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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 eld 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 nite 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 approximately7 % longer than the
reference PMSM to reach the nominal torque in continuous operation. It was shown
that high continuous torque, without signi cant increases in stack length, requires
more e cient 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 e ciency and high power
factor were obtained simultaneously. Furthermore, the maximum e ciency 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 e ciency can be accepted
and more e cient 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, nite element method, copper
loss minimization, electric machine design, constant torque region
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Introduction

In today's electri ed society, electrical machines are found almost everywhere. In
electric vehicles there are several di erent 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-e ective production and usage of
electric vehicles it is of importance to also investigate di erent alternatives for the
auxiliary motors.

To achieve high e ciency, 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 eld
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 o er 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 f&0 % of the
global production of rare earth metals in 2019 [6]. This results in that the prices of
permanent magnets are strongly a ected by market uctuations 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



1. Introduction

(a) PMSM. (b) IM.

(c) synRM. (dy EESM.
Figure 1.1: lllustration 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 eld from the stator induces a current in the cage and the interaction
between the two magnetic elds creates a torque [3], [8]. IMs are simple, cheap and
robust motors [8]. However, there are also a few disadvantages, such as low e ciency,
di culty 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 e ciency 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 eld 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 eld 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 con rmed 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 ux by changing the eld current [2], [4], [12]. By injecting a
high eld current for a short period of time a high peak torque can be reached
[12]. The eld current can also be tuned to achieve a high power factor, which
results in a higher e ciency 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 o the eld
current [2]. Thus, overvoltages that are harmful to the inverter and insulation can
be avoided. Furthermore, for motors operating in the eld weakening region, such as
traction motors, it is possible to achieve higher e ciency 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 bd 0 A=mm? a coil may have approximately ve times larger
cross-sectional area compared to an equivalent NdFeB magnet [3]. Another challenge
is the copper losses in the rotor. This may a ect the e ciency negatively in operating
points where the eld 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 nite element method (FEM). Both electromagnetic and thermal
properties will be studied through these simulations. A reference IPMSM will be

3



1. Introduction

used for comparison.

To nd 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:

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

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
e ciency and power factor with an EESM and a PMSM? Is it possible to
achieve a lower torque ripple with an EESM?

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

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.

N

Not all parts of the EESM will be investigated. Energy transfer to the eld
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 rst develop the rotor; without a rotor, there is no use for an
energy transfer system or a control algorithm.

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.

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.

The stator currents used for the electromagnetic FEM simulation will be pure
sinusoidal and the eld 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 simpli cation 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 elds is essential.
Amperes law in integral form in equation (2.1) describes how an electric currenin

a winding with N turns will generate a magnetic eldH in a closed pathC around
the winding [15]. The parameterF is the generated magnetomotive force (MMF).

|

CH di=NI =F (2.1)
Furthermore, the magnetic eld H is related to the magnetic ux density B by
B = o H = H [15]. Here, ¢ is the permeability in vacuum and , is the relative
permeability. Dierent types of materials have di erent values of , and a high
value indicates that the material has a higher tendency to align its magnetic dipole
moments with an externally applied magnetic eld [15]. Ferromagnetic materials,
such as iron, have , 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 ux through a
surfaceS can be calculated from equation (2.2) [15].

z

= B ds (2.2)
S

In a magnetic circuit the relation between MMF and ux is described in equation
(2.3), whereR 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 ux induces an electromotive force (EMF)E in a coil with

N turns according to Faraday's law of electromagnetic induction in equation (2.4)
[15], [16], [17], [18]. Here, = N s the ux linkage. A negative sign is used

since the current corresponding to the induced EMF produces a magnetic eld in
the opposite direction of the initial eld [17]. Because of that the induced EMF is

sometimes called back EMF [18].

d d
E= N el (2.4)
Flux linkage and current are used to calculate the apparent inductande according
to equation (2.5) [16], [17]. There is a di erence between self inductance and mutual
inductance. The inductance caused by ux that the coil has produced itself is the
self inductance [16]. If the ux is created by another coil the inductance is a mutual
inductance [16].

L= — (2.5)

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 eld 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 polgs[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 degreese. and mechanical degrees

mech IS elec = P mech [16]

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

ia(t) = lacos( 1t)
ip(t) = Ipcosl it 2=23) (2.6)
ic(t) = I.cost 1t 4=3)

Just as the phase currents, the produced MMF of each phase will also have ap-
proximately the same amplitude and be shifted20 in time with respect to each
other [16]. Moreover, the windings for the three phases are separatEtD electrical
degrees in space [16]. The resulting expressions for the phase MMFs are shown in
equation 2.7. HereF,, 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

Fa(t; ) = Fmcos( 1t)cos( )
Fo(t; )= Fnhcost it 2=3)cos( 2=3) (2.7)
Fo(t; )= Fncos it 4=3)cos( 4=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! ; electrical rad/s and has
a sinusoidal spatial distribution [16]. However, it should be noted that harmonics
have been ignored in this derivation.

Farlt )= Fali )+ Folti )+ Felt )= Fucostat ) (28)

From the rotating MMF a rotating ux 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 eld and the rotor will rotate along with it with an
electrical angular speed of ;. For synchronous operatiod , = ! ; [16]. If the stator
guantities have the frequencyf = ! ;=2 the mechanical speed of the rotor can be
calculated as in equation (2.9) [16]. The unit of e, iS revolutions per minute
(rpm) if f is measured in Hertz (Hz).

mech = —— (2.9)

2.3 Mathematical Models

2.3.1 DQ Coordinate System

To describe the electrical performance of SMs it is common to use the dgq0O 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
I't. Furthermore, for analysis of electric machines it is common to set the d-axis
such that it aligns with the main rotor ux [16], [19], this is also implemented in
this thesis. The transformation from the abc-system to the dg0-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 constar{ is set to 2=3 to get
amplitude-invariant scaling, meaning that the peak value ofy and iy are equal to
the peak value of the stator currents [16]. The zero sequence currépnts connected
to the symmetry of the three phases. For balanced conditiomg will be equal to0 A
sincei, + ip + ic = OA [16]. Furthermore, the angle , is the time integral of the
angular velocity ! ;. The transformations shown in equations (2.10) and (2.11) also

apply to stator ux linkages and voltages.



2. Theory for EESMs and PMSMs

2 323 23

cos( ) cof{, %) cof, %
ﬁ.% K § sin ) sind_, ?%) sin( 3)§ﬁ|b% Tave dqoﬁubg (2.10)

io 2 % % ic ic
2 3 2 , 32. 3 2 3
) sin() 1
ﬁubg = —ﬁcos( o 5) sin(e %) 1%%% Teqo! abcﬁuq% (2.11)
ic co{ r ) sin(: F) 1 o
For synchronous operation(; = ! ;) in steady stateiy and iy are constant and can

be expressed in terms of the stator current amplitudés using the current angle
as shown in equation (2.12) [16]. Also other quantities, such as inductances, are
constant in the dg-frame.

ig = lsCOS

2.12
q = lssin ( )

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 lettelis u etc.

are for instantaneous quantities and upper-case lettets 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 eld windings in the rotor
into account.

Important quantities for an EESM are the terminal voltagesu, the currentsi and
the ux linkages , 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 ux paths for an EESM are shown in
Figure 2.1.

2 3 2.3
d

y I 2 3
u=fuds i= ik -9 (213)

Ut

—h



2. Theory for EESMs and PMSMs

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

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

. d
= +1 o+ — )
u=Ri +! . (2.14)

The matrix R contains the per phase resistance of the stator windindg®s and the

resistance of the eld windingsR;. The resistance matrix is shown together with the
speed matrix! in equation (2.15) [2], [22]. In the speed matriX ; is the angular

velocity of the rotor [2].

2 3 2 3
R 0 O 0 1,0

R=90 R, 0%&: =%, 0 & (2.15)
0 0 Ry 0 0 O

d . .
In steady state the term — is equal to zero and the terminal voltages can be
calculated as in equation (2.16) [2].

2U 3 2R| | 3

d sld roq

U=308=3Rdg+ !, of (2.16)
U Ril¢

According to equation (2.5) the ux 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 inductanced 44, Lqq and L and the mutual inductances [2].
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2
Lad Lag Ldf

L =%l Log Lob (2.17)
Lta Lig L

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
L4, Lq and L and the mutual inductances between the d-axis and the eld winding
are expressed in terms of a mutual inductande,,. The factor 3=2 in Ly = 3=2L,
comes from the amplitude-invariant dgq0 transformation [2].

3
de 0 Ldf Ld 0 Lpn
L 30 Ly 06=%0 L, 05 (2.18)
Ly O L Lm0 Ly

Equation (2.16) can then be rewritten as

2 3 2 3 2 3
u-ﬁuq% Rl y Ldld+| Lli6 = JRdl 4 £l Ld|d+lr b (2.19)
Us Ryl ¢ Rel ¢

Here, Rrm is the part of the rotor ux that passes through the air gap [18]. For a
PMSM R is the part of the ux from the permanent magnets that pass through
the air gap [18]. Moreover, for a PMSM there is no eld winding, then only the
terminal voltagesUy and Uy are of interest.

2.3.3 Instantaneous Power and Electromagnetic Torque

The complex instantaneous apparent powes 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 powgr and the imagi-
nary part is the reactive powerq [23]. The instantaneous stator apparent powess
can be calculated as

. 3 . ) . 3 . . .3, . . )
Ss= Ug is = —(Ug+ jug)(ia Jig)= =(Ugig+ Uqgig)+ j =(Ugia Udiq) = Ps+ j0s;
2 2 2
(2.20)

3 : . . . .
where the factoré 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 = §R5(|3+ i)+ 5> lagr Tlagr é! r( dlg ald) (2.21)
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The rst 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 powes,,. The electromagnetic
torque is obtained by dividing the electromagnetic power with the mechanical speed
mech: Tem = Pem= mech [18]. Since the mechanical speed is equal t@.ech = ! (=p
the torque can be expressed as in equation (2.22) [18].

3 , ,
Ten= 2 dig  aio) (2.22)

Using that 4 = Lglg+ rw and ¢ = Lglq the electromagnetic torque can be
calculated as shown in equation (2.23).

3 . .
Ten= 2( rwia* (Lo Loiaio) (2.23)
Here, the ux generated in the rotor creates the part of the torque that contains
the term Ry . Dierences 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 ternhy Ly

[19].

The relation between the electromagnetic torqué&,,, and the mechanical torquer,,

can be described using the swing equation, shown in equation (2.24) [16]. Hdre,
is the moment of inertia and ecn IS the mechanical angular velocity of the rotor
as before. For motor operation negative values fdr., and T,, should be used [16].

d
J—meeh - T T (2.24)

2.4 Operating Region

Electric motors that have di erent applications also have di erent 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 |smax and the maximum stator voltage amplitudeUs max.
The current limit can be described as

(2.25)

11
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which is equivalent to a circle with radiusl s max in the dg-plane [2], [24].
The voltage limit is
uj+ ug  UZ (2.26)

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

(rlglg)®+ (M iLala+ 1 rw)® U2 a (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 dty = lcener and 14 = 0. The
semi-axes are and b.

(| d |(2:enter)2 + ﬁ 1; | center = RM : a= Us,max : — US,max
a k? Lg 'Ly ! qu
(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 currents max.
The voltage limit ellipse will move towards the left when the eld current increases
and it will shrink towards the center when the speed increases [2]. This voltage limit
ellipse is plotted forLy > L 4, for Lq > L 4 the ellipse would have the d-axis as the
major axis.

Figure 2.2: Current limit circle and voltage limit ellipse in the dg-plane for an
EESM with Lg > 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 spéggl. is the
constant torque region and above ¢ is the ux-weakening region [24].

12
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Figure 2.3: Torque-speed curve.

In the constant torque region, the stator voltage is belowJs max and the torque
output is limited by |smax [24]. To get the maximum torque, given a constant ux

rm 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].

q
rRv T 2w t8(Lg Lg)22
4(Ld Lq)ls

cog )= (2.29)

When the speed increases the voltage limit ellipse shrinks. At the base spéeggle
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
ux-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 froml s nax for very high speeds [24].

2.4.3 Power Factor

Power factor, PF, is de ned as

pF =P (2.30)

where p is the active power ands is the apparent power [23]. For an EESM it is
possible to change the power factor by adjusting the eld current [2]. High power
factor results in a high e ciency 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]. lllustrations 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.

(@) Overlapping distributed winding. (b) Overlapping concentrated
winding.
(c) Double layer nonoverlapping (d) Single layer nonoverlapping
concentrated winding. concentrated winding.

Figure 2.4: lllustration of di erent 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-
gurations and this is because the stator slot Il 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 ux [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 phasgcan be calculated as

_ Q.
q= 2mp’ (2.31)
where Q is the number of stator slots,p is the number of pole pairs andn is the
number of phases [26], [27]. For a machine with FSCW the value gfis smaller
than one (@ < 1), and most commonly%1 q % [26]. It should be noted that
for a FSCW machine withqg = % the torque-producing harmonic component is also
the fundamental component, all other values dof result in MMF subharmonics [25],

[26].

The selected combination of) and p also a ects the winding factor of the torque-
producing harmonic component. This winding factor is proportional to the gener-
ated torque; therefore, it is bene cial 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 ofQ and p in uences the periodicity of the machine.
Periodicity is calculated as the greatest common divisor of the number of stator
slots Q and the pole pairsp 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

Tripple [%] = T
avg

100 (2.32)

where Tpax IS the maximum torque value, Ty, IS the minimum torque value and
Tavg Is the average torque value.

15
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The total generated torque can be expressed as in equation (2.33). Hekga is
the generated electromagnetic torquel, is the constant part of the torque that is
described in equations (2.22) and (2.23),, is torque generated from harmonics and
teog IS the cogging torque.

tiotal = To+ th + teog (2.33)

The harmonic torquety contains several components: torque generated from har-
monics in the stator current, torque generated from harmonics in magnetic ux and

torque generated from the interaction between harmonics in the stator current and
harmonics in the magnetic ux [28]. The torque generated from the interaction be-

tween harmonics in the stator current and harmonics in the magnetic ux is much

smaller compared to the other two and can therefore be neglected [28].

Cogging torque, T, is produced from the interaction between the iron in the stator
and the magnetic ux produced in the rotor. The rotor magnetic ux naturally aligns
with the ux 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

cog ~ m; (2.34)

where LCM (Q; 2p) is the least common multiplier between the number of slots
and number of poles [30]. To obtain a low cogging torqueCM (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 harmoniecs= 3k, (k =

1;2; 3::1) 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=6k 1 and
n=6k+1 (k=1;2;3:)[19].

Torque ripple produced by the interaction of the fundamental current and harmonic
ux and the torque ripple produced by the interaction of the fundamental ux and
harmonic current will be of ordern = 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 componentV; as shown in equation (2.35). Herey, are the
amplitudes or the root mean square (RMS) values of the harmonics [31].
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SRz
n=2 Vn

THD =
V2

(2.35)

2.7 Losses in an Electric Machine

There are several di erent 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 ow 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 ands is the per phase resistance of the
stator windings.

3,, .
Pcus = é(|§ + i2)Rs (2.36)

In an EESM there are also copper losses in the eld windings in the rotor. These
losses can be calculated as in equation (2.37), wheirels the eld current and Ry is
the resistance of the eld winding [18].

Pcut = iZRy; (2.37)

The resistanceR of a copper winding can be calculated as

R= —: (2.38)

where is the resistivity, L is the length of the wire andA is the cross section area
of the wire [32]. Moreover, the resistivity is temperature dependent according to
equation (2.39), where is the resistivity at temperature T, ¢ is the resistivity at
temperature To and is the temperature coe cient [32]. The constant is di erent
for di erent materials.

= o1+ (T Ty)) (2.39)

2.7.2 Core Losses

Electromagnetic elds 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 approximateh0*> to 10
atoms with aligning magnetic dipole moments [15]. The boundaries of a domain are
called domain walls and an externally applied eld will cause the domain walls to
move. If the applied eld is strong enough to cause rotation of domains, such that
the magnetic dipole moments align with the external eld, 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 eld varies between H,, the magnetic ux density will follow

the hysteresis loop shown in Figure 2.5 [15]. Here, the lagging e ect is clear; when
the magnetic eld H reached) A=m there is still a ux density B,. This ux density

is called the remanence ux density [17]. A negative magnetic eld H, called the
coercive force, must be applied to reduce the magnetic ux density ©T [17].

Figure 2.5: Hysteresis loop.

The area enclosed by the loop is proportional to the hysteresis loss per unit volume
for each magnetic eld 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]. Herd, is the amplitude of the
magnetic ux density, ky, is a material-dependent constant and/l is the mass of the
core material.

ph = knfB 2M (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 eld 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 owing 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: lllustration of eddy current | . generated due to the varying magnetic
eld B.

Assuming that the magnetic ux density has a magnitude oB,, and varies with a
frequencyf , the EMF amplitude will be proportional to the product of the magnetic
ux density amplitude and the frequency,E / fB , [18]. The induced currentlc can

be calculated a££=R, whereR¢ is the resistance in the contour [18]. Thus, itis true
that Ic/ fB ,=Rc [18]. Power losses due to the eddy curreiht are proportional

to Rcl2 / Rcf2B2 and therefore the power loss caused by eddy currents can be

calculated as in equation (2.41) [18]. Herek. is a constant that depends on the
material.

pc = kef *BAM (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 di erence be-
tween experimental results and the theoretical value g, + 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 befor&, is a material-dependent constant
[33].

Pe = kof ¥°BL>M (2.42)
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2.7.3 E ciency
The e ciency can be calculated as

Pot 700 =  Pem

[%] =
Pin Pem + Pcu + Pre

100 (2.43)

where pem is the electromagnetic powerpcy, = Pcus + Pcus IS the total copper loss
and pre = pPn + Pc + Pe is the total core loss. It should be noted that only copper
losses and core losses are considered to calculate the e ciency 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
ux g can be calculated from Fourier's law in equation (2.44) [35]. Heré,is the
thermal conductivity and r T is the temperature gradient. Hence, higher thermal
conductivity results in a larger heat ux.

g= kr T (2.44)

2.8.2 Convection

Temperature di erences within uids cause density di erences. These density di er-
ences result in movements of the uid 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 uid are caused by external forces, such as a pump or a fan [36]. The
heat ux to or away from a surface with temperatureTs is calculated from Newton's
law of cooling in equation (2.45) [35].

g=h(Ts T1) (2.45)

Here, h is the convective heat transfer coe cient andT; is the temperature of the
cooling uid.
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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 nite element method (FEM) is used. FEM
is a method that numerically solves partial di erential equations in subdomains,
so-called nite 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-
guences. 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 @00 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 betweeB bar

and 15 bar, the speed can vary betweed500 rpmto 3500 rpmand the torque can
vary between126 Nm to 222 Nm. For this project, an operating region is de ned.
This operating region includes all torque values betweer?.6 Nm and 222 Nm in the
speed interval1500 rpomto 3500 rpm This is a simpli cation that gives a slightly
larger operating region than that in Figure 3.1.
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Table 3.1: Torque at di erent speeds and pressures for the air compressor.

Pressure 8 bar 10 bar 11 bar 13 bar 15 bar
Speed
1500 rpm 137Nm | 156 Nm | 1722Nm | 191 Nm | 222 Nm
2000 rpm 133Nm | 150Nm | 162Nm | 181 Nm | 207 Nm
2500 rpm 127Nm | 144Nm | 157 Nm | 1728 Nm | 199 Nm
3000 rpm 126 Nm | 142Nm | 154Nm | 17.4Nm | 194 Nm
3500 rpm 126 Nm | 142Nm | 154Nm | 17.3Nm | 191 Nm

Figure 3.1: Torque-speed curves for di erent 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 ful Il 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 of20 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 di erent 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 simpli cation 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 ig = % and it is therefore the fundamental component that will
produce the torque. This winding con guration has a fundamental winding factor
of 0.866 [26]. Moreover, according to [26], this winding con guration also has high
enough periodicity andLCM (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 parametrisxy,

X3, X4 and xs 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
Il factor and the slot area, Acy = Kr.1 Arsiot- The rotor slot area will be di erent

for di erent combinations of the parametersx; X,, X3 X4 and Xs; thus, di erent
numbers of turns of the eld winding will be used for the di erent designs.

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

(a) EESM base model. (b) Rotor pole parameters.

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

3.2.2 Important Design Parameters

Important design parameters for both the PMSM and the EESM are shown in Table
3.3. These parameters will be xed for the parametric sweep and, therefore, the pole
parameters, the number of turns of the eld winding and the eld 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 L shaft 47 47 mm
Outer diameter of stator ODtator 176 176 mm
Inner diameter of stator ID stator 105 105 mm
Air gap Qair 0.5 0.5 mm
Shaft diameter Oshaft 30 30 mm
Number of stator slots Q 12 12 -
Number of pole pairs p 4 4 -
Number of phases m 3 3 -
Number of slots per pole per phase q 1=2 1=2 -
Wire diameter stator ds wire 1.5 1.5 mm
Wire diameter rotor dr wire - 1 mm
Fill factor stator Ks, 1 0.32808 | 0.32808| -
Fill factor rotor K 1 - 0.32 -
Stator slot area As siot 474.00 | 474.00 | mm?
Stator winding number of turns Ns turns 44 44 -
Stator phase resistance20 C) Rs.20 0.303 0.303

Stator phase resistancel20 C) Rs 0.421 0.421

DC link voltage Upc 600 600 \Y
Maximum stator current amplitude | I max 59.3 59.3 A
Maximum eld current I+ max 22 22 A
Maximum temperature Tmax 170 170 C

A few things should be noted regarding the strand diameter of the eld winding, the

[l factor of the rotor slots, the resistance estimations and the maximum currents.

The strand diameter of the eld winding d; i had to be chosen. Values between
0:7mm and 1:4 mm were considered feasible and the value was arbitrarily set to
1 mm. The Il factor of the rotor slots k; ; was also estimated. It was not considered
possible to achieve a higher Il factor than what is used for the stator winding and

the Il factor in the rotor was therefore set tok, ; =0:32

The resistance of both the stator windings and the eld 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 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 amplitudd s max 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 eld current ¢ nmax IS also the maximum current that can
be provided to the eld 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 eld current will a ect the maximum peak torque;
however, this value is not signi cant since it is the continuous torque that matters.
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3. Initial Model Setup

3.2.3 Material 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 coe cient was set tok, = 291:432 W=m?, the classical eddy current

coe cient was set to k. = 0:693W=m? and the excess eddy current coe cient was

set to ke = 0W =m3. The density of M310-50A is typically7650 kg=m?® [39].

The windings in the stator and the windings in the rotor of the EESM are made
of annealed copper with a resistivity ofl:724 10 8 m at the temperature 20 C
[32]. The constant is 3:9 10 3K ! [32]. Furthermore, copper has a density of
8960 kgm? [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 produ@H )max
of 45 MGOe.

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 di ers for di erent designs. For both motors, the mesh is very ne in

the air gap to capture the electromagnetic interaction of the stator and the rotor.
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