and Voltage Limits

The torque and power output of an EESM and a PMSM is limited by the maximum
stator current amplitude I . and the maximum stator voltage amplitude Us yax.-
The current limit can be described as

iq+ii<I? (2.25)

S,max’

11
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which is equivalent to a circle with radius I mayx in the dg-plane [2], [24].

The voltage limit is

ud + ud < UZpox- (2.26)

For steady state operation, the voltage limit is equivalent to equation (2.27) if the
resistive voltage drops are neglected [2], [24].

(Wqu—[Ol)2 + (weLalg + w,Wgn)? < U2

s,max

(2.27)

The voltage limit is an ellipse in the dg-plane the corresponding equation is shown
in equation (2.28) [2]. The center of the ellipse is at Iy = Icenter and I, = 0. The
semi-axes are a and b.

([d - Icenter)2 ]c? q]RM Us max Us max

Ad T Seemter] L 2 ] e = — _ Zomax -y Jemax

a? + b2 — 7 ’ Ly “ wyLg wr Lq
(2.28)

The current limit circle and the voltage limit ellipse for an EESM are shown in Figure
2.2. Note that the radius of the circle is equal to the maximum stator current /g yax.
The voltage limit ellipse will move towards the left when the field current increases
and it will shrink towards the center when the speed increases [2]. This voltage limit
ellipse is plotted for Lq > L, for Ly > Lq the ellipse would have the d-axis as the
major axis.

g-axis

Voltage Current

limit limit circle
ellipse
d-axis

Figure 2.2: Current limit circle and voltage limit ellipse in the dg-plane for an
EESM with Ly > L.

2.4.2 Torque-Speed Curve

Figure 2.3 shows the entire operating region of an EESM or a PMSM. Often the
operating region is divided into two speed regions; below the base speed wy,ge is the
constant torque region and above whase is the flux-weakening region [24].

12
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_ Constant
torque region

Flux-weakening
region

Torque

Whase SpEEd

Figure 2.3: Torque-speed curve.

In the constant torque region, the stator voltage is below Usmax and the torque
output is limited by I max [24]. To get the maximum torque, given a constant flux
Uz from the rotor, maximum torque per ampere (MTPA) can be used to determine
the current angle ¢ in the dg-frame according to equation (2.29) [2], [24].

—Unn + /Whas + 8(La — Lo)?12
4(Lq — Ly)1s

cos(f) = (2.29)

When the speed increases the voltage limit ellipse shrinks. At the base speed wpase
the operating point is the intersection point between the current limit circle and the
voltage limit ellipse [2], [24]. If the speed increases further the motor operates in the
flux-weakening region. Here, the operating point is still the intersection point of the
current limit circle and the voltage limit ellipse, which moves in a counter-clockwise
direction in the dg-plane [2], [24]. This is called constant power operation [24]. In
the case of the center of the voltage limit ellipse being inside the current limit circle,
the stator current will have to decrease from I max for very high speeds [24].

2.4.3 Power Factor

Power factor, PF, is defined as

pr=", (2.30)
S

where p is the active power and s is the apparent power [23]. For an EESM it is
possible to change the power factor by adjusting the field current [2]. High power
factor results in a high efficiency of the stator inverter since there will be lower losses
in the switches [22]. Moreover, for high speeds, the torque can be maximized by
setting the power factor to unity and operate at peak active power [2].

13
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2.5 Stator Winding Arrangements

For a three-phase electric machine there are multiple ways to arrange the stator
windings and the stator slots. Common types of winding arrangements in three-
phase PMSMs are overlapping distributed windings, overlapping concentrated wind-
ings and nonoverlapping concentrated windings, which could be either single layer
or double layer [25]. Tllustrations of these types of winding arrangements are shown
in Figure 2.4. Nonoverlapping concentrated winding is called fractional-slot concen-
trated winding (FSCW) [25], and this type of winding arrangement will be of focus
in this thesis. From Figures 2.4c and 2.4d it can be seen that when FSCW is used
all turns in one stator coil are wound around one stator tooth.

Phase A Phase A

Phase B Phase C Phase B Phase C

(a) Overlapping distributed winding. (b) Overlapping concentrated
winding.

Phase A Phase A

Phase B Phase C Phase B Phase C

(c) Double layer nonoverlapping (d) Single layer nonoverlapping

concentrated winding. concentrated winding.

Figure 2.4: Illustration of different stator windings for a motor with 2 pole pairs.

2.5.1 Fractional-Slot Concentrated Winding

In general, FSCW provides higher torque density compared to other winding con-
figurations and this is because the stator slot fill factor is high and the end windings
are short [26]. To have short end windings is advantageous for short motors with a

14
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radial flux [26], which are characteristics of the motors investigated in this thesis.
However, the MMF waveforms generated by FSCW usually have a higher harmonic
content compared to MMF waveforms generated by distributed windings [25]. These
harmonics can be both sub- (lower than fundamental frequency) and super- (higher
than fundamental frequency) harmonics and they might cause large rotor core losses.
[26].

When implementing FSCW in an electric machine there are some important aspects
to consider. The number of slots per pole per phase ¢ can be calculated as

Q

q:%,

(2.31)

where () is the number of stator slots, p is the number of pole pairs and m is the
number of phases [26], [27]. For a machine with FSCW the value of ¢ is smaller
than one (¢ < 1), and most commonly ¥ < ¢ < 1 [26]. It should be noted that
for a FSCW machine with ¢ = % the torque-producing harmonic component is also
the fundamental component, all other values of ¢ result in MMF subharmonics [25],

[26].

The selected combination of ) and p also affects the winding factor of the torque-
producing harmonic component. This winding factor is proportional to the gener-
ated torque; therefore, it is beneficial if its value is high [27]. According to [26] the
winding factor of the torque-producing harmonic component should be higher than
0.85.

Moreover, the combination of ) and p influences the periodicity of the machine.
Periodicity is calculated as the greatest common divisor of the number of stator
slots () and the pole pairs p and the value describes the number of electromagnetic
symmetric parts into which the electric machine can be divided [26]. The value of
the periodicity should be larger than 1 to minimize noise and vibrations caused by
forces acting on the rotor [26].

2.6 Torque Ripple

The constant part of the electromagnetic torque is shown in equations (2.22) and
(2.23). However, there will also be additional torque components that oscillate and
pulsate and those contribute to the torque ripple. Torque ripple is undesirable since
it causes noise, vibrations and mechanical stress. In this thesis the torque ripple,
expressed as a percentage, is calculated as

Tmax - Tmin
avg

where T., is the maximum torque value, Ty, is the minimum torque value and
T,ve is the average torque value.
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The total generated torque can be expressed as in equation (2.33). Here, toa) iS
the generated electromagnetic torque, Tq is the constant part of the torque that is
described in equations (2.22) and (2.23), t;, is torque generated from harmonics and
teog 1s the cogging torque.

Liotal = TO +tn + tcog (233>

The harmonic torque ¢, contains several components: torque generated from har-
monics in the stator current, torque generated from harmonics in magnetic flux and
torque generated from the interaction between harmonics in the stator current and
harmonics in the magnetic flux [28]. The torque generated from the interaction be-
tween harmonics in the stator current and harmonics in the magnetic flux is much
smaller compared to the other two and can therefore be neglected [28].

Cogging torque, Tt,, is produced from the interaction between the iron in the stator
and the magnetic flux produced in the rotor. The rotor magnetic flux naturally aligns
with the flux path with the lowest reluctance, which causes an unsmooth rotation
of the rotor [29], [30]. Since cogging torque is caused by reluctance it is present
no matter the amplitude of the stator current [29], [30]. The period of the cogging
torque in mechanical degrees is

360°

Ocos = LCM(Q,2p)’

(2.34)

where LOCM(Q,2p) is the least common multiplier between the number of slots
and number of poles [30]. To obtain a low cogging torque LCM(Q,2p) and the
periodicity of the motor should be high [26].

2.6.1 Harmonics in Three-Phase Electric Machines

Even harmonics will disappear in a three-phase electric motor if the input signals
are half-wave symmetric [19]. Moreover, also third order harmonics n = 3k, (k =
1,2,3...) are canceled for the currents in a balanced three-phase system with a star
connection and no neutral [19]. This is because the third order harmonic components
from the three phases are equal with the same phase angles and amplitudes [19]. If
there is no neutral the third order harmonic currents have to add up to zero, meaning
that each one of them is zero. The third order harmonics will also cancel in the line
voltages. Hence, for EESMs and PMSMs with three phases and no neutral winding
the harmonics in the currents and in the line voltages are of orders n = 6k — 1 and
n=6k+1(k=1,23..)[19].

Torque ripple produced by the interaction of the fundamental current and harmonic
flux and the torque ripple produced by the interaction of the fundamental flux and
harmonic current will be of order n = 6k (k = 1,2,3...). Other harmonics will be
canceled.

Total harmonic distortion (THD) is a measurement of the amount of harmonics in
current and voltage waveforms [31]. In this thesis, THD is calculated in comparison
to the fundamental component V] as shown in equation (2.35). Here, V; are the
amplitudes or the root mean square (RMS) values of the harmonics [31].
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oo 2
n=2 ‘/;1

THD =
‘/12

(2.35)

2.7 Losses in an Electric Machine

There are several different types of losses in an electrical machine, such as copper
losses, iron losses and mechanical losses due to rotation [18]. In this thesis, copper
losses and iron losses will be of focus and they are described further in this section.

2.7.1 Copper Losses

When current flow through a copper winding there will be losses. Both EESM
and PMSM have copper losses in the stator windings and the total copper loss
from all three phases can be calculated as in equation (2.36) [18]. Here, amplitude-
invariant transformation has been used and R, is the per phase resistance of the
stator windings.

3. .
Pous = 5(23 +i2) Ry (2.36)
In an EESM there are also copper losses in the field windings in the rotor. These

losses can be calculated as in equation (2.37), where, i; is the field current and Ry is
the resistance of the field winding [18].

Pous = if Ry, (2.37)
The resistance R of a copper winding can be calculated as

_pL

R T

(2.38)

where p is the resistivity, L is the length of the wire and A is the cross section area
of the wire [32]. Moreover, the resistivity is temperature dependent according to
equation (2.39), where p is the resistivity at temperature 7', py is the resistivity at
temperature Ty and « is the temperature coefficient [32]. The constant « is different
for different materials.

p=rpo(l+a(T =T)) (2.39)

2.7.2 Core Losses

Electromagnetic fields that vary with time will generate core losses in an electric
machine [18], [33]. These losses are not taken into account in the mathematical
model of the EESM in Section 2.3.2 but they will be described further in this section.
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2.7.2.1 Hysteresis Losses

Ferromagnetic materials, such as the laminated steel in an electric machine, are
composed of small domains. Every domain contains approximately 10> to 106
atoms with aligning magnetic dipole moments [15]. The boundaries of a domain are
called domain walls and an externally applied field will cause the domain walls to
move. If the applied field is strong enough to cause rotation of domains, such that
the magnetic dipole moments align with the external field, the movements of the
domain walls are said to be non-reversible [15]. This causes the magnetization of
the ferromagnetic material to lag and the phenomenon is called hysteresis [15]. If
the applied magnetic field varies between + H,, the magnetic flux density will follow
the hysteresis loop shown in Figure 2.5 [15]. Here, the lagging effect is clear; when
the magnetic field H reaches 0 A/m there is still a flux density B,. This flux density
is called the remanence flux density [17]. A negative magnetic field —H,, called the
coercive force, must be applied to reduce the magnetic flux density to 0T [17].

B [T]
B’l"
Bm
-
H [A/m]
Bm
Hm Hm -

Figure 2.5: Hysteresis loop.

The area enclosed by the loop is proportional to the hysteresis loss per unit volume
for each magnetic field period [15], [18]. This loss is caused by friction from rotation
and movements of the domains [15], [18]. The corresponding power loss can be
calculated from equation (2.40) [2], [17], [18]. Here, B, is the amplitude of the
magnetic flux density, ky, is a material-dependent constant and M is the mass of the
core material.

ph = knfBaM (2.40)
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2.7.2.2 Eddy Current Losses

Eddy current losses in the laminated steel are caused by the fact that the steel is
conductive [18]. When a varying magnetic field is applied on the core, EMF will be
induced in conductive contours in the iron according to equation (2.4) [18]. This
results in currents flowing in these contours as shown in Figure 2.6 [17], [18]. These
currents are called eddy currents and they cause eddy current losses.

Figure 2.6: Illustration of eddy current I. generated due to the varying magnetic
field B.

Assuming that the magnetic flux density has a magnitude of B,, and varies with a
frequency f, the EMF amplitude will be proportional to the product of the magnetic
flux density amplitude and the frequency, € o« f By, [18]. The induced current I¢ can
be calculated as £/ R, where R is the resistance in the contour [18]. Thus, it is true
that Ic « fBn/Rc [18]. Power losses due to the eddy current I are proportional
to Rclg o< Rcf?B2 and therefore the power loss caused by eddy currents can be
calculated as in equation (2.41) [18]. Here, k. is a constant that depends on the
material.

pe = ko f?B2M (2.41)

Traditionally, the total core loss is calculated as the sum of hysteresis losses and
classical eddy current losses [33]. However, it has been shown that for many ferro-
magnetic materials the actual amount of eddy current loss is larger than the classical
eddy current losses described above [33], [34]. To compensate for the difference be-
tween experimental results and the theoretical value of py, + p., excess eddy current
losses may be added [33], [34]. The power loss due to excess eddy currents can be
calculated as in equation (2.42) [33]. As before, k. is a material-dependent constant
[33].

pe = ko fYBLM (2.42)
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2.7.3 Efficiency

The efficiency n can be calculated as

%] = Lot 100 = Pem 100, (2.43)
Pin Pem + Pcu + DFe

where pen, is the electromagnetic power, pcy = Pcus + Pouys is the total copper loss
and pre = pn + Pe + pe is the total core loss. It should be noted that only copper
losses and core losses are considered to calculate the efficiency in this thesis, other
losses such as mechanical losses are neglected.

2.8 Thermal Modeling

Losses in an electrical machine will cause the temperature to increase. There are
several mechanisms for heat transfer: conduction, convection and radiation [35]. In
this thesis focus will be on modeling the temperature in an electric machine using
conduction and convection.

2.8.1 Conduction

In gases and liquids, heat is transferred by conduction when molecules with high
energy collide with molecules with lower energy [35]. In solids the heat is instead
transferred by lattice vibrations [35]. The heat is always transferred from a re-
gion with a higher temperature to a region with a lower temperature and the heat
flux g can be calculated from Fourier’s law in equation (2.44) [35]. Here, k is the
thermal conductivity and V7' is the temperature gradient. Hence, higher thermal
conductivity results in a larger heat flux.

q=—kVT (2.44)

2.8.2 Convection

Temperature differences within fluids cause density differences. These density differ-
ences result in movements of the fluid and heat is transferred by natural convection
[36]. Heat can also be transferred by forced convection and that is when the move-
ments of the fluid are caused by external forces, such as a pump or a fan [36]. The
heat flux to or away from a surface with temperature T} is calculated from Newton’s
law of cooling in equation (2.45) [35].

q=hT; - Tx) (2.45)

Here, h is the convective heat transfer coefficient and T, is the temperature of the
cooling fluid.
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Initial Model Setup

In this chapter, the initial model setup for the EESM is described in detail. First,
the operating region of the air compressor is presented. Then, the setups for electro-
magnetic and thermal simulations of both the EESM and the reference PMSM are
described. For these simulations the finite element method (FEM) is used. FEM
is a method that numerically solves partial differential equations in subdomains,
so-called finite elements, that are part of a larger domain. Finally in this chapter,
a method for geometry optimization of the EESM and methods for current opti-
mization are explained. Since this project only includes simulations and no external
data is collected it is considered to have no environmental, societal or ethical conse-
quences. Thus, there is no further discussion on those aspects regarding the method
choice.

3.1 Air Compressor

The motor investigated in this thesis is for the application of an air compressor.
This air compressor is used to create pressure in a tank to open the entry doors in
buses. The motor is powered by a battery with a DC voltage of 600 V.

3.1.1 Operating Region for the Air Compressor

The operating point of the compressor is dependent on the pressure in the tank,
and this is shown in Table 3.1. The corresponding torque-speed curves can be seen
in Figure 3.1. It is shown that the pressure in the tank can vary between 8 bar
and 15bar, the speed can vary between 1500 rpm to 3500 rpm and the torque can
vary between 12.6 Nm to 22.2 Nm. For this project, an operating region is defined.
This operating region includes all torque values between 12.6 Nm and 22.2 Nm in the
speed interval 1500 rpm to 3500 rpm. This is a simplification that gives a slightly
larger operating region than that in Figure 3.1.
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Table 3.1: Torque at different speeds and pressures for the air compressor.

Pressure 8 bar 10 bar 11 bar 13 bar 15 bar
Speed
1500 rpm 13.7Nm | 15,6 Nm | 17.2Nm | 19.1 Nm | 22.2Nm
2000 rpm 13.3Nm | 15.0Nm | 16.2Nm | 18.1 Nm | 20.7 Nm
2500 rpm 12.7Nm | 14.4Nm | 15.7Nm | 17.8 Nm | 19.9 Nm
3000 rpm 12.6 Nm | 14.2Nm | 15.4Nm | 17.4Nm | 19.4 Nm
3500 rpm 126 Nm | 14.2Nm | 15.4Nm | 17.3Nm | 19.1 Nm

20t 15bar\
18 \ 13 bar\

16 11 bar

10 bar —

\
8 bar

12 ' ' '
1500 2000 2500 3000 3500

Speed [rpm]

Figure 3.1: Torque-speed curves for different pressures.

3.1.2 Nominal Operating Point and Design Requirements

Rated power, nominal torque, nominal speed and nominal voltage for the motor
are shown in Table 3.2. The designed EESM must fulfill the requirement regarding
nominal torque at the nominal speed for continuous operation.

Table 3.2: Rated and nominal values for the reference PMSM.

Rated power (W) 7300
Nominal torque (Nm) | 20
Nominal speed (rpm) | 3500
Nominal voltage (V) | 600

Other aspects to consider are the temperature in the motor and the torque ripple.
The motor may operate for long times and should therefore be designed for contin-
uous operation. The maximum temperature in the motor should never be higher
than 170°C to not speed up the aging process of the motor. The temperature in
the motor should not surpass this temperature limit for continuous operation at
operating points with a torque of 20 Nm (nominal torque) or lower. The stator of
the reference PMSM is water-cooled. If nothing else is mentioned, this cooling tech-
nique was also used for the thermal analysis of different EESM designs. Moreover,
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torque ripple is not very important for an air compressor application. However,
to avoid unnecessary noise, vibrations and mechanical stress the torque ripple of
the designed EESM should not be larger than that of the reference PMSM in the
nominal operating point. The torque ripple of the PMSM at the nominal operating
point is 59.0 %.

3.2 Setup in Ansys Maxwell for Electromagnetic
Simulations

In this section it is described how the PMSM and the EESM were implemented in
the software Ansys Maxwell for electromagnetic analysis.

3.2.1 Implemented Geometries

Both the geometry of the PMSM and the geometry of the EESM were implemented
in 2D to save computational cost. Furthermore, only one fourth of the radial cross
section was implemented. This simplification was possible to do since the machines
have four pole pairs and each pole pair will have the same electromagnetic behavior.

The topology of the reference PMSM is shown in Figure 3.2. The motor has a
three-phase double layer FSCW with 12 stator slots. The coils for each phase are
connected in series. The number of pole pairs is equal to 4. Thus, the number of slots
per pole per phase is ¢ = %, and it is therefore the fundamental component that will
produce the torque. This winding configuration has a fundamental winding factor
of 0.866 [26]. Moreover, according to [26], this winding configuration also has high
enough periodicity and LC'M (Q, 2p) to limit noise, vibrations and cogging torque.

Figure 3.2: Geometry of reference PMSM.

A base model of the EESM is shown in Figure 3.3a. Similar models have been
investigated for traction applications, and shown to be a promising alternative to
PMSMs, in several previous studies [2], [4] [12], [14], [37]. The parameters x; o,
x3, x4 and x5 of the rotor pole of the EESM are shown in Figure 3.3b. These
parameters are the rotor pole body width, rotor pole body height, rotor pole shoe
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width, rotor pole shoe height and the total height of the rotor pole shoe, respectively.
These parameters will be optimized from a parametric sweep described in Section
3.4. The rotor coils in Figure 3.3a are used for the electromagnetic simulations.
However, in a real motor the total copper area will be equal to the product of the
fill factor and the slot area, Acy, = K anA;siot. The rotor slot area will be different
for different combinations of the parameters x; xs, x3 x4 and xs5; thus, different
numbers of turns of the field winding will be used for the different designs.

Furthermore, since the winding configuration used in the PMSM is considered to
have rather good performance the same stator and winding configuration was used
for the EESM to simplify the design process.

X3
Xa1 X5
X2
X1 1
|—|\
(a) EESM base model. (b) Rotor pole parameters.

Figure 3.3: Geometry of a base model of the EESM.

3.2.2 TImportant Design Parameters

Important design parameters for both the PMSM and the EESM are shown in Table
3.3. These parameters will be fixed for the parametric sweep and, therefore, the pole
parameters, the number of turns of the field winding and the field winding resistance
are not shown in the table.
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Table 3.3: Design parameters for the PMSM and the initial EESM model.

Parameter Denotation | PMSM | EESM | Unit
Shaft length Lgpast 47 47 mm
Outer diameter of stator O Dgiator 176 176 min
Inner diameter of stator IDgator 105 105 mim
Air gap Gair 0.5 0.5 mm
Shaft diameter Ashaft 30 30 min
Number of stator slots Q 12 12 -
Number of pole pairs D 4 4 -
Number of phases m 3 3 -
Number of slots per pole per phase | ¢ 1/2 1/2 -
Wire diameter stator ds wire 1.5 1.5 mim
Wire diameter rotor dy wire - 1 mm
Fill factor stator ks s 0.32808 | 0.32808 | -
Fill factor rotor ky - 0.32 -
Stator slot area As ot 474.00 | 474.00 | mm?
Stator winding number of turns Ns turns 44 44 -
Stator phase resistance (20°C) R 20 0.303 0.303 Q
Stator phase resistance (120 °C) R 0.421 0.421 Q
DC link voltage Upc 600 600 \Y
Maximum stator current amplitude | s max 59.3 59.3 A
Maximum field current It max 22 22 A
Maximum temperature T rnax 170 170 °C

A few things should be noted regarding the strand diameter of the field winding, the
fill factor of the rotor slots, the resistance estimations and the maximum currents.
The strand diameter of the field winding d, wir had to be chosen. Values between
0.7mm and 1.4mm were considered feasible and the value was arbitrarily set to
1 mm. The fill factor of the rotor slots k, s was also estimated. It was not considered
possible to achieve a higher fill factor than what is used for the stator winding and
the fill factor in the rotor was therefore set to k. sy = 0.32.

The resistance of both the stator windings and the field winding also had to be
estimated to calculate the copper losses. The procedure for this is shown in Appendix
A. In Table 3.3 the resistances are presented both at 20°C and 120 °C. The values
at 120 °C are the resistances used for thermal modeling and copper loss calculations.

Moreover, the maximum stator phase current amplitude I yax is the maximum
current that can be provided by the inverter. Thermal issues must be taken into
account to decide the maximum current that the motor can be provided with con-
tinuously. The maximum field current If, .y is also the maximum current that can
be provided to the field windings for a short amount of time. This value was chosen
rather arbitrarily since the energy transfer to the rotor is not investigated in this
thesis. Moreover, the maximum field current will affect the maximum peak torque;
however, this value is not significant since it is the continuous torque that matters.
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3.2.3 DMaterial Properties for Electromagnetic Simulations

The rotor and the stator in both the reference PMSM and the EESM are made
of the steel material M310-50A [38], which B-H curve is shown in Appendix B.
The hysteresis coefficient was set to k, = 291.432 W /m3, the classical eddy current
coefficient was set to k. = 0.693 W/m? and the excess eddy current coefficient was
set to ke = 0W/m3. The density of M310-50A is typically 7650 kg/m3 [39].

The windings in the stator and the windings in the rotor of the EESM are made
of annealed copper with a resistivity of 1.724 - 1078 Qm at the temperature 20°C
[32]. The constant « is 3.9 - 1072 K~! [32]. Furthermore, copper has a density of
8960 kg/m? [32].

The PMSM has no rotor windings, but it has permanent magnets. These magnets
are of the type NdFeB45SH. This magnet has a maximum energy product (BH )pax
of 45 MGOQe.

3.2.4 Implemented Mesh

Both motors were meshed to generate subdomains for the FEM analysis. The mesh
of the reference PMSM is shown in Figure 3.4a and the mesh around the air gap
can be seen in more detail in Figure 3.4b. The number of mesh elements in the
PMSM model is 8710. Similar mesh settings were used for the EESM and the mesh
is shown in Figure 3.4c. In Figure 3.4d the mesh close to the air gap for the EESM
is shown. The number of mesh elements in the EESM model is around 10000, the
exact value differs for different designs. For both motors, the mesh is very fine in
the air gap to capture the electromagnetic interaction of the stator and the rotor.
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(c)/ Mésh fbf EESM. | (d) Mesh in airgap for EESM.

Figure 3.4: Mesh for both motors.

3.2.5 Analysis Setup

In Ansys Maxwell, the stator currents were modeled as pure sinusoidal waves and the
field current was modeled as a pure DC current. The maximum currents presented
in Table 3.3 are assumed to also include various disturbances and harmonics, which
currents in a real electric motor do. Thus, the maximum values of the pure sinusoidal
stator current and the pure DC field current should not be set to the maximum
values in Table 3.3, a margin to account for the disturbances and harmonics should
be implemented. This margin was set to 10%. Thus, for the analyses in Ansys
Maxwell the maximum stator current amplitude was set to 59.3/1.1 A = 53.9 A and
the maximum field current was set to 22/1.1 A = 20 A.

Furthermore, a time step had to be set for the electromagnetic analyses. A very small
time step would result in a long simulation time and if a too long time step was used
the torque ripple would not be captured. A sweep of the time step was performed
with values between 4 s and 80 ps and average torque, torque ripple, THD and core
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losses were investigated. The speed was set to the nominal speed of 3500 rpm. It
was concluded that a time step of 40ps captured all quantities of interest. This
corresponds to approximately 19 measurement points for each period of the sixth
harmonic of the torque ripple. Hence, the time step was set to 40 ps. For simulations
on lower speeds the time step was set such that there were 20 measurement points
for each period of the sixth torque ripple harmonic.

3.3 Setup in Ansys Mechanical for Thermal Sim-
ulations

The temperature in the motor increases during operation due to losses. To estimate
the maximum currents that the EESM can be fed with without overheating thermal
simulations in Ansys Mechanical were performed. Several assumptions were made
to simplify the setup of the thermal model and those will be described further in
this section. It should be noted that depending on how accurate these assumptions
are the thermal analysis may be more or less correct. Therefore, the thermal results
will mainly be used to give an idea of how different current values influence the
temperature in the EESM, not to determine any exact values.

3.3.1 Thermal Results for the Reference PMSM

Thermal simulations and measurements have been performed on the reference PMSM
before the start of this project. It has been concluded that the core losses in the ro-
tor can be neglected for thermal simulations and that the maximum phase current
amplitude that can be provided to the stator in continuous operation is 23.73 A.
Note that this current amplitude includes the disturbances and harmonics that are
present in a real motor. To get the corresponding pure sinusoidal current used in
Ansys Maxwell a margin of 10 % should be used.

3.3.2 Implemented Geometries

For the PMSM core losses in the stator and the rotor and copper losses in the stator
windings will generate heat. Since it already has been concluded that the rotor
core losses do not contribute to the steady state temperature, only the stator was
investigated and the implemented geometry is shown in figure 3.5a. This is a 3D
model and the length of the stator is the actual stack length Lg.q.. Note that no
isolated copper strands are modeled in the stator slots, instead the slots consist of a
homogeneous equivalent material. This is a simplification that was made to reduce
the complexity of the geometry and boundary conditions.

Figure 3.5b shows the implemented geometry of the EESM. The stator is the same as
for the PMSM, however, due to copper losses in the field windings also the rotor had
to be considered. The rotor slots are also modeled with an equivalent homogeneous
material.
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L0

(a) PMSM. (b) EESM.

Figure 3.5: Implemented geometries for thermal simulations.

Another simplification is that the end windings are not modeled. The main reason
for this simplification is that the isolated copper wires will have different thermal con-
ductivity in different directions. This makes it difficult to implement an equivalent
material for the isolated copper that conducts current in more than one direction.
The thermal conductivity of the equivalent material will be further discussed in Sec-
tion 3.3.3. However, with no end windings the cooling will be less efficient, causing
the thermal model to overestimate the temperature.

3.3.3 Material Properties for Thermal Simulations

Thermal conductivity is an important material property for thermal analysis. The
laminated steel has higher thermal conductivity within one layer compared to be-
tween two layers. In Figure 3.6a this corresponds to a thermal conductivity value of
27W/(m - K) in the x- and y-directions and a thermal conductivity of 0.27 W/(m - K)
in the z-direction. These values were recommended to use by the R&D department
at Aros Electronics.

The isolated copper wires are modeled with a homogeneous material that has an
equivalent thermal conductivity to the isolated copper wires. Copper has a much
higher thermal conductivity compared to the isolation layer around the copper
strands. The thermal conductivity of copper is 401 W/(m - K) and the thermal
conductivity of the isolation layer is 0.18 W/(m - K) [32]. In the direction that the
current flows, the z-direction in Figure 3.6b, the thermal conductivity was set to be
the same as for copper. However, the isolation layer will greatly affect the thermal
conductivity between the strands. Previous thermal measurements on the PMSM
were used to find a suitable value for the thermal conductivity in the x- and y-
directions in Figure 3.6b for the homogeneous material. These measurements show
that the PMSM reaches the maximum temperature 170 °C when it is fed with the
current amplitude 23.73 A. By setting the stator current amplitude to 23.73 A and
using the corresponding core losses it was found that the thermal conductivity in
the x- and y-directions must be 0.76 W/(m - K) for the temperature to reach 170°C.
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Here, the model in Figure 3.5a was used. However, it was assumed that the thermal
conductivity 0.76 W/(m - K) could be used for both the stator slots and the rotor
slots for the EESM.

The thermal conductivity in the air gap also had to be estimated. Air has a thermal
conductivity of 0.0254 W/(m - K) [32]. Since the air in the air gap is moving when
the rotor rotates it was considered necessary to set the thermal conductivity to
a value slightly higher than 0.0254 W/(m - K). Recommendations from the R&D
department at Aros suggested that the thermal conductivity in the air gap should
be close to 0.1 W/(m - K), and this value was therefore used.

iy

(a) Laminated steel. (b) Isolated copper
wires.

Figure 3.6: Illustration of laminated steel and isolated copper wires.

3.3.4 Implemented Mesh

The mesh of the thermal model of the EESM is shown in Figure 3.7 and contains
232278 elements. The minimum length of an element edge is 0.0042mm and the
maximum is 16 mm. It should be noted that these values varied slightly depending
on the pole parameters.

30



3. Initial Model Setup

S
ROV
VAVAYY Y K]
s

D

s
5
’A<

%
1
i
<]
-

V/IYRORN]
VOKICKRT
f“f#‘

SRR
VSNSRI EE
OV

R

Figure 3.7: Mesh for EESM in Ansys Mechanical.

3.3.5 Boundary Conditions for Thermal Simulations

Both copper losses and core losses had to be added to the thermal models. Copper
losses were added to the stator slots for the PMSM and the stator slots as well as the
rotor slots for the EESM. These copper losses were calculated from equations (2.36)
and (2.37) using the current values and the estimated resistance values. Harmonics
and disturbances in the currents are neglected for the electromagnetic simulations
in Ansys Maxwell. However, for more accurate thermal simulations possible distur-
bances should be taken into account. Therefore, all currents from Ansys Maxwell
were multiplied with a factor of 1.1 before doing the thermal analysis.

Core losses were added to the stator core for the PMSM and both the stator core and
the rotor core for the EESM. These values were obtained from the electromagnetic
simulations in Ansys Maxwell. However, in reality there will be more harmonics in
the magnetic flux compared to the simulations. To account for this the core losses
obtained from Ansys Maxwell were multiplied with a factor of 1.7.

Boundary conditions for how heat will transfer away from the machines also had
to be set. In Figure 3.8 some of the boundaries of the EESM model are marked
with numbers. Note that the boundary conditions used for the stator were the same
for the PMSM. The boundary marked with number 1 is the outside of the stator.
This boundary is water-cooled and is therefore cooled by convection. The convective
heat transfer coefficient was set to 2000 W/m?K and the water had a temperature
of 70°C. Inside the motor there is no water, only air, and it was assumed that both
the rotor and the stator are cooled by convection due to the air. When a surface is
in contact with air and is cooled by natural convection the convective heat transfer
coefficient is approximately 5 W/m?K. If the surface is moving the convective heat
transfer coefficient will be slightly higher than this. Boundary 2 is the rotor core
and the field windings and this boundary will be rotating. Using recommendations
from the R&D department at Aros the convective heat transfer coefficient was set
to 25 W/m?K and the temperature in the air was set to 100°C. Boundary 3 is not
moving and the convective heat transfer coefficient should therefore be lower than
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for boundary 2. For simplicity, the heat transfer coefficient on boundary 3 was set
to 5W/m?K, same as for natural convection. Since the air is moving due to the
rotation of the motor this will overestimate the temperature.

Figure 3.8: Boundaries of the EESM model.

3.4 Parametric Sweep

To find an optimal geometry for the EESM a parametric sweep was performed with
the parameters z; x5, 3 and z4 shown in Figure 3.3b. The aim of the parametric
sweep was to design a rotor with a high continuous torque, preferably 20 Nm or
higher. Moreover, the obtained torque ripple in the investigated operating point
should be lower than the torque ripple that the PMSM exhibits in the nominal
operating point.

For the electromagnetic simulations, the speed was set to 3500 rpm for all inves-
tigated geometries since that is the nominal speed. The sweep was performed in
Ansys Maxwell; hence, all current and copper loss values mentioned in this section
are the values corresponding to the pure sinusoidal stator currents and the pure DC
field current.

3.4.1 Determine Parameter Limits

First, parameter limits due to manufacturing and durability reasons had to be in-
vestigated. It was assumed that a rotor pole height, x5, larger than 22 mm would
cause difficulties for the winding process. The rotor pole shoe height, x,, should
not be smaller than 0.6 mm; smaller values might cause problems for large scale
manufacturing. Furthermore, the rotor pole shoe width, x3, should at least be 2 mm
larger than the rotor pole width, xs, otherwise there might be a problem for the field
winding to stay in place when the rotor rotates. The other limits were set based on
the results from a few initial sweeps and will be further discussed in Section 4.1.1.
All limits are shown in Table 3.4. The parameters x,, x5 and x3 were varied with
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a step of 1mm and the parameter xs was varied with a step of 0.25mm. All the
different combinations of x, x9, 3 and x4 were then investigated. For all sweeps,
the parameter x5 was set such that the curvature of the rotor pole shoe followed the
curvature of the stator.

Table 3.4: Parameter limits used for the parametric sweep.

Parameter | Lower limit [mm] | Upper limit [mm]
1 11 17

To 16 22

T3 16 27

Ty 0.6 2.35

3.4.2 Determine Stator Current Amplitude and Field Cur-
rent

Ideally, thermal simulations should be performed for each investigated geometry
to determine the maximum currents that could be used to keep the steady state
temperature below 170 °C. However, due to limited time this was not possible and
the currents had to be determined in another way.

The stator phase currents were set to be pure sinusoidal waves with an amplitude of
18 A. For the PMSM this current will give approximately 20 Nm at MTPA, which
is the nominal torque.

To decide the field current amplitude the thermal aspect had to be taken into con-
sideration. The resistance of the field winding is different for different geometries.
This is due to two reasons: the shape of the rotor poles is different and different rotor
slot areas result in different numbers of turns of the field winding. If the same field
current would have been used for all geometries some would result in much higher
copper losses than others, making it difficult to ensure that no geometry results in
a higher steady-state temperature than 170°C. To avoid having to perform thermal
simulations for all different geometries the copper losses in the field winding were
set to a constant value of 40 W. This value for the copper losses was considered
reasonable since thermal simulations of a few different EESM models with different
core losses resulted in a steady state temperature between 150°C and 170°C.

3.4.3 Sweep Method

For all investigated geometries the torque was then obtained from Ansys Maxwell
at MTPA. MTPA was found for each geometry by sweeping the current angle and
comparing the torque values. Note that the MTPA angle was not calculated analyt-
ically by using equation (2.29) since the inductance values are non-linear and vary
for different values of the currents Iy, I, and I.

The average torque and the torque ripple were studied for all investigated geometries.
The 40 geometries with the highest torques that fulfilled that the torque ripple was
smaller than that of the PMSM were further analyzed. The focus was on studying
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the core losses, both in the stator and in the rotor. If the core losses are low it might
be possible to increase the currents without overheating the motor. Furthermore,
lower core losses will result in a higher efficiency since the copper losses are equal
for all investigated models.

However, it is advantageous if the chosen model also performs well for higher field
currents. Higher field current might be possible to use if a more efficient cooling
technique is implemented, which will be investigated in Chapter 6. For the 40
chosen models the average torque, the torque ripple and core losses were therefore
also investigated when the copper losses in the field winding were set to 120 W.
This value was chosen relatively arbitrarily, however, it was not considered likely
that much higher copper losses than that are possible even for more efficient cooling
techniques.

Finally, an EESM model was chosen among those 40 models based on average torque
value, torque ripple and core losses for both a copper loss of 40 W and a copper loss
of 120 W in the field windings. The entire parametric sweep process is summarized
in Figure 3.9.

Set parameter
limits

!

Choose 40 designs
Sweep = with the highest =
Set stator current == torgques
and copper loss in ‘
field winding

Investigate core
losses

Increase copper
loss in field
winding

L

Sweep

* Y

Investigate core - Choose final
losses geometry

Figure 3.9: Parametric sweep process.

3.5 Copper Loss Minimization

The currents had to be optimized to analyze the performance of the EESM design
chosen from the parametric sweep. In this section, it is described how the opti-

mal currents were found for each operating point for the reference PMSM and the
designed EESM.
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3.5.1 Copper Loss Minimization for PMSM

For a PMSM only the currents I4 and I, have to be optimized to achieve desirable
performance. To minimize the copper losses the stator current has to be minimized
and for that MTPA can be used. In this project the currents in a specific operating
point were determined using MTPA. Moreover, for all operating points the phase
voltage was investigated so that it did not exceed the voltage limit Uy i = Upc/ V3.

3.5.2 Copper Loss Minimization Algorithm with Penalty
Factors for EESM

For an EESM the optimization problem is more complex since there is also a field
current I;. To achieve a high continuous torque without overheating, the losses in
the motor should be minimized. In this section, an iterative algorithm that is used to
minimize copper losses with different penalty factors on the stator and field currents
is presented. This algorithm is strongly influenced by previous work in [2] and [40].

The iterative algorithm is illustrated in Figure 3.10 and was applied on one operating
point at a time. The torque in the investigated operating point is called reference
torque and the speed is called reference speed. First, initial values of the stator
current amplitude I, the current angle # and the field current Iy were chosen. In
this project the initial values were set as Iy = Ismax/2, 0 = 7/2 and It = Ifmax/2.
A parameter sweep was then performed to get arrays with I values, 6 values and I
values around the initial values. The ranges were determined by a parameter k and
initially k& was set such that the entire operating range was covered. A 3D matrix
was then created with the corresponding /4, I, and I values. Each element in this
matrix contained one Iy value, one I, value and one I value. One at a time these
elements went through an inner loop. In the inner loop the amplitude of the stator
current was investigated. If the amplitude was below I 1.y the matrix element was
analyzed further.

For each investigated combination of I4, I, and I the flux linkages U4 and ¥, were
interpolated from flux linkage 3D maps and the torque value was interpolated from
a 3D torque map. These 3D maps contained information about the flux linkage,
or torque, at specific current levels of Iy, I, and I;. Intuitively, the 3D maps can
be seen as extended dg-planes, where information dependent on I; is on a third
axis perpendicular to the dg-plane. The data for creating these maps came from
FEM simulations in Ansys Maxwell and for one EESM model they are visualized
in Section 5.1. The stator voltage amplitude U; was then calculated using the
interpolated flux linkages values, the reference speed and equation (2.16). If the
phase voltage amplitude was less than the voltage limit, U m = Upc/ V3, and the
interpolated torque value was equal to, or larger than, the reference torque the loss
was calculated. The loss function used for this project is described in equation
(3.1). This loss function calculated the copper losses with penalty factors kq, kq
and k¢ on the stator current and the field current respectively. Since there will be
hot spots in the copper windings it was considered most important to minimize the
copper losses. Using different penalty factors makes it possible to distribute the
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copper losses between the stator windings and the field windings. However, the loss
function could also be the total loss or aim to minimize the field current.

3
Ploss = §<kd[§ + kq[(?) + k'fIfZ (31)

If the calculated loss Pioss was smaller than the previous minimum loss Plossmin, the
initial values were updated such that they corresponded to that matrix element.
This inner loop was repeated for all elements in the 3D matrix. Then the error e
was calculated as

e =\ Ua = I + (I = ) + (I — I (3:2)

where I, I and I; are the currents that resulted in lowest loss in this iteration and
I3, I and I{ resulted in the lowest loss the previous iteration. If the error was
smaller than a limit €, the parameter £ was reduced. The ranges for I, # and I;
were then smaller in the next iteration. If k£ was smaller than a predefined limit ki,
the algorithm stopped and the optimized currents were Ig, I and I}.

For each operating point the core losses were then interpolated from a 4D map,
where each element included information about the core losses at specific currents
14, 1, and Iy and a specific mechanical speed of the rotor Qyecn. Parts of a 4D map
over the core losses for one designed EESM model are shown in Section 5.1.4. Here,
the core losses in the dg-plane are shown for four different field currents and one
speed value. It should be noted that the 4D map has a slightly lower resolution
compared to the 3D maps over the flux linkages and the torque. This is due to
limited time.
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Figure 3.10: Flow chart of the copper loss minimization algorithm used to find
optimal currents for the EESM.
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4

Geometry Validation of EESM

This chapter presents the geometry chosen from the parametric sweep and discusses
how different rotor geometries affect the continuous torque. It is also investigated if
it is possible to increase the continuous torque by modifying the geometry further.
Finally, an EESM model that has a continuous torque output of 20 Nm is presented.
All simulations are performed at the speed 3500 rpm since that is the nominal speed.
It should also be noted that all the current and copper loss values mentioned in this
chapter are the values used in Ansys Maxwell for the pure sinusoidal stator currents
and the pure DC field current.

4.1 Results from Parametric Sweep

The geometry chosen from the parametric sweep is shown in Figure 4.1 and the
corresponding design parameters are shown in Table 4.1. All other design parameters
are unchanged from the initial model setup shown in Table 3.3. Further on, this
geometry will be called EESM-1. More results from the parametric sweep are shown
in Appendix C.

Figure 4.1: Geometry of EESM-1 that is chosen from the parametric sweep.
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Table 4.1: Design parameters for EESM-1.

Parameter Denotation | Value | Unit
Rotor pole body width xq 14 mm
Rotor pole body height T 22 mm
Rotor pole shoe width x3 18 mm
Rotor pole shoe height T4 1.1 mm
Total rotor pole shoe height x5 1.89 mm
Number of turns in rotor per pole | Ny turns 74 -
Rotor slot area A gt 363.34 | mm?
Field winding resistance (20°C) Ry 2 2.252 | Q
Field winding resistance (120°C) | R 3.131 | Q

4.1.1 Influence of Rotor Pole Parameter Values

To get a better understanding of how the parameters x1, x5, x3 and x4 influence
the continuous torque of the EESM, sweeps of each parameter were performed.
The parameters that were not swept were kept constant to the values in Table 4.1.
Furthermore, the copper losses in the field winding were set to 40 W and the stator
current amplitude was set to 18 A in Ansys Maxwell, just as for the parametric
sweep. Hence, it is the continuous torque that is investigated.

The sweep results of the average torque are shown in Figure 4.2. Figure 4.2a shows
that the rotor pole width, x1, should neither be very thin nor very thick to achieve
a high continuous torque. If the rotor poles are thin the number of turns of the field
winding N, turms Will be high, however, the iron will be saturated for lower currents.
This results in a lower torque. For thick rotor poles the number of turns of the
field winding N, tums Will be low, resulting in a low magnetic flux linkage and a low
torque.

In Figure 4.2b the average torque is shown as a function of the rotor pole height x,.
The continuous torque increases slightly when the height increases. This is because
a higher rotor pole corresponds to more turns of the field winding, resulting in more
magnetic flux and higher torque.

Figure 4.2¢ shows that the continuous torque is highly affected by the rotor pole shoe
width, x3. When x3 increases the g-axis flux path will contain more iron according
to Figure 2.1. Hence, the inductance L, will increase and the reluctance torque, as
well as the total torque, will decrease. However, for very thin rotor pole shoe widths
the torque will decrease as well. The reason is that only a small part of the stator
will be magnetized.

From Figure 4.2d it is clear that the height of the rotor pole shoe, x4, does not affect
the torque significantly.
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Figure 4.2: Influence of rotor pole parameters on the average continuous torque.

4.2 Continuous Torque of EESM-1

The copper loss minimization algorithm with penalty factors, described in Section
3.5.2, was applied on EESM-1 to investigate the torque output for different combi-
nations of the stator currents and the field current. In Figure 4.3 the stator current
amplitude and the field current are shown as functions of the average torque for
different penalty factors. The highest torque shown in the figure is 22.2 Nm, since
that is the upper limit of the defined operating region. The red dashed lines mark
the currents and the corresponding torques that give a steady state temperature of
170°C according to the thermal model. It should be noted that the highest con-
tinuous torque will be obtained when using the penalty factors kq = k4 = 0.3R; in
Figure 4.3b. The torque at the temperature limit is then 12.6 Nm, the stator current
amplitude is 21.3 A and the field current is 3.5 A. However, if the total copper loss is
minimized, as for the case with kq = kq = R, in Figure 4.3c, the maximum torque is
only 8.8 Nm. Hence, the results show that the penalty factors affect the maximum
continuous torque.
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Figure 4.3: Stator current amplitude and field current at different torque values
for different penalty factors kg4, kq and ;.

The results from the thermal simulations, when the maximum steady state temper-
ature is 170 °C, are shown in Figure 4.4 for the different penalty factors discussed
above. For low penalty factors on the stator currents, as for kq = k4 = 0.08 s in
Figure 4.4a, the temperature limit is first reached in the stator windings. For high
penalty factors on the stator currents, as for kg = kq = Ry and kg = kg = 8R;
in Figures 4.4c and 4.4d, the temperature limit is instead first reached in the field
windings. However, for the case kg = kq = 0.3Rs in Figure 4.4b it is clear that
the temperature limit is reached both in the stator windings and the field winding.
Then the utilization of the currents is high. Hence, it is not possible to achieve
much higher continuous torque than 12.6 Nm with EESM-1, relying on this thermal
model. Even though the thermal model includes several assumptions, the obtained
continuous torque value is very far away from the nominal torque of 20 Nm. Thus,
it is not considered possible to reach 20 Nm even with another thermal model with
fewer assumptions.
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(a) kq = k‘q = 0.08Rs and kf = Ry. (d) kq = k‘q = 0.3R, and kt = R;.

(¢) kq = kq = Ry and ke = Ry. (d) kq = kq = 8R, and k= Ry

Figure 4.4: Temperature distribution at the thermal limit, 170°C, for different
penalty factors kq, kq and k.

4.3 Modifications to Increase the Continuous Torque

From Section 4.2 it is clear that the model EESM-1 can not reach the nominal torque
of 20 Nm in continuous operation without overheating. The geometry therefore has
to be modified further. In this section it will be investigated if it is possible to
increase the reluctance torque by increasing the curvature of the rotor pole shoe and
how the stack length can be increased to reach a higher output torque.
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4.3.1 Increase the Curvature of the Rotor Pole Shoe

In [13] it is described that the copper losses in the rotor are a bottleneck for the
continuous operation of an EESM. To reduce the field current the saliency (Lq/L,)
of the motor should be increased and this is done by hindering the g-axis flux [13].
A simple way to do this is to increase the curvature of the rotor pole shoe [13].

Figure 4.5 shows three different geometries with different curvatures of the rotor
pole shoe. The geometry EESM-1-C2 has a slightly larger curvature compared to
EESM-1-C1 and EESM-1-C1 has a slightly larger curvature compared to EESM-1.
The parameters 1, x9, x3 and x5 from Figure 3.3b are kept the same as for EESM-
1 for all models and the parameter x4 is changed. However, the differences are
relatively small since x4 should not be smaller than 0.6 mm. For all electromagnetic
simulations performed in this section the stator current amplitude was set to 21.3 A
and the field current was set to 3.5 A. From the investigation in Section 4.2 this
combination of stator and field currents resulted in the highest continuous torque for
EESM-1. MTPA was used to find the optimal current angles for the three designs.

(a) EESM-1. (b) EESM-1-C1.

(¢) EESM-1-C2.

Figure 4.5: Three different models with different curvatures of the rotor pole shoe.

The results from the electromagnetic simulations of the models in Figure 4.5 are
shown in Table 4.2. From the results it is clear that the highest continuous torque
is obtained for EESM-1; hence, increasing the curvature of the rotor pole shoe did
not increase the maximum continuous torque. Looking at the values of L, it can
be seen that L, indeed decreases when increasing the curvature and the saliency
increases slightly. However, the total torque output decreases since an excessive
curvature increases the overall air gap and the magnetization of the stator teeth is
reduced. Moreover, it is clear that the core losses in both the stator and the rotor
decrease when the curvature increases. One reason for this is that larger curvature
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results in less magnetization of the iron. Another reason is that the THD of the
induced phase voltage, the back EMF, is lower for larger curvatures and there will
be less harmonics in the magnetic flux density. However, even though the core losses
decrease it is not possible to increase the currents much because the hot spots are
in the windings as shown in Figure 4.4. Properties such as torque ripple and power
factor are relatively similar for the three models.

Table 4.2: Results from electromagnetic simulations for EESM models with dif-
ferent curvatures of the rotor pole shoe.

EESM-1 | EESM-1-C1 | EESM-1-C2

Rotor pole shoe height 24, (mm) | 1.1 0.825 0.6
Field current (A) 3.5 3.5 3.5
Stator current amplitude (A) 21.3 21.3 21.3
Average torque (Nm) 12.6 12.1 11.8
Torque ripple (%) 23.2 25.6 28.5
Back EMF THD (%) 17.6 15.4 135
Lq (mH) 11.87 11.29 10.79
Ly (mH) 6.77 6.32 6.06
Saliency Lq/Lq 1.75 1.78 1.78
Core losses in stator (W) 205.6 193.2 190.1
Core losses in rotor (W) 28.7 22.5 18.7
Power factor 0.56 0.55 0.54

Since the differences between the investigated models EESM-1, EESM-1-C1 and
EESM-1-C2 are relatively small a few more models with larger differences were
investigated. For these models the rotor pole shoe width x5 was increased to get a
larger effect of changing the curvature. It was observed that for larger values of the
rotor pole shoe width the torque will increase when increasing the curvature. The
reason for this is that large values of x3 will result in a large L, inductance. When
increasing the curvature of the rotor pole shoe L, will decrease but there will still be
enough iron in the rotor pole shoe to magnetize the stator teeth. If the maximum
value of 24 was set to 1.1 mm this phenomenon was shown for z3 £ 27 mm. However,
as can be seen in Figure 4.2c the average torque drops quickly when z3 increases
above 20mm. Therefore, even if the curvature increases for models with =3 £ 27 mm
the continuous torque will still be lower compared to the torque of EESM-1.

Another trend that was observed was that the torque ripple and THD of the phase
voltage decreased quite a lot when increasing the curvature for models with large
values of x3. The reason for this is that when the rotor rotates there is a more
gradual transition between iron and air.

4.3.2 Increase the Stack Length

The continuous torque can be increased by increasing the stack length, Lgiack, of
the motor. However, it should be noted that this will reduce the continuous torque
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density. To find a stack length with a continuous torque output of 20 Nm suitable
stator current amplitude and field current had to be set. The stator current am-
plitude was decided from the MMF value Ngiymsls = 778.8 A — turn. This is the
same stator coil MMF that the PMSM has for the nominal torque output 20 Nm.
By using the same stator coil MMF the comparison of the two motors is considered
fair. The field current was decided using the thermal model and it was set to 3.5 A.
In Section 4.2 it is shown that this field current does not overheat the EESM, even
when the copper loss density is higher than it is for N qumsls = 778.8 A — turn.

With these currents a stack length of 88 mm was required to reach the nominal torque
20 Nm, which is approximately 87 % longer than the reference PMSM. This model
is called EESM-2 and updated design parameters are shown in Table 4.3. To avoid
hitting the voltage limit within the constant torque region the winding configuration
was changed slightly and for each phase the stator teeth are connected in parallel
two and two. It should be noted that a consequence of this is that the stator current
from the inverter will be higher, which might affect the power electronics negatively.
However, this is not investigated further in this thesis.

Table 4.3: Design parameters for EESM-2.

Parameter Denotation | Value | Unit
Stack length Lgiack 88 mm
Rotor pole body width X1 14 mm
Rotor pole body height T 22 mm
Rotor pole shoe width T3 18 mm
Rotor pole shoe height T4 1.1 mm
Total rotor pole shoe height x5 1.89 mm
Number of turns of stator winding per tooth | Nj turns 51 -
Number of turns in rotor per pole Ny turns 74 -
Rotor slot area A, ot 363.34 | mm?
Stator winding phase resistance (20°C) R, 9 0.153 | ©
Stator winding phase resistance (120°C) R 0212 | Q
Field winding resistance (20 °C) Rs 29 3.318 | Q
Field winding resistance (120°C) Ry 4.612 | Q

Figure 4.6 shows the magnetic flux density distribution for EESM-2 at 20 Nm and
3500 rpm at two different time instants. The stator coil MMF is 778.8 A — turn, the
field current is 3.5 A and MTPA has been used to find the current angle. In Figure
4.6a the flux density in the stator teeth for one of the phases exhibits a maximum
flux density of 1.7'T. This is slightly lower than the saturation limit, which is close
to 1.8 T. In Figure 4.6b the same stator teeth have a low flux density close to 0T.
The flux density in the rotor poles is approximately 1.3T at all times. Since the
flux density is below saturation in most parts of the motor this design is suitable
for continuous operation at 20 Nm.

The rotor of EESM-2 rotates counterclockwise. In Figure 4.6 it is shown that the tip
of each rotor pole shoe that first passes a new stator tooth exhibits a high magnetic

46



4. Geometry Validation of EESM

flux density of approximately 2T. When a rotor pole rotates past a stator tooth
the direction of the magnetic fields from the field winding and the stator winding
will initially be in the same direction. This causes the first rotor pole shoe tip to be
saturated. When the rotor pole is about to rotate away from the stator tooth the
magnetic field from the corresponding stator winding changes direction and cancels
part of the rotor flux. As a result, the rotor pole shoe tip that leaves the stator
tooth last is not saturated.

B [tesla]

2.0
. 1.8
1.6
1.4

1.3

(a) High flux density in the stator (b) Low flux density in the stator
teeth for one phase. teeth for one phase.

Figure 4.6: Magnetic flux density for EESM-2 at 20 Nm at MTPA at two different
time instants. The stator coil MMF is 778.8 A — turn, the field current is 3.5 A and
the speed is 3500 rpm.
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Performance and Cost
Comparison of PMSM and EESM

In this chapter the performance, material cost and environmental cost of an EESM
motor will be compared to the performance and cost of the reference PMSM. EESM-
2 is the chosen EESM model for the performance comparison since it can reach the
torque 20 Nm in continuous operation. To get a more comprehensive understanding
of the two motors most quantities are investigated in the entire constant torque
region in the speed range 1500rpm to 3500rpm. However, the actual operating
region is mainly output torques in the range 12.6 Nm to 22.2 Nm. Thus, not much
focus will be put on the maximum peak torques and the corresponding quantities.
As before, all current values mentioned in this chapter are for the pure sinusoidal
currents and pure DC currents that are used in Ansys Maxwell.

5.1 Non-Linear Characteristics

In this section, the non-linear characteristics obtained from FEM simulations of the
reference PMSM and EESM-2 are presented. Flux linkages, inductances, electro-
magnetic torque and core losses are presented in the first and second quadrants in
the dg-plane since that is where the motors operate. For the EESM the results
are also shown for different field current levels. Similar results for an EESM de-
signed for a traction application and optimized for high peak torque are presented
in [2] and [12]. This section aims to show and explain the characteristics of an
EESM optimized for high continuous torque and also to point out the similarities
and differences between EESMs and PMSMs. Moreover, the results presented in
this section are used for further analysis of efficiency maps and power factor maps.

5.1.1 Flux Linkages

Figure 5.1 shows the d-axis flux linkage ¥4 and the g-axis flux linkage ¥, for different
d-axis currents I4 and g-axis currents [, for the reference PMSM. The black solid
half circle represents the maximum stator current amplitude 53.9 A. It is clear that
a high I4 current results in a high Wy. Moreover, ¥, is mainly affected by I, and a
high value of I, results in high W,. This corresponds to the theoretical calculations
in Section 2.3.2, where W4 = Lqlq + Vgy and Vg = L1,
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Figure 5.1: Flux linkages of the PMSM.

The d-axis flux linkages W4 of EESM-2 for different values of the field current ¢
are shown in Figure 5.2. The black solid half circle represents the maximum stator
current amplitude 53.9 A. The flux Wy is highly affected by both the I and I, since
Wy = Lalq + Yrym = Lalg + LiI;. Furthermore, for high values of Iy the ¥4 map
looks quite similar to that of the PMSM.
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Figure 5.2: D-axis flux linkages ¥4 of the EESM for different field currents I;.

Figure 5.3 shows the g-axis flux linkage ¥, of EESM-2 in the dg-plane for different
field currents. As for the PMSM, U, is mainly affected by the g-axis current 1.
However, when the field current increases the contour lines of ¥, move up towards
the left in the dg-plane. This is probably because the L, inductance decreases when
the iron gets more saturated at high field currents. Furthermore, for all field currents,
¥, in the EESM is lower compared to in the PMSM. The reason is probably that
the EESM has a slightly higher reluctance in the g-axis flux path.
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Figure 5.3: Q-axis flux linkages U, of the EESM for different field currents ;.

5.1.2 Inductances

The d-axis and g-axis inductances Lq and Lq of the reference PMSM are shown in
Figure 5.4 in the dg-plane. It is clear that both Lq and L, peak at low current values;
at higher current levels the iron gets saturated. Furthermore, it can be observed
that Ly > Lq. This is because the permanent magnets are on the d-axis and those
have low permeability causing a high reluctance and a low inductance.
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(a) D-axis inductance Lgq. (b) Q-axis inductance L.

Figure 5.4: Inductances of the PMSM.

The Figures 5.5 and 5.6 show the inductance maps of EESM-2. Note that the scale
on the colorbars differs from Figure 5.4. Figure 5.5 shows that the Ly inductance is
highly affected by the currents I4 and Iy; high I3 and I; currents saturate the d-axis
flux path resulting in a low L4 inductance. However, from Figure 5.6 it can be seen
that L, is also slightly influenced by I and that a high value of It causes a decrease

o1



5. Performance and Cost Comparison of PMSM and EESM

of L, as well. Hence, a high field current also saturates the iron in the g-axis flux
path. It should be noted that for low field currents Ly > L, since there is more
iron in the d-axis flux path and the iron is not yet saturated. However, L4 is more
affected than L, by saturation when the field current increases. At the maximum
field current 20 A, L, > Lg4 for large values of I3. However, for currents with a
current angle close to 90°, or larger, the d-axis inductance L4 is still larger than the
g-axis inductance Lq. This indicates that the rotor poles are not heavily saturated.
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Figure 5.5: D-axis inductances Lq of the EESM for different field currents I;.
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Figure 5.6: Q-axis inductances L, of the EESM for different field currents /.

5.1.3 Electromagnetic Torque

The torque map for the PMSM is shown in Figure 5.7. The dotted line is the
MTPA curve. The maximum torque for all stator current amplitudes is reached in
the second quadrant. This is because Ly > Lq, requiring a negative value of /4 to
generate positive reluctance torque.

Q-axis current [A]

-50 -25 0 25 50
D-axis current [A]

Figure 5.7: Torque map of the PMSM.

The torque maps at different field current levels for EESM-2 are shown in Figure
5.8. The MTPA curves are marked with a dotted black line in all torque maps. For
I = 0 A the current angle is approximately 45°. When the field current increases the
current angle at MTPA also increases. For Iy = 20 A the MTPA curve is no longer
in the first quadrant, but in the second. This can partially be explained by looking
at the inductances Lq and L. For a low field current Lq > L, and a positive value
of I4 is needed to generate a positive reluctance torque and MTPA will be found
in the first quadrant. According to equation (2.23) a negative value of I is needed
when Ly > Lq. However, from Figures 5.5 and 5.6 it can be seen that Lq is still
larger than L, for current angles close to 90° when the field current is 20 A. The
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reason why the MTPA angle still ends up in the second quadrant in Figure 5.8d is
probably due to mutual inductances that were neglected in equation (2.18).

< 50 < 50 60
+~ +~ E
—~ =]
g2 Z 2 0 g
.z .z 0 g
5 2 2"
< o C o )
-50 25 0 25 50 -50 25 0 25 50
D-axis current [A] D-axis current [A]
(a) Iy =0A. (b) Iy =5A.
<50 60 <50 60
5 g 5 g
=] 40 = 40
2 = g £,
2 my o Hy 2
. 0o = g 0 =
5 & 5 &
&, -20 & ol -20
-50 -25 0 25 50
D-axis current [A] D axis current [A
(c) Iy =10A. (d) Iy =20 A.

Figure 5.8: Torque maps of the EESM for different field currents /.

5.1.4 Core Losses

Core losses affect the efficiency and the temperature of an electric motor, therefore
it is important to understand when the core losses are high. The core losses in
the dg-plane are shown for the reference PMSM in Figure 5.9. It can be observed
that maximum core losses occur for high currents and when the d-axis current I is
positive. This is because positive values of I3 cause a magnetic flux that aligns with
the rotor flux, resulting in higher magnetic flux density and subsequently higher
core losses. The core loss map is at the speed 3500 rpm. For lower speeds, the map
will look similar but the core losses will be lower.
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Figure 5.9: Core loss map of the PMSM at 3500 rpm.

The core losses at different field currents for EESM-2 are shown in Figure 5.10. The
speed is 3500 rpm. Just as for the PMSM, the rotor flux and the flux caused by a
positive current I4 are in the same direction. Thus, when the field current is close
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to 0 A the current I4 should also be close to 0 A to obtain low core losses, which can
be observed in Figure 5.10a. When the field current increases a negative value of I4
is required to cancel some of the rotor flux. Thus, contrary to the PMSM, tuning
the currents to obtain low core losses is possible. Furthermore, it can be observed
that the losses are slightly larger for EESM-2 compared to the reference PMSM.
The main reason for this is that EESM-2 is longer and contains more iron compared
to the PMSM.
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Figure 5.10: Core loss maps of the EESM for different field currents .

5.2 Optimized Currents

Since the motors work in the constant torque region the required current for a
specific torque output will be similar for different speeds. Thus, in this section, the
optimized currents are only shown for the nominal speed 3500 rpm. Additionally, the
optimized currents are shown for torque values ranging from 2 Nm to the maximum
peak torque achievable. Lower torque values than 2 Nm are not considered important
since the motors never operate at such low torques.

For the PMSM, copper loss minimization was performed according to Section 3.5.1
to find the optimal stator currents. The current amplitude as a function of torque
output is shown in Figure 5.11. The red dashed line shows that the temperature limit
170°C is reached when the current is 21.6 A and the torque is 23.2 Nm. According to
previous thermal measurements of the PMSM the thermal limit is reached when the
current amplitude is 23.73 A when the current contains harmonics and disturbances.
According to the discussion in Section 3.2.5 this is assumed to correspond to a pure
sinusoidal current in Ansys Maxwell with an amplitude of 23.73/1.1 A ~ 21.6 A.
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Figure 5.11: Stator current amplitude at MTPA for different torque values for the
PMSM.

The optimized currents for EESM-2 were determined using the iterative copper loss
minimization algorithm described in Section 3.5.2. The stator current amplitude I,
the d-axis current Iy, the g-axis current I, and the field current It are shown for
different penalty factors in Figure 5.12. Contrary to the PMSM, the possibility of
adjusting the rotor flux makes it possible to tune the currents for each operating
point. With low penalty factors applied to the stator currents, the stator current
amplitude increases relatively fast and reaches the current limit before the field
current limit is reached. Conversely, higher penalty factors on the stator currents
result in the stator current amplitude being slightly lower and the field current being
a bit higher at each operating point. The d-axis current I3 and the g-axis current I,
also differ at each operating point depending on the penalty factors. For low penalty
factors on the stator currents the field current is low and from the torque maps in
Figure 5.8 this corresponds to a higher value of I3 at MTPA. Hence, the current I4
is relatively high for the penalty factors kq = kq = 0.08 R and kq = k4 = 0.3Rs in
Figures 5.12a and 5.12b. When the stator current limit is reached the field current
starts to increase more rapidly, causing /4 to decrease quickly. For higher penalty
factors on the stator current, on the other hand, the field current is higher resulting
in a lower value of /4. At the maximum peak torque the currents I, Iy, I, and It
are the same for all different penalty factors since a unique current combination is
required to reach that torque.

Additionally, the red dashed line in the graphs in Figure 5.12 shows the maximum
continuous torque and the corresponding currents at 170 °C. As discussed in Section
4.2, the selection of penalty factors influences the maximum continuous torque. For
the investigated penalty factors the maximum continuous torque is obtained for kg =
kq = 0.3Rs. The continuous torque is then 25.4 Nm, the stator current amplitude is
39.1 A and the field current is 3.7 A. This torque output is higher than the maximum
continuous torque of the PMSM; thus, the thermal model suggests that EESM-2
could be made slightly shorter and still fulfill the torque output requirement. For
higher penalty factors on the stator currents more copper losses will be distributed
in the field windings. From Figures 5.12c and 5.12d it can be seen that the maximum
continuous torque is then lower. Thus, it is shown that if the motor is cooled on
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the outside of the stator more losses should be distributed in the stator windings
to achieve high continuous torque. Furthermore, the temperature distributions for
the different penalty factors are similar as in Figure 4.4 where the temperature
distributions for EESM-1 are shown for different penalty factors.
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Figure 5.12: Stator current amplitude and field current at different torque values
for different penalty factors kg4, kq and ;.

5.3 Efficiency and Power Factor

Efficiency and power factor are both important measurements of the performance
of an electrical machine. The efficiency and the power factor of both motors are
dependent on the speed of the motor. Therefore, this section will present the effi-
ciency and power factor of the two motors across the entire speed range, spanning
from 1500 rpm to 3500 rpm. As for the optimized currents above, the shown torque
values will be between 2 Nm and the maximum peak torque possible. Furthermore,
the operating region refers to operating points with torque values between 12.6 Nm
and 22.2 Nm. This is where the motor most often operates according to Section 3.1.
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5.3.1 Efficiency Maps

The efficiency map of the PMSM is shown in Figure 5.13. For each operating
point copper loss minimization has been used according to Section 3.5.1. The gray
horizontal lines mark the limits 12.6 Nm and 22.2 Nm of the operating region. It is
clear that the efficiency is highest close to the nominal operating point at 20 Nm
and 3500 rpm. However, the efficiency is rather high in the entire operating region;
in most parts of the operating region it is over 92 %.
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Figure 5.13: Efficiency map of the PMSM.

Figure 5.14 shows the efficiency maps of EESM-2 for different penalty factors. For all
penalty factors the efficiency is higher for higher speeds. Furthermore, for all penalty
factors the efficiency in the operating region, as well as the maximum efficiency, is
lower compared to the PMSM. The main reason for this is most probably that the
EESM has additional copper losses in the rotor. The EESM also has higher core
losses and stator copper losses since it is longer than the PMSM.

It is important to acknowledge that the efficiency maps will vary significantly de-
pending on the chosen penalty factors. The efficiency in the operating region is
highest for the case kq = k4 = Rs. This outcome is reasonable since those penalty
factors will limit the total copper loss. According to Figure 5.12c¢ it is possible to
optimize the currents to obtain high efficiency in most of the operating region with-
out overheating. However, for torque values close to 20 Nm slightly lower penalty
factors on the stator currents are required to avoid overheating.

From Figure 5.14 it can also be observed that for low penalty factors, kg = kq =
0.08Rs and kq = kq = 0.3Rs, the efficiency will vary quite a lot when going from low
torque to high torque at a fixed speed. In Figure 5.14a the efficiency is relatively
low for torque values close to 30 Nm and in Figure 5.14b the efficiency is relatively
low for torque values close to 40 Nm. From Figures 5.12a and 5.12b it is clear that
those torque values correspond to the highest values of the d-axis current Iy. As
discussed in Section 5.1.4 high values of I correspond to high core losses. The same
phenomenon is not visible for higher penalty factors since the current Iy is relatively
small for all torque values, which can be seen in Figures 5.12c¢ and 5.12d. This
result indicates that it may be necessary to also include core losses in the current
optimization algorithm.
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Figure 5.14: Efficiency maps of EESM-2 for different penalty factors kq, k, and
ky.

Finally, the obtained efficiencies at the nominal operating point for the PMSM and
EESM-2 are shown in Table 5.1. As discussed above, the PMSM exhibits higher
efficiency compared to the EESM. The maximum efficiency of the EESM in the
nominal operating point is obtained for the penalty factors kq = k4 = Ry and it is
91.46 %, which is more than 2.8 percentage points lower compared to the PMSM.
However, to not overheat the motor during nominal operation the penalty factors
on the stator currents have to be slightly lower than k4 = kq; = Rs. Thus, the
maximum efficiency of the EESM in the nominal operating point during continuous
operation will probably be slightly lower than 91.46 %. The exact value depends on
the thermal results and due to assumptions in the thermal model this value is not

determined in this project.
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Table 5.1: Efficiency at the nominal operating point with a torque of 20 Nm and a
speed of 3500 rpm for the two motors. For the EESM, the efficiencies obtained for
the different investigated penalty factors are shown.

Motor type | Optimization strategy Efficiency (%)
PMSM MTPA 94.30
kq = kq = 0.08Rg and k¢ = Ry | 87.79
kg =kq = 03Rs and k= Ry | 90.29
k)d = kq = Rs and k’f = Rf 91.46
k‘d = k‘q = SRS and k‘f = Rf 90.02

EESM

5.3.2 Power Factor Maps

The power factor map of the PMSM is shown in Figure 5.15. It is clear that the
power factor is highest for low torque values and then decreases slightly when the
torque increases. This is because the motor gets saturated for higher currents. In
the entire operating region the power factor is above 0.9. As before, the operating
region is torque values between 12.6 Nm and 22.2 Nm and it is marked with gray
solid lines.
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Figure 5.15: Power factor map of the PMSM.

Figure 5.16 shows the power factor maps of EESM-2 for different penalty factors.
The power factor is highly affected by the penalty factors. For the penalty factors
kq = kq = 0.08Rs, kg = kq = 0.3Rs and kg = kq = R the power factor will be rather
low, except for high torque values, which can be seen in the Figures 5.16a, 5.16b
and 5.16¢. This can be explained by the optimized currents in Figure 5.12. For the
penalty factors kqy = kq = 0.08Rs, kq = kq = 0.3Rs and kq = kq = Rs the stator
current limit is reached before the field current limit. Before the stator current limit
is reached the field current will be rather low, resulting in a quite low torque output
compared to the stator current amplitude. This will result in a low active stator
power ps, which also can be seen from equation (2.21). Then also the power factor
will be low. When the stator current limit is reached the field current will start to
increase more rapidly. This will cause the torque output to increase, even though
the stator current amplitude remains the same, and the active power will increase
accordingly. Hence, the power factor will be high for high torque values.

60



5. Performance and Cost Comparison of PMSM and EESM

For the penalty factors kqy = kq = 8R the power factor is rather high, above 0.9,
in the entire investigated constant torque region. This can be seen in Figure 5.16d.
The reason is that the stator current amplitude is rather low compared to the torque
output, instead the field current is high. According to equation (2.21) that will result
in a high active power ps and also a high power factor.
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Figure 5.16: Power factor of EESM-2 for different penalty factors kg, k, and ky.

The power factors at the nominal operating point for both motors are shown in
Table 5.2. For the EESM only the case with the penalty factors kg = kq = 8Rj
resulted in a power factor as high as for the PMSM. Hence, it can be concluded
that a high field current is needed for a high power factor in the constant torque
region. It is important to remember that such high field current is not possible to
use in continuous operation if only stator cooling is used. Thus, the power factor
in continuous operation will be relatively low compared to the PMSM. Since the
currents and the voltage are below the limits a low power factor in the constant
torque region mainly results in higher losses in the stator inverter. However, by
using penalty factors close to kq = kq = R; it is probable that the total efficiency of
the drive line is relatively high anyways.
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Table 5.2: Power factor at the nominal operating point with a torque of 20 Nm and
a speed of 3500 rpm for the two motors. For the EESM, the power factors obtained
for the different investigated penalty factors are shown.

Motor type | Optimization strategy Power factor
PMSM MTPA 0.95
kq = kq = 0.08Rs and k¢ = Ry | 0.42
ke =kq =03Rs and ks = Ry | 0.54
kq = kq = Rs and k¢ = Ry 0.73
k‘d = k’q = 8RS and k?f = Rf 0.95

EESM

5.4 Torque Ripple and Harmonics

Torque ripple is not that significant for an air compressor. However, it is still
desirable to avoid excessive torque ripple since that causes noise and mechanical
stress. Therefore, the torque ripple, torque harmonics and back EMF harmonics are
investigated further in this section. A smaller time step of 20 us has been used for
all the simulations in this section to increase the visibility of the plots. However, as
discussed in Section 3.2.5 this does not affect the values of average torque, torque
ripple or THD noticeably.

5.4.1 Torque Ripple and Harmonics at the Nominal Torque

Figure 5.17 shows the torque waveforms for one electric period for both the reference
PMSM and EESM-2 at the mechanical speed 3500 rpm and an average torque of
20 Nm. For the PMSM, MTPA has been used to determine the stator currents.
For the EESM the copper loss minimization algorithm with the penalty factors
kq = kq = 0.3Rs has been used to determine the stator currents and the field current.
The torque ripple of the PMSM is 59.0 % and the EESM has a lower torque ripple
of 28.4%.
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Figure 5.17: Torque ripple at the nominal operating point for one electric period
for the reference PMSM and EESM-2.

62



5. Performance and Cost Comparison of PMSM and EESM

Furthermore, by looking at Figures 5.17a and 5.17b it is clear that it is the sixth
harmonic, with a frequency of 1400 Hz, that is most prominent. This can also be
seen from the frequency spectra of the torque waveforms in Figures 5.18a and 5.18b.
Moreover, both torque waveforms contain higher order harmonics. This is especially
visible for the torque waveform of the EESM in Figure 5.17b and it can also be seen
in the frequency spectrum in Figure 5.18b. These higher order harmonics are all of
order n = 6k (k = 1,2,3...), which corresponds to the theory discussed in Section
2.6.1. The fact that the electromagnetic torque of the EESM contains slightly more
higher order harmonics should not be a major problem for the mechanics. From the
swing equation in equation (2.24) it can be seen that the inertia will slow down the
rate at which the rotor can change its speed. Thus, the load will not notice all the
changes in the electromagnetic torque caused by high order harmonics.
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Figure 5.18: Frequency spectra of the reference PMSM and EESM-2 torque out-
puts.

The frequency spectra of the induced stator phase voltages, also called back EMF,
are shown in Figure 5.19 for the two motors. It is clear that the torque-producing
component also is the fundamental component with a frequency of 233.33 Hz, which
should be the case since g = % However, as expected there are also higher order
harmonics, mainly of orders n = 6k—1 and n = 6k+1 (k = 1, 2, 3...) for both motors.
These harmonics cause the sixth order torque ripple. The EESM has slightly more
prominent higher order harmonics, which explains why the torque ripple of the
EESM contains more higher order harmonics. It can also be noted that the third
harmonic is visible in both frequency spectra. However, as discussed in Section 2.6.1

third order harmonics will cancel in the line voltages.
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Figure 5.19: Frequency spectra of the induced stator phase voltages for the refer-
ence PMSM and EESM-2.

5.4.2 Torque Ripple in the Constant Torque Region

The torque ripple was also investigated for different torque values in the constant
torque region. In this section the torque ripple is presented for the speed 3500 rpm
and for torque values between 2Nm and the maximum peak torque that can be
obtained. However, the presented torque ripples are similar at other speeds in the
constant torque region as well.

Figure 5.20 shows the torque ripple as a function of average torque for the PMSM.
As before, MTPA has been used to obtain the stator currents. The highest ripple
of 66.1% is obtained for the average torque 2 Nm and the lowest torque ripple of
36.1% is obtained at the maximum peak torque. In the operating region, which
includes torque values between 12.6 Nm and 22.2 Nm, the torque ripple is between
57.6 % and 59.7 %.
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Figure 5.20: Torque ripple for different torque values of the reference PMSM.

The torque ripple of EESM-2 for different penalty factors are shown in Figure 5.21.
The torque ripple curves are quite different for different penalty factors. Hence,
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it is possible to change the torque ripple in one operating point by adjusting the
relationship between the stator current and the field current. At the operating point
20 Nm the torque ripple is lower for EESM-2 compared to the reference PMSM for
all penalty factors. The lowest torque ripple at 20 Nm is 23.1 % and it is obtained
for the penalty factors kq = k4 = Rs. By adjusting the stator current and the field
current, taking torque ripple and the temperature limit shown in Figure 5.12 into
account, it is possible to obtain a torque ripple smaller than that of the PMSM in
the entire operating region. The operating region includes torque values between

12.6 Nm and 22.2 Nm.
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Figure 5.21: Torque ripple at different torque values for EESM-2 for different
penalty factors kq, kq and k.

5.4.3 Cogging Torque

The cogging torques of the reference PMSM and EESM-2 were investigated sepa-
rately. The cogging torques of the two machines are shown in Figure 5.22 for one
electric period for the mechanical speed 3500 rpm. However, the cogging torque will
be similar for other speeds. The PMSM has a peak cogging torque of 0.69 Nm. The
cogging torque of the EESM is dependent on the field current. A field current of 0 A
results in zero cogging torque since there is no rotor flux. When the field current
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increases, the rotor flux and cogging torque increase as well. A field current lower
than 3 A is required for the EESM to have a lower cogging torque than the PMSM.
The maximum field current shown in Figure 5.22b is 6 A; much higher field current
will cause overheating.
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Figure 5.22: Cogging torque for the reference PMSM and EESM-2. The cogging
torque of EESM-2 is shown for different field currents Iy [A]. The mechanical speed
is 3500 rpm for both motors.

5.5 Sustainability and Cost

Two of the main reasons why an EESM should be used instead of a PMSM is to
reduce cost and environmental impact. Therefore, in this section the material cost
and the environmental cost of the two motors are investigated. The results are
presented for both EESM-1 and EESM-2 to analyze how the motor size affects the
costs.

Both the material cost and the environmental cost are dependent on several factors,
such as materials, manufacturing, production volume, profit margins and trans-
portation [41]. In this thesis, only the cost of the active materials is considered since
this is assumed to cause the largest cost difference. The active materials are the
laminated steel, the copper in the copper wires and the NdFeB magnets. According
to [42] the production of electric motors results in scrap materials, in which some
can be reused and some can not. This means more material is needed at the input of
the production compared to the material in the finished motor. However, to simplify
the analysis only the active materials in the final motor will be investigated in this
project. The presented material and environmental costs will therefore represent
the lower limits.

Furthermore, it should be noted that an EESM needs an energy transmitter to trans-
fer currents to the field windings. This transmitter is not investigated in this thesis
and the corresponding costs are therefore not considered in the analysis. However,
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depending on which kind of technology is used this might affect both the material
cost and the environmental cost of the EESMs.

All cost quantities will be given per kg material mass and the masses for the different
materials are therefore needed. The mass of the steel, copper and magnets for the
reference PMSM, EESM-1 and EESM-2 are shown in Table 5.3. The end windings

are included in the copper mass.

Table 5.3: Material mass in kg for the PMSM, EESM-1 and EESM-2.

PMSM | EESM-1 | EESM-2

Stator steel laminations 3.598 kg | 3.598 kg | 6.737 kg
Rotor steel laminations 2.363 kg | 1.636 kg | 3.063 kg
Stator copper winding 1.474 kg | 1.474 kg | 2.106 kg
Rotor copper winding - 0.722 kg | 1.064 kg
Total steel mass 5.961 kg | 5.234 kg | 9.800 kg
Total copper mass 1.474 kg | 2.196 kg | 3.170 kg
Total NdFeB magnet mass | 0.310 kg | - -

5.5.1 Material Cost

The material costs per kg material are summarized in Table 5.4. The cost of the steel
laminations is for the material M310-50A. It is the average cost during April 2024
and the data is taken from Shanghai Metals Market (SMM) [43]. The cost of the
NdFeB45SH magnet is also the average cost during April 2024 according to SMM
[44]. Cost data for a longer time period was not available at SMM. The specified
copper cost is the average cost between January and Mars 2024 from the London
Metal Exchange (LME) [45].

Table 5.4: Cost in USD per kg for the active materials used in the motors.

Material Cost (USD/kg) | References
Steel laminations | 1.0 [43]
Copper 8.4 [45]
NdFeB magnet 33.4 [44]

The total material cost of the PMSM, EESM-1 and EESM-2 are shown in Table
5.5. EESM-1 is the cheapest motor with a cost of 23.6 USD. EESM-2, on the other
hand, is the most expensive one with a cost of 36.4 USD. The reference PMSM has
an active material cost of 28.8 USD. However, as discussed in Section 1.1 the cost
of NdFeB magnets may vary. According to [46] there was an increase in the raw
material price of NdFeB magnets between 2017 and 2022, from 31.6 USD /kg to 71.4
USD/kg. Now the price is back close to the 2017 level again. Using the magnet
cost for 2022 the reference PMSM would have a total active material cost of 40.5
USD, which is higher than the cost of EESM-2. Thus, using prices accurate for
2024 a longer EESM that fulfills the performance criteria is not more cost-efficient
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compared to the reference PMSM. However, if the prices of NdFeB magnets increase
even a long EESM may be cheaper compared to the PMSM.

Table 5.5: Material cost in USD for the PMSM, EESM-1 and EESM-2.

PMSM | EESM-1 | EESM-2
Steel lamination 6.0 USD | 5.2 USD | 9.8 USD
Copper 12.4 USD | 18.4 USD | 26.6 USD
NdFeB magnet 10.4 USD | - -
Total material cost | 28.8 USD | 23.6 USD | 36.4 USD

5.5.2 Environmental Cost

The active materials used in PMSMs and EESMs also impact the environment.
There are several ways to measure environmental impact and in this thesis two
different measurements are presented: global warming potential and eco cost.

It should be noted that the efficiencies of the motors are not considered in the analy-
sis of the environmental cost in this thesis. As shown in Section 5.3.1, the efficiency
of the EESM in the operating region is slightly lower compared to the efficiency of
the PMSM. Low efficiency means that more electricity is needed. Depending on the
electricity source this will also affect the environment.

5.5.2.1 Global Warming Potential

Global warming is caused by greenhouse gas emissions (GHG emissions). The unit
of measurement that is used to compare the global warming potential (GWP) of
different GHGs is kilogram carbon dioxide equivalent per kilogram material (kg
COg-eq/kg) [47]. Thus, if the GWP is given in the unit kg COq-eq/kg several

GHGs are accounted for.

Table 5.6 shows the GWP in kg COg-eq/kg for the active materials. This data is
for cradle-to-gate, meaning that it accounts for the GWP in all processes from the
extraction of the raw materials (cradle) to when the material leaves the factories
(gate). It is important to note that the chosen mining strategy and the manufac-
turing processes of the materials may affect GHG emissions. The GWP of copper is
highly dependent on the ore grade, mine size and the extraction process [48], [49].
For a low ore grade the GWP can be almost 20 kg COs-eq/kg, while higher ore
grades correspond to a GWP of approximately 2-3 kg COq-eq/kg [48]. Fuel sources
for heating and electricity also matter [50]. As a result of this, the GWP of copper
varies between different parts of the world. In Sweden the average GWP of copper
production is roughly 2 kg COs-eq/kg but in South Africa it is over 8 kg COq-eq/kg
[50]. Globally, the average GWP of copper production is approximately 6 kg COq-
eq/kg [50], this is the value for the GWP of copper used in this thesis. Data for
the GWP of the steel laminations and the NdFeB magnets is more consistent in the
literature [3], [51], [52].
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Table 5.6: GWP, measured in kg COs-eq/kg, for the active materials used in the
motors.

Material GWP (kg COs-eq/kg) | References
Steel laminations | 2 [51]
Copper 6 [50]
NdFeB magnet 30 (3], [51], [52]

The total GWPs of the reference PMSM, the EESM-1 and the EESM-2 are shown
in Table 5.7. EESM-1 has the lowest GWP of 23.7 kg COs-eq, whereas EESM-2 has
the highest value of 38.6 kg COs-eq. As for the material cost, it is clear that if the
EESM has the same outer dimension as the PMSM it has a lower GWP. However,
if the EESM needs to be significantly larger to meet the performance requirements,
it may contribute more to global warming.

Table 5.7: GWP, measured in kg COs-eq, for the PMSM, EESM-1 and EESM-2.

PMSM EESM-1 EESM-2
Steel laminations | 11.9 kg COs-eq | 10.5 kg COs-eq | 19.6 kg COs-eq
Copper 8.8 kg COs-eq | 13.2 kg COs-eq | 19.0 kg COs-eq
NdFeB magnet 9.3 kg COg-eq | - -
Total GWP 30.0 kg COq-eq | 23.7 kg COs-eq | 38.6 kg COs-eq

5.5.2.2 Eco Cost

The production of the active materials in electric motors does not only impact the
environment through GHG emissions; the production affects the resource availabil-
ity, human health, water quality and biodiversity. To include different types of
environmental impacts eco cost may be used.

Raw materials can be classified as critical materials if they have a high economic
significance and a high risk of disruption in supply [53]. Some raw materials that
are of strategic importance are also classified as strategic materials [53]. Iron is
neither a critical nor a strategic raw material [53]. This is because iron is a common
element in the earth’s crust and it has a high recycling rate of 90 % [54]. Copper
is considered a vital material for electrification, and it is therefore classified as a
strategic material [53]. However, copper is not a critical raw material since the
production is distributed across many countries and the risk of supply shortages is
therefore reduced [53]. REEs are considered critical and strategic materials because
of increased supply risks, geopolitical reasons and low recycling rates [53], [54].

Mining and production of copper and REEs also affect the surrounding environment
and human health [54]. Copper mining causes deforestation and pollution of air,
water and soil [55], [56]. Human health is also affected directly by pollution in air
and smelter dust and indirectly by contaminated water and food [55]. For REE
production there are 2000 tonnes of solid waste for each tonne of produced REE
[7]. Two major concerns connected to REE production are that many chemicals are

69



5. Performance and Cost Comparison of PMSM and EESM

used and that large quantities of the waste contain radioactive elements [57]. This
affects both the surrounding environment and human health negatively [54], [57].

Eco cost is the cost required to decrease environmental pollution and resource de-
pletion to what aligns with Earth’s carrying capacity [58]. The total eco cost of a
specific material is the sum of the eco costs of ecosystems, human health, global
warming and resource depletion [58]. Table 5.8 shows the eco costs of the active
materials used in the electric motors. The data for the steel laminates is taken as
the eco cost for hot rolled steel sheets. Moreover, the data for the NdFeB magnet is
not specifically for the type NdFeB45SH, but for a magnet with 40 MGOe. However,
the eco costs for those magnets are assumed to be similar.

Table 5.8: Eco costs in USD/kg for the active materials used in the electric motors.

Material Eco cost (USD/kg) | References
Steel laminations | 0.6 [59]
Copper 5.8 [59]
NdFeB magnet 115.9 [59]

Table 5.9 shows the total eco costs for the active materials in the three different
motors. The reference PMSM has the highest eco cost due to the magnets. The
eco cost of EESM-2 is roughly half that of the PMSM and the eco cost of EESM-1
is even lower. Thus, to reduce the eco cost an EESM should be used instead of a
PMSM. Furthermore, it can be argued that from ethical and societal perspectives,
the impacts on the environment, human health and resource depletion should be kept
as low as possible. Hence, choosing a motor with a low eco cost is also beneficial
considering ethical aspects.

Table 5.9: Eco costs measured in USD for the PMSM, EESM-1 and EESM-2.

PMSM | EESM-1 | EESM-2
Steel lamination | 3.6 USD | 3.1 USD | 5.9 USD
Copper 8.5 USD | 12.7USD | 18.4 USD
NdFeB magnet | 35.9 USD | - -
Total eco cost | 48.0 USD | 15.8 USD | 24.3 USD
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Effect of Different Cooling
Methods

The copper losses in the field windings are a bottleneck for the continuous torque
of the EESM since the losses result in high hot-spot temperatures. In this chapter,
different cooling techniques are investigated to reduce the temperature in the rotor.
For the simulations in this chapter the model EESM-1 with a stack length of 47 mm
will be used, since it is of interest to investigate if it is possible to achieve the same
continuous torque density as with the reference PMSM. Furthermore, all current
values mentioned in this chapter are the values used in Ansys Maxwell. For the
thermal simulations these currents are multiplied with a factor of 1.1 to account for
harmonics and other disturbances.

6.1 Rotor Cooling Topologies

There are several different rotor cooling techniques. In this project three different
topologies will be investigated: rotor shaft cooling, direct rotor cooling with channels
and rotor shaft cooling combined with direct rotor cooling with channels. All of these
require a cooling liquid. For all investigated rotor cooling topologies the stator will
be water-cooled as before.

6.1.1 A: Rotor Shaft Cooling

The rotor can be cooled by pumping a cooling liquid through the hollow shaft and
this is illustrated in Figure 6.1 [60]. The inlet and the outlet may be connected
with a cooling chamber in between. This cooling configuration is rather easy to
implement, however, the cooling of the rotor lamination will be indirect [60]. This
cooling technique will be referred to as method A further on.

71



6. Effect of Different Cooling Methods

Inlet

Figure 6.1: Illustration of rotor shaft cooling.

6.1.2 B: Direct Rotor Cooling with Channels

Direct rotor cooling with channels is illustrated in Figure 6.2. The coolant flows
into the shaft and is then led into axial channels through the rotor laminations.
According to [60] this cooling configuration has the advantage of the coolant flowing
close to the field windings. Another advantage is that there is no coolant inside the
rotor shaft, making it possible to place a rotary transformer, or another device for
energy transfer to the field windings, inside the shaft. This cooling method will be
called method B.

Figure 6.2 shows that the cooling channels are placed on the g-axis in the rotor
and they have a diameter of 6 mm. They are placed relatively close to the field
windings to cool them efficiently. However, putting them too close to the windings
would cause saturation of the iron around the channels. The placement and the
size of the channels were determined through electromagnetic simulations in Ansys
Maxwell and thermal simulations in Ansys Mechanical. It was confirmed that larger
channels result in a reduced torque output and smaller channels do not cool the rotor
as efficiently. Furthermore, if the channels were placed on the d-axis the torque
output was also reduced.

Inlet

(a) Axial cross section of the rotor. (b) Radial cross section of the
rotor.

Figure 6.2: Illustration of direct rotor cooling with channels.
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6.1.3 C: Rotor Shaft Cooling Combined with Direct Rotor
Cooling with Channels
Rotor shaft cooling combined with direct rotor cooling with channels is illustrated

in Figure 6.3. This cooling method is a combination of method A and method B
and will be referred to as method C.

(a) Axial cross section of the rotor. (b) Radial cross section of the
rotor.

Figure 6.3: Illustration of rotor shaft cooling combined with direct rotor cooling
with channels.

6.2 Boundary Conditions for Thermal Simulations
and Liquid Properties

All boundary conditions for the thermal simulations were assumed to be the same
as the boundary conditions presented in Section 3.3.5. However, new boundary con-
ditions had to be added for the cooling channels. The rotor shaft rotates along with
the rotor and the thermal properties of a liquid flowing through a rotating shaft are
rather complex to model. This is mainly due to the influence of the Coriolis and
centrifugal forces that cause the heat transfer coefficient to be highly dependent on
the rotational speed [61]. However, to simplify the thermal modeling these effects
were not taken into account. Instead, it was assumed that the walls of the shaft
and/or the channels are cooled by convection and the convective heat transfer co-
efficient was set to 2000 W/m?K and the liquid was set to have a temperature of
70°C. These are the same boundary conditions used for the water-cooling of the
stator.

Which cooling liquid that should be used for the rotor is not specified in this project;
the boundary conditions are assumed to be true for several different coolants. How-
ever, it should be noted that if the liquid is in direct contact with the electric machine
a dielectric fluid, like oil, is required [61]. Furthermore, if another liquid than water
is used it is probably beneficial to also use it for the cooling of the stator to remove
the need for two different cooling systems.
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6.3 Simulation Results

For the cooling methods A, B and C described above electromagnetic and thermal
simulations were performed. The stator and field current were chosen such that the
thermal limit 170 °C was hit in both the stator windings and the field windings. In
that way the torque was maximized. The results are shown in Table 6.1. Here, the
currents and the average torque obtained without any cooling inside the rotor are
also presented. It is clear that it is possible to use a higher field current for continuous
operation when the rotor is cooled more efficiently and that will result in a higher
average torque. Furthermore, using cooling channels, as method B and method C
do, seems to be advantageous. A probable reason for this is that the coolant gets
closer to the field windings where the hot spots are. For cooling method C the
continuous torque is increased by almost 40 % compared to the case with no rotor
cooling.

Table 6.1: Results from simulations of different cooling methods.

No rotor cooling | A B C
Average torque (Nm) 12.6 16.8 | 17.4 | 17.5
Stator current amplitude (A) | 21.3 21.6 | 21.6 | 21.6
Field current (A) 3.5 6.5 |70 |71

It can be concluded that with a more efficient rotor cooling technique it is possible to
increase the continuous torque output. Thus, if an efficient rotor cooling technique
is implemented it is possible to make the EESM shorter than 88 mm, which was
the case for EESM-2. This is beneficial in terms of space and weight saving. Also,
the material cost and the environmental cost will be reduced. However, since the
nominal torque 20 Nm is not reached for any of the investigated cooling methods
the thermal model suggests that it is not possible to use as short stack length as
47 mm, which the reference PMSM has.
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Conclusion

In this project, an EESM was designed by sweeping the rotor geometry and using
a stator from a reference PMSM. It was shown that the geometry of the rotor
poles affects the maximum continuous torque. The width of the rotor pole shoe
has the largest effect on the output torque; a wide rotor pole shoe results in a lower
continuous torque due to a low reluctance torque. Furthermore, if the rotor pole shoe
width is rather small the curvature of it should follow that of the stator. However,
if only stator cooling is used the EESM has to be made longer than the PMSM to
reach the nominal torque in continuous operation.

The characteristics and performance of an EESM model with a 87 % longer stack
length than the reference PMSM were investigated further. The characteristics of
the designed EESM are similar to those of the reference PMSM. The main difference
is that the EESM offers a larger opportunity to tune the performance by adjusting
the field current. To determine the optimal currents in an EESM a copper loss
minimization algorithm that distributes the copper losses in the stator and the ro-
tor based on chosen penalty factors can be used. With only stator cooling, high
continuous torque is achieved when more copper losses are distributed to the sta-
tor windings. Moreover, to maximize the efficiency, the total copper loss should be
minimized while the thermal limit is considered. In the nominal operating point,
the maximum efficiency of the designed EESM is slightly more than 2.8 percentage
points lower than the efficiency of the PMSM. Furthermore, to reach as high power
factor as for the PMSM a high field current is required, which overheats the motor.
Thus, with the designed EESM it is impossible to achieve high continuous torque,
maximum efficiency and high power factor in the constant torque region simultane-
ously. This is possible with the reference PMSM. However, to obtain a high overall
efficiency it is probably beneficial to primarily focus on obtaining the required con-
tinuous torque while maximizing the efficiency of the machine, and not so much on
the power factor. Regarding the torque ripple, it seems achievable to reduce the
ripple in the entire region where the motor operates by using the designed EESM
instead of the PMSM.

The material costs are different for an EESM and a PMSM. If the EESM and the
PMSM have the same outer dimensions the material cost is lower for the EESM.
However, if a much longer EESM is needed the material cost may surpass that of
the PMSM. The same is true for the GWP. However, considering the eco costs it
is beneficial to use an EESM, even if the EESM is longer. Lowering the eco cost
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is probably the major advantage of using an EESM instead of a PMSM for the
considered application.

To improve the continuous torque of an EESM a more efficient rotor cooling tech-
nique is required. Simple techniques that utilize liquid cooling channels in the rotor
steel laminations are shown to improve the continuous torque by almost 40 %.

Finally, it can be concluded that whether or not it is feasible to use an EESM
instead of a PMSM for an application that operates continuously in the constant
torque region depends on the design, performance and cost requirements. If the
EESM should have the same outer dimensions and only stator cooling is used, it
is not possible to achieve the required continuous torque. However, if the motor
can be made a little longer, a slightly lower efficiency can be accepted and more
efficient rotor cooling is implemented it may be possible to use an EESM as a more
sustainable alternative. However, future work is needed to confirm this and to
improve the design of the EESM.

7.1 Future Work

To further investigate the possibility of using an EESM instead of a PMSM for an
application that operates continuously in the constant torque region several different
aspects should be considered. In this study, only the copper losses were used to
optimize the currents. In Section 5.3.1 it is shown that also the core losses has
a significant effect on the efficiency of the EESM. Thus, it is possible that higher
efficiency can be obtained if also core losses are taken into account in the iterative
algorithm and this should be investigated further.

In this thesis, it is assumed that the power factor does not affect the overall efficiency
of the driveline significantly. Therefore, it is recommended to focus on obtaining a
high efficiency of the motor, not a high power factor. However, to confirm this the
efficiency of the stator inverter should be investigated for lower power factors.

It should also be investigated if it is possible to increase the continuous torque with-
out changing the outer dimensions by modifying the stator geometry. A comparison
between EESM and PMSM has been conducted by [37] for a traction application.
For the EESM the size of the rotor was increased at the expense of the stator size.
The outer dimensions of the two motors were kept the same. By increasing the rotor
size there is room for more copper in the rotor. This might be beneficial for the
copper losses in the rotor and the generated rotor MMF'. Therefore, this should be
investigated in future work.

A more accurate thermal model should be implemented to increase the accuracy
of the thermal simulations. With a more accurate model, it would be possible to
determine more reliable values for the maximum currents and torque for continuous
operation. It would also be possible to do more precise investigations of different
rotor cooling systems. It is suggested that each strand in the windings should be
modeled separately to increase the accuracy, even though this has the downside of
an increased simulation time. Moreover, measurements or calculations should be

76



7. Conclusion

performed to determine the convective heat transfer coefficient between the rotor
and the stator.

With a more accurate thermal model, it is possible to determine the shortest possible
stack length needed to reach the same continuous torque as the reference PMSM
when different cooling methods are implemented. This needs to be studied to draw
further conclusions regarding the size and cost of the EESM.

Moreover, it is concluded that with the same cooling method as the PMSM, the
EESM has lower torque density, lower efficiency and lower power factor. These
characteristics are similar to those of IMs and synRMs, as discussed in Section 1.1.
Hence, the EESM should be compared to an IM and a synRM to determine which
magnet-free motor has the most satisfactory performance.

Finally, if it seems feasible to use an EESM after the stator has been redesigned, the
thermal model has been updated and the performance has been compared to other
magnet-free motors, the energy transfer to the rotor should be investigated further.
Also, the control of the machine should be studied.
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A

Resistance Calculation

The resistance of the copper windings in the stator and the rotor had to be estimated.
The resistance of the copper windings where calculated using equation (2.38). The
length of the copper winding around one stator tooth or rotor pole was calculated
as

L= Nturns <2(Lstack + 2Lisolation) + 7T(2Ls + wtooth))a (A]-)
where the parameters are explained in Figure A.1. Lg,q is the stack length, Lisolation

is an isolation layer with a thickness of 2.5 mm, wy,y is the width of the stator tooth
or the width of the rotor pole and L, is the thickness of half of the winding.

Liso[ationI

Lstack

LisolationI

Figure A.1: Illustration of the copper winding around a stator tooth or a rotor
pole.
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B

Material Properties

The B-H curve for the material M310-50A is shown in Figure B.1 [38].

B-H curve M310-50A
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Figure B.1: B-H curve for the material M310-50A.
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C

Parametric Sweep of EESM
Geometry

In this appendix, the results from the parametric sweep of the EESM are presented.
Figure C.1 shows the average torque and the torque ripple for all investigated ge-
ometries. The stator current amplitude was set to 18 A and the copper losses in
the rotor were set to 40 W. The red dashed line represents the torque ripple of the
PMSM at 20 Nm, which is the nominal torque. The operating points marked in
yellow correspond to the 40 geometries with the highest torque values and torque
ripples lower than that of the PMSM. These geometries were investigated further.

9.5+

Average torque [Nm]

[(e]
T

©
)

0 20 40 60 0 100

Torque ripple [%]
Figure C.1: Average torque and torque ripple for all investigated geometries. The
copper losses in the field windings are 40 W.

Figure C.2 and Figure C.3 show the results for the 40 selected geometries with 40 W
copper losses in the field windings and with 120 W copper losses in the field windings
respectively. Each geometry corresponds to the same color in all plots. It should
be noted that in Figure C.2 there is a very small difference in average torque for
the different geometries; thus with respect to the average torque it does not matter
which geometry is selected. However, for the case with 120 W copper losses in the

v



C. Parametric Sweep of EESM Geometry

field windings in Figure C.3 the differences in average torque are larger between the
different geometries. The geometry marked with a red circle is the chosen geometry
and this geometry resulted in relatively high torque for the case with 120 W copper
losses in the field windings, low torque ripple in both cases and relatively low rotor
core losses. With low rotor core losses the field current can be higher before the

temperature limit is reached.

11.04 1

11.04 [
®e )
e, 00 ° o ®
§ © .2 ® g > © ¢ O.O
=, 11 0 ® @ é‘ 11+t ® b @0
=z ° g °
o o o Q@
3 109 © o °© g 1003 0% o
‘; q ‘ @ ; ' e o ® [ @
a0 (@] o0
S0l % e o x Oo. e
g 10. ™ o S 10.96 ® o
< ° < °
™ ° ° ®
10.94 .
5 10.94 o
%) )
10.92 : : ‘ 10.92 ‘ ‘ ‘ : ‘
20 30 40 50 205 210 215 220 225 230

Torque ripple [%0]

(a) Average torque and torque ripple.

Total core loss [W]

(b) Average torque and total core

losses.
11.04
o0
11.02; e @
— (@]
g & o °.
Z 1 e ®
=3 ® e
[eb)
& * @ o °
—
g 10.98 ®
+ @. [ ) ..
& o
£ ° e ®
g 1096 ® 5
<
e o o
10.94
o
)
10.92 : : /
24 26 28 30

Core loss in rotor [W]

(c) Average torque and rotor core
losses.

Figure C.2: Results from the 40 selected geometries with 40 W copper losses in
the field windings.
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Figure C.3: Results from the 40 selected geometries with 120 W copper losses in

the field windings.
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