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Comparison of a highly sustainable PMaSynRM with a traditional PMSM
Performance and environmental analysis of a PMaSynRM with ferrite magnets and
aluminium hairpin winding compared to a PMSM with NdFeB magnets and copper
round-wire winding
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Department of Electrical Engineering
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Abstract

In this thesis, a PMaSynRM with ferrite magnets and aluminium hairpin winding
was designed and compared to a reference PMSM with Nd(Dy)FeB magnets and
copper round-wire winding, for vehicle application. The design and simulation of
the PMaSynRM was done in Ansys Electronics and it consisted of a parametric
optimisation of the rotor structure for improved performance. The performance
requirements of the vehicle included a top speed of 150 km/h, an acceleration from
0-100 km/h in 10 s, and to complete the WLTP and CADC 150 drive cycles. For this
evaluation, a vehicle dynamics model was created based on the parameters for the
Volvo C30 electric car model. Further, an MTPA controller was created in Matlab to
find the operating region of the motor and to map the losses through interpolation.
A simplified model of the powertrain was created in Simulink to calculate the energy
consumption and required torque of the motor for the WLTP and CADC 150 drive
cycles. It was found that the PMaSynRM and reference motor had an acceleration
from 0-100 km/h in 9.72 s and 9.82 s respectively and that they could both handle
the WLTP and CADC 150 drive cycles. The loss of energy for the PMaSynRM
and reference motor was compared for the two drive cycles. It was found that the
aluminium hairpin winding had lower winding losses than the copper round-wire,
despite the frequency dependency of the phase resistance due to eddy current effects
in the hairpin winding. Further improvements were seen with lower hysteresis and
eddy current losses due to the lower flux density from the ferrite magnets compared
to the Nd(Dy)FeB magnets in the reference motor. However, the PMaSynRM has
a limited operating region due to the risk of demagnetization of the ferrite magnets
which reduces the performance.

An environmental and cost analysis was conducted for the two motors to investigate
the impact of the different materials. The environmental impact was measured with
the EPS system, which aims to preserve the natural capital, and is measured in
the economic value of ELU. It was found that the PMaSynRM had a 96.1 % lower
total impact in ELU compared to the reference motor. Most notable, the aluminium
hairpin winding had a 99.9 % lower environmental impact compared to the copper
round-wire winding. Further, the total cost in USD of the PMaSynRM was found
to be 77.0 % lower than the reference motor.

Keywords: PMaSynRM, PMSM, ferrite, hairpin, aluminium, copper, environmental
impact, ELU, GWP.
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1

Introduction

The demand for battery electric vehicles (BEV) and hybrid electric vehicles (HEV)
has increased rapidly in recent years since they are more efficient and less pollut-
ing than traditional combustion engine vehicles powered by non-renewable sources
[1]. The emissions from a combustion engine contains carbon dioxide (CO2), which
contributes to global warming, and the toxic gases carbon oxide (CO), hydrocar-
bons (HC), nitrogen oxides (NOx). Electric vehicles have the potential to be more
sustainable and many traditional car manufacturers are reorganising to only man-
ufacture HEVs and BEVs. As an example, Volvo Cars are aiming to only produce
fully electric cars by 2030 [2].

For traction drive systems in electric vehicles, the permanent magnet synchronous
machine (PMSM) utilising rare-earth Neodymium-Iron-Boron (NdFeB) magnets are
typically used [3]. However, the cost of mining such rare materials is very high due
to supplies being scarce and highly localised to a few places in the world [4]. The
current recycling rate of rare-earth elements is also very low. The need for rare-
earth-free permanents magnets (PM) to be used in electric propulsion applications
is thus growing. An alternative to the NdFeB magnets is to use ferrites, which
have a lower environmental impact during manufacturing and a substantially lower
material cost [5][6][7]. However, ferrite magnets have a lower magnetic flux density
than NdFeB magnets, leading to a decreased output torque when used in a PMSM
[8]. A possible option is to use a permanent magnet assisted synchronous reluctance
machine (PMaSynRM). It uses the structure of a synchronous reluctance machine
(SynRM) with added magnets in the flux-barriers, which utilises the reluctance
torque of the SynRM and the magnetic torque of the magnets to increase the total
torque.

Different materials have different environmental impact. A study conducted by [7],
compared the environmental impact, measured in Environmental Load Unit (ELU),
of a PMSM with NdFeB magnets to a PMaSynRM with ferrite magnets. The study
showed that the PMSM had a 5.2 % larger environmental impact during the pro-
duction phase. Another possibly important material change for the environmental
aspect is replacing the stator winding material from copper to aluminium. The envi-
ronmental impact, measured in ELU, is 131 for copper but only 0.16 for aluminium
[9]. The main reason for the big difference is the resource amount, with aluminium
being the third most common material in the earth’s crust. The environmental
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impact could be further reduced by changing the stator winding from round-wire
to hairpin, which could improve the performance of the motor [10]. The hairpin
winding has lower DC losses, but the AC losses are larger due to skin and proximity
effect. This means that for high-speed applications the winding losses will increase
compared to the round-wire winding. However, by changing to aluminium winding
that effect could be dampened due to the lower conductivity. Aluminium has larger
DC losses but more importantly, it has less AC losses than copper [9]. Aluminium
is also cheaper than copper, 3,500 USD /tons compared to 10,000 USD/tons [11].

1.1 Previous work

Several investigations of replacing NdFeB magnets with ferrites have been conducted
previously. One study investigated two different rotor structures for a six pole
PMaSynRM with round-wire copper stator winding [12]. The spoke type rotor and
the arc-type with both three and four layers were analysed. A PMSM NdFeB motor
was used as a reference. The study showed that only the four-layer arc-type rotor
could match the reference motor, but also that the three-layer reaches just a slightly
lower performance with lower magnet volume. The analysed geometrical parameters
of the arc-type rotor were the middle flux-barrier width and thickness, the position of
the flux-barriers, and the side flux-barrier width and thickness. The magnet size was
changed along with the flux-barrier measurement changes. A similar study, where
an investigation of the influence of the flux-barrier design on the torque and torque
ripple was conducted in [13]. In contrast to [12], the focus was only on a three-layer
arc-type rotor with four poles without ferrite magnets in the side flux-barriers. The
thickness and angle of the side flux-barriers, the position of the barriers, and the
width of the magnet-filled middle flux-barrier were analysed. The magnet to flux-
barrier ratio was kept constant and not analysed in that report either. The main
focus of the analysis was on the torque and torque ripple, but also the saliency and
flux linkage. Further investigations can be done by investigating the impact of side
magnets and the magnet to flux-barrier ratio.

In both reports, the traditional copper round-wire stator winding was used. A
study by [14] compared the round-wire winding to hairpin winding. The latter has
higher losses at high frequencies, due to the proximity effect, but lower losses at
low frequencies due to the larger area of the conductor. The round-wire conductors
minimise the proximity effect since they are divided into many wires with a small
area. However, by increasing the number of conductors, the hairpin winding achieves
a similar loss characteristic as the round-wire winding. The study compared two,
four, and eight conductors per slot. It showed that, during speeds up to 20,000 rpm,
eight conductors per slot have less copper losses than the round-wire winding.

The impact of the slot opening size was also investigated by [14]. A smaller slot
opening gives less leakage flux and lower losses, however, if it is completely closed
the leakage flux will increase. The study investigated different sizes from closed to
open with steps of 20 %, with the openings centered in the middle. It found that 20
% was the best slot opening. The position of the conductors also affects the losses,
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with 43 % of the winding losses at high speed is located in the first conductor. To
minimise that loss the conductors should be placed with minimum distance to each
other and the stator yoke. This will create a bigger gap between the stator slot
opening and the first conductor, which decreases the winding losses.

In [9], the difference between using aluminium and copper as a material for the
hairpin winding was investigated. The study showed that the winding losses of alu-
minium are lower at high frequencies and higher at low frequencies compared to
copper. This suggests that aluminium hairpin winding compensates for the draw-
backs of the traditional copper hairpin winding as highlighted in [14]. In the study
by [9], it was shown that the aluminium hairpin is comparable to the copper hair-
pin, in terms of performance and efficiency, while also being more sustainable and
cheaper.

Another aspect to consider when designing an electric motor is demagnetisation
of the magnets. This was investigated by [15], where a six-pole rotor with ferrite
magnets were used. The study showed that the first layer of magnets, closest to
the air gap, is the most exposed to demagnetisation. It also showed that the risk
could be minimised with thicker magnets in that layer. When all layers had equal
thickness, 40 % of the magnet in the first layer became demagnetised. However,
by keeping the same total amount of magnet but redistributing it to get a thicker
magnet in the first layer, the demagnetisation was reduced to about 12 % of the
magnet. To reduce the amount further, tapered ends could be used on the flux-
barriers. This increases the flux flow close to the tangential rib, since the steel area
increases. However, this also has a negative impact on the output power in the
high-speed region.

1.2 Problem description

This thesis compares a PMSM using NdFeB magnets and copper round wire wind-
ings with a PMaSynRM using ferrite magnets and aluminium hairpin windings, for
automotive purpose. The motor should be mounted in a city car and handle an
acceleration from 0-100 km/h in 10 seconds, have a top speed of 150 km/h and
handle the WLTP-3 and CADC 150 drive cycles. A physical model of the car is
designed in Simulink to calculate the required torque from the motor, in order to
handle the drive cycles, acceleration and top speed requirements. A PMSM which
can handle the same requirements is used as a reference motor. The goal is to de-
sign a motor that meets the requirements but is cheaper and more sustainable than
the reference motor. This is done by optimising the PMaSynRM to minimise the
amount of material used.

The motor is designed in Ansys Electronics. It consists of designing the hairpin
winding to meet the requirements of current density and the performance charac-
teristics. The stator is then created to fit the hairpin windings. The next step is to
create the rotor, while the stator is kept fixed. The rotor is created with an initial
setup, from previous reports, and then improved with a parametric optimisation. In
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the optimisation the rotor variables are examined to find an improved design.

To evaluate the efficiency of the PMaSynRM to the reference motor a simplified
model of the powertrain is built in Simulink. The two motors are tested for the
WLTP-3 and CADC 150 drive cycles to investigate the energy consumption on a
realistic driving pattern.



2

Theory

This chapter presents the most important concepts and necessary theoretical back-
ground needed to understand the rest of the report.

2.1 Vehicle Dynamics

A vehicle in motion is under the influence of different force, both working with
the car and against it, see Fig 2.1. The force required to accelerate the vehicle is
described by Newtons second law of motion

Face = Mear a (2]-)

where a is the acceleration and m.,, is the mass of the vehicle. The magnitude
and direction of that force is the difference between the sum of the tractive forces,
Firactive, and the sum of the retractive forces, Fi.eiractive, s given by

Facc = Ftractive - L'retractive (22)

If the resulting force is positive, the vehicle accelerates in its forward direction. If
the force instead is negative, the vehicle is either accelerating in its reverse direction
or decelerating in its forward direction.

Figure 2.1: Image of the forces acting on a car while driving [16].
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2.1.1 Tractive Forces

Tractive forces are forces working to move a vehicle in the intended direction. For a
car there are two tractive forces. The first and major one is F e, which is the force
put to the wheels by the motor, through the gears and the drive shaft. The second
force, Fy qq, appears when the road is elevated. When driving downhill,i.e. negative
incline angle «, the gravity makes Fj, .4 a tractive force. When driving uphill F, .4
instead becomes a retractive force. Fj,,q is defined as a retractive force, which can
be seen in Fig 2.1. The tractive force is simply described by

Ftractive = Lywheel — Facc + Fretractive (23)

As can be seen, in order to achieve a certain Fj.., Fipee needs to compensate for
the retractive forces.

2.1.2 Retractive Forces

The retractive forces that influence the vehicle comes from aerodynamic drag F.,,,
rolling resistance F,q;, and the gravitational force F, .4, and is given by

Fretractwe - Faero + Fgrad + Frall (24)

where Fj.,, is the force from the aerodynamic drag, dependent on the vehicle velocity
and defined as

1

Faera = 5 Pair C(d Af (Ucar - vwind)2 (25)

where pg; (kg/m?) is the density of air, the dimensionless Cy is the aerodynamic
drag coefficient, A; (m?) is the cross sectional area of the car, ve, (m/s?) and
Vwina (M/s?) is the velocity of the car and wind respectively. The direction of vyng

is defined as the intended direction of the car. Fj,.q is described by and described
by

Fyrad = Mear gsin(a) (2.6)

where ¢ is the gravitational constant and « is the incline angle of the hill. The last
retractive force, F,;, is defined by

Frou = Cr g Mgy cos(a) (2.7)

where () is the rolling resistance coefficient.

6
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2.1.3 Wheel power and torque

The power put to the wheels from the motor is calculated trough

Pwheel = theel Vcar (28)

From that equation, together with the angular velocity of the wheel, given by

27‘{' Vear
Wwheel = 2T Twheel

(2.9)

Twheel

Vcar

where 7y pee; 18 the radius of the wheel. Further, the wheel torque can be calculated
with

Pwheel

Twheet = (210)

Wwheel

To calculate the torque from the motor the gear ratio, r;, needs to be considered.
The gear ratio creates a difference in rotational speed between the electric motor
and the wheels [17], and is a constant and selected value. The gear ratio affects the
angular velocity according to

Wmotor = Tt Wwheel (211)

This will in turn affect the torque in a similar way since the power output from the
motor and the power put to the wheels are the same and therefore

Pou U 1 Pw ee Tw ee
Tmotor - fput - — heel = heel (212)

Wmotor 't Wwheel Tt

2.2 Electrical and mechanical constraints

This section presents both electrical and mechanical constraints that have to be
taken into account in the design of a rotating electric machine.

2.2.1 Current density

The current density in a winding is an important factor in electric motor design, as
the resistive losses of the winding is proportional to the square of the current density.
The resistive losses are also proportional to the stator phase resistance ry which in
turn is proportional to the resistivity and the area of the conductor. Further, the
temperature difference between the teeth and the conductors is proportional to the

7
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resistive losses. The allowed loading level for a motor is therefore dependent on the
insulation around the winding as well as the cooling of the motor. In [18], a table
with empirical values can be found that provides an indication of the maximum
allowable rms value for the current density depending on the motor and cooling
type. For a non-salient pole synchronous machine with direct water cooling, the
permitted current density J = 7 — 10 A/mm? for continuous operation, assuming
copper windings. The maximum current density in a coil can be calculated using

]rms

Jyms — —mar___ 213
NparallelAcond ( )

where Npgrauer is the number of parallel branches and Aconq is the area of each

individual conductor and 1]77% is the maximum current in rms.

2.2.2 Air gap length

In a synchronous machine magnetised by permanent magnets, the air gap length is
selected based on mechanical constraints [18]. The physical air gap length between
the stator and rotor is an important factor of the characteristics and performance
of the motor. For a PMSM, the air gap length is generally very small so as to
reduce the amount of magnet material or to increase the output torque of the motor.
However, a small air gap increase the eddy current losses on the surface of the stator
and rotor. Furthermore, the current harmonics of the stator causes increased rotor
surface losses due to the smaller air gap. Lastly, the magnets could reach a high
temperature due to losses caused by harmonics in the air gap at higher speeds. The
allowed air gap length of a PMSM can be estimated empirically using

0.18 4+ 0.006P%4
— 1000 tput (2.14)

where 6 is the air gap length in meters and P, is the output power in Watts.

2.3 MTPA

Maximum Torque Per Ampere (MTPA) is a control strategy that minimises the
stator current while maintaining the required torque of the motor. It aims to min-
imise the resistive losses of the winding. A boundary condition is obtained from
the voltage and current amplitude limit that gives the safe operating region of the
motor. The voltage limit and the current limit are the two constraints of MTPA
and the operating point should be within these limits.

2.3.1 Torque calculation using MTPA

The output torque of a PMSM can be calculated using flux linkages and currents in
d- and g-axis according to

8
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32p(1/1diq — Vqla) (2.15)

Toutput =

where p is the number of pole pairs, ¥4 and 1), are the stator flux linkages in dqg-
coordinates. iq and 7, are the stator currents in dg-coordinates. By using that 14
= Ypy+Laiqg and ¢, = Lyi,, (2.15) can be divided into torque from the permanent
magnets and reluctance torque as

Toutput = ?@ZJPMiq + 7<Ld - Lq)idiq (216)

where ©¥p); is the flux linkage in d-axis created by the permanent magnets. L, and
L, are the stator inductance in d- and g-axis and are defined as

%_% (2.17)
Ly= W (2.18)

The electromagnetic torque of a PMSM is a function of ¢4 and i, as shown in (2.16).
By using the definition of d- and g-axis current

g = iscos(3) (2.19)
iy = i,8in(B) (2.20)

where [ is the angle between the stator current is and the d-axis, (2.16) can be
derived as

3 s sin(253) .
Tose = 2 |bnsissin(8) + (Lo — L) 2002

; (2.21)

where it can be seen that the torque is also depending on the current angle 5. The
maximum produced torque is then found by differentiating the torque with respect
to B which gives

dToutput 3 . ;
7 32) [¢pM@sCOS(/3) + (La — Lq)@icos@ﬁ)} (2.22)

It can then be derived that the optimal current angle that results in maximum
torque per ampere is
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(2.23)

[ ~YPm £ \/¢%’M + 8(La — Lg)*i3
B =cos ! ( Ly L. )

2.3.2 Current limit

The stator current 75 can be described in the dg-coordinate system as

iy = i3 + i2 (2.24)

If a maximum stator current % ,,q, is given, then the d and g-axis current is limited
to the circle defined by

D (2.25)

2.3.3 Voltage limit

For a PMSM the voltage limit can be derived using the steady state d- and g-axis
voltage definitions as

Ug = Tgig — Wpthy = Tsliqg — Wy Lgig (2.26)
Ug = Tslg + Wrthg = Tsiq + Wy Laia + wrtbpar (2.27)

where g = Lgiq+vypy and ¥, = Lgi,. The stator voltage ug can then be derived as

u? =ul + ug = (rsiqg — cuT,Lqiq)2 + (rsiq + wyLaiq + wehpar)? (2.28)

by neglecting the voltage drop of the stator winding resistance, (2.28) can be ex-
pressed as

2
u , .
j; = (Lqiq + ¥pm)* + (Lyiq)? (2.29)
; VP \2 -2
1q + 5~ ?
(ig L ) +—L =1 (2.30)
RL? WL

Finally, for a maximum voltage s 4, the voltage limit is obtained in the form of
an ellipse expressed as

i, 4 YeM)2 2 2
(d Lg ) + q < ( Us,max ) (231)
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As can be seen in (2.31), the voltage ellipse will decrease in size towards its center
as the rotor speed w, increases.

2.4 Losses

The losses of a rotating electrical motor has a significant impact on the performance
and feasibility of the motor. The losses include both mechanical and electrical losses,
the latter commonly divided into winding and iron losses. The iron losses, or core
losses, mainly consist of eddy current, hysteresis, and stray losses. In this section,
the eddy current, hysteresis, and winding losses are introduced.

2.4.1 Eddy current losses

Eddy currents are circulating currents induced by a perpendicular alternating mag-
netic field. Eddy currents occur in electromagnetic materials such as conductors or
the core lamination. The magnitude of the eddy currents are proportional to the
area of the closed loop of circulating currents. Hence, the core of an electric motor
is made up of a large number of thin sheets of electrical steel with an insulating
material in between. The losses caused by eddy currents in a magnetic material can
be expressed by

Peagy = kB f2V (2.32)

where k. is a material specific coefficient found for eddy current losses, B,, is the
magnitude of the flux density, ¢ is the thickness of the core lamination, f is the
electrical frequency, and V' is the volume of the magnetic material.

2.4.2 Hysteresis losses

A magnetic field across a magnetic material causes the molecules to align with the
direction of the field. When a time-varying magnetic field is applied, the direction
of the field is periodically reversed. The internal friction of the molecules inside
the magnetic material opposes the magnetic force from the time-varying magnetic
field. This causes a loss of energy in the form of heat and is called hysteresis loss.
The hysteresis losses of a magnetic material can be expressed in terms of power loss
according to Bertotti’s equation

Physt = kthnf (233>

where kj, is the coefficient for hysteresis loss.
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2. Theory

2.4.3 Winding losses

Winding losses is the result of joule heating caused by electrical currents in the
conductors of stator windings. In the case of uniform current distribution and a
3-phase connection, the winding losses are given by

Ppc = 3Rpcl? (2.34)

rms

where R, is the DC phase resistance of the winding, as given by

ltotal
Ry =p——— 2.35
: P Acondearallel ( )

where l;otq and Ag,,q is the total length and cross-sectional area of the conductor
in a coil, p is the resistivity of the conductor material, and Npgrquer is the number
of parallel paths of the windings per phase. For a stator winding arrangement with
hairpin conductors, (2.35) can be derived by taking into account the number of turns
as

lcoil r-q-p
Rdc = pAcond : N2

parallel

(2.36)

where [..; is the length of one turn, r is the number of conductors per slot, ¢ is the
number of slots per pole, and p is the number of poles.

2.4.3.1 Influence of eddy current effects on conductors

When an alternating current is passing through a conductor it creates an alternating
flux in the material, which has a substantial impact on the resistance. This is due
to eddy effects which includes both skin effect and proximity effect occurring in the
conductor. These effects are frequency dependent and cause a non-uniform current
distribution inside and amongst the conductors which decreases the effective cross-
sectional area of the conductors, leading to higher losses. Skin effect is explained
by the resulting alternating magnetic field created by the alternating current which
induces opposing eddy currents inside the conductor. With increasing frequency the
current flow moves closer to the surface of the conductor and the current density
decreases exponentially towards the center of the conductor. Proximity effect is
caused by two or more conductors in close proximity to each other. It is the result
of the alternating magnetic field created around a conductor when an alternating
current is flowing through it, which leads to eddy currents being induced in nearby
conductors. The resulting current distribution of conductors in close proximity of
each other is then altered, leading to an increased current density away from the
adjacent conductors in the case of currents of the same polarity.
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2. Theory

In [18] an analytical model is presented to calculate the increased losses caused by
the frequency dependent eddy effects, which it refers to as the AC resistance or
losses. It defines a factor kr as the ratio between AC and DC resistances of the
conductor, which can be multiplied to the DC winding losses to get the AC winding
losses. For a rectangular conductor the reduced area caused by skin effect is regarded
as a reduced conductor height defined as

1 bcon
f = hcond ZWr o0 d

2

2.37
bslot ( )

where heong and beopng is the conductor height and width, by, is the slot width, w is
the electrical angular frequency, p is the vacuum permeability, and o is the electrical
conductivity of the conductor material. For a slot with » number of winding layers,
the resistance factor for the kth layer is

krp = (&) + k(k — 1)p(§) (2.38)

where increasing winding layer k corresponds to conductors closer to the slot open-
ing. Further, p(§) and ¥(§) are functions of the reduced conductor height and are
defined as

sinh(2€) + sin(2¢)
Pl8) = cosh(2€) — cos(2¢)

(2.39)

followed by

sinh(&) — sin(§)
cosh(&) + cos(§)

(€)= 2¢ (2.40)

As seen in (2.38) the resistance factor increases with the layer number, with the top
layer being closest to the slot opening. Assuming series-connected conductors, the
average resistance factor of a slot is

kr = ¢(&) + ¥(E) (2.41)

An effective way to reduce the impact of eddy currents in conductors and thereby
reducing the resistance factor is to introduce parallel-connected conductors. Circu-
lating currents must then be prevented in the connections of the parallel branches by
ensuring that the leakage flux is the same for each parallel-connected branch. This
is achieved by transposition in the end winding of the parallel-connected conductors.
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2. Theory

2.5 Demagnetisation

Demagnetisation can occur when a magnet is exposed to a strong surrounding mag-
netic field that counteracts the internal magnetic field of the magnet [15]. Fig. 2.2
shows the demagnetisation curve. The demagnetisation occurs when the flux density
of the magnet reaches the knee point. Beyond this point, the region of irreversible
demagnetisation starts [19]. The maximum flux density will thereby decrease, as
illustrated by the red dashed line in Fig. 2.2. The amount of demagnetisation in the
magnet depends on how far into the region the magnet is pushed, by the surround-
ing field [15]. Once the magnet becomes fully demagnetised it will stop working
completely.

Knee of demagnetisation

curve =
R

. : ) m
Region of irreversible o
. s
demagnetisation =
o

Q

a

,,,,,,,,,,,,, ><

II{ =

ri <9

St v

Magnetic Field Intensity H (A/m)

Figure 2.2: Demagnetisation curve.
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3

Sizing and Requirements

An electric motor has both constraints and different types of requirements, depend-
ing on the purpose of the motor. It can be both performance related as well as
physical and electrical limitations. The performance requirements of this thesis are
presented in this chapter together with the parameters of the chosen vehicle model,
the electrical constraints and a description of a benchmark motor.

3.1 Vehicle parameters

To analyse the efficiency of the motor, a vehicle model was specified. Due to the
limited performance of a ferrite PMaSynRM, it is beneficial to have a smaller and
lighter vehicle. It was also beneficial to select a car that was already electric, since
the additional weight of the batteries and other electrical components are taken
into account. A compromise between the city and highway car defined in [20], was
selected and it was specified to have the characteristics of the Volvo C30 electric,
depicted in Fig. 3.1. The characteristics of the car are presented in Table 3.1 [20].
Most BEVs of a similar size have a maximum motor speed of 10,000 - 12,000 rpm
and the maximum speed for this study was therefore chosen as 12,000 rpm. The
values in Table 3.1 were used together with the equations in Section 2.1 to calculate
the vehicle dynamics of the selected car.

Table 3.1: Volvo C30 electric Parameters.

Variable Value

Curb Weight Mear 1,725 kg
Density of Air Dair 1.225 kg/m?
Frontal Area Ag 2.18 m?
Rolling Resistance

Coefficient Cr 0.0098
Wheel Radius T'wheel 0.26 m
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3. Sizing and Requirements

Figure 3.1: Volvo C30 electric.

3.2 Performance requirements

The aim was to create an electric motor that can be used to power the desired
vehicle model. The top speed requirement was set to 150 km /h and the acceleration
time from 0-100 km/h was set to 10 seconds. With a top speed of 150 km/h and
a desired motor speed of 12,000 rpm, the gear ratio was set to 7.78. From this an
acceleration pattern was created, see Fig. 3.2a. In order to translate the pattern
into the required torque and power, the vehicle dynamics equations in Section 2.1
was used, which resulted in the torque-speed and power curve seen in Fig. 3.2b. It
is assumed that the acceleration requirement define the required maximum torque
from the motor. The motor in the car should also handle some common drive cycles.
The motor was tested on the drive cycles Worldwide harmonised Light vehicle Test
Procedures (WLTP) and Common Artemis Drive Cycle (CADC).

100 : : : : 300 : : : : 150
—Tnaz
50+ — Pz
80 L 250
% 5200 ¢ 100 =
£ % e &
& g 150 B
T 40l & E
< v S 100} 50 &
>
20 50 |
0 0

: : ‘ ‘ : : : : 0
0 2 4 6 8 10 0 20 40 60 80 100

Time (s) Velocity (km/h)
(a) 0-100 km/h acceleration. (b) Torque-speed and power curve.

Figure 3.2: Acceleration pattern and resulting maximum torque and power
curves.
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3. Sizing and Requirements

3.2.1 WLTP

WLTP is a test made on a car with a dynamometer to determine the emissions
and fuel consumption [21]. For an electric car it also determines the range [22].
WLTP is the latest procedure used for type approval testing of light-duty vehicles,
e.g. passenger cars [21]. Between 2017-2019 it replaced the old procedure, New
European Driving Cycle (NEDC) which was designed in the 1980s and had become
outdated due to development in technology [22]. WLTP was developed with real
driving data collected with the help from many different countries. The new drive
cycle was designed to give a more realistic estimation of driving patterns. WLTP
cycle has three different classes, made to simulate different types of vehicles and
the driving characteristics from different countries [21]. The drive cycle used in this
study was the WLTP class 3b, since the vehicle is assumed to suit the European
market and have a maximum velocity above 120 km/h. The class 3b drive cycle is
shown in Fig. 3.3a, and as can be seen it consists of four sections, low, middle, high
and extra high. The corresponding torque requirements from the motor during the
drive cycle is shown in Fig. 3.3b.

140
Low
120 Middle
. High
i 100 | —— Extra High ’ .
§ 80+ . --""" =
> ’g} :
E 60} WM.
3 ‘ﬂ\ \ Seensoteese
S 40, N
= i o Low
90l 'H\\HW“H | + Middle
LELRRSL RS A High
ol Ll I ‘ ‘ ‘ ‘ ‘ . Extra High
0 500 1000 1500 0 2000 4000 6000 8000 10000 12000
Time (s) Speed (rpm)
(a) Velocity-time curve. (b) Torque-Speed plot.
Figure 3.3: WLTP Drive Cycle.
3.2.2 CADC

The CADC is a drive cycle that, similar to WLTP, has been designed from real
driving patterns [23]. CADC has focused on data from vehicles operated in normal
traffic. The drive cycle is depicted in Fig. 3.4a and is divided into three different
parts urban, road and motorway traffic. The motorway part has two versions,
maximum speed of 130 km/h or 150 km/h, but since the top speed of the car was
set to 150 km/h only the 150 km/h version was used. Fig 3.4b shows the torque
requirements of the car during the drive cycle.
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Figure 3.4: CADC 150 Drive Cycle.

3.3 Road Load

Road load is the combined retractive force from the rolling resistance F,.,; (2.7) and
aerodynamic drag, F,.., (2.5), described in Section 2.1.2. Road load is mainly deter-
mined by the aerodynamic drag since it increases with the square of the velocity, as
can be seen in (2.5). The road load increases exponentially as the velocity increases,
which is depicted in Fig. 3.5. It increases until it intersects with the maximum
torque-speed curve, which determines a theoretical top speed of the car. As Fig. 3.5
shows, the required output torque from the motor at 150 km/h or 12,000 rpm is 27
Nm.

w
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— [ [\
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Figure 3.5: Road load for the car for different velocities.

3.4 Electrical constraints

The voltage and current supply to the motor depends on the battery and inverter
model respectively. In this study the battery and inverter models are neglected.
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3. Sizing and Requirements

Commercial, non sport, BEVs usually have a DC voltage level of around 300 - 400
V [20]. For the intended vehicle model in this study, the voltage limit was chosen
to 400V. The maximum allowed current was defined in [20] as 233 and 468 A rms
for a city and highway car respectively. Since the vehicle model in this thesis has a
performance requirement similar to a compromise between the two cars, the current
limit was chosen as 350 A rms.

3.5 PMSM reference motor

As a benchmark, a reference PMSM motor as depicted in Fig. 3.6 was used. It is
a motor that has previously been used as a reference motor by [24]. The rotor was
inspired by the Chevrolet Bolt BEV and the stator was inspired by the Volvo XC90
HEV. The length and diameter of the motor was scaled to fulfill the requirements
specified in Section 3.2. Further, the electrical constraints as described in Section
3.4 were used. The motor has four magnets divided into two layers and uses short
pitched round-wire winding. The motor parameters are presented in Table 3.2. Fur-
ther, the materials used for the reference motor are specified in Table 3.3. The steel
material was changed to the same material that will be used for the PMaSynRM.

Figure 3.6: Geometry of the reference motor.
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20

Table 3.2: Reference motor parameters.

Peak power 130 kW
Maximum torque 170 Nm
Time to 100 km/h 9.82s
Base speed 6,500 rpm
Maximum speed 12,000 rpm
Gear ratio 7.78

DC Voltage 400 V
Maximum current (RMS) 350 A

DC resistance 11.1 m§2
Slot fill factor 45 %
Number of poles 8

Number of slots 48

Stator outer diameter 210 mm
Rotor outer diameter 139.5 mm
Stack length 105 mm
Air gap width 0.8 mm

Table 3.3: Reference motor material specification.

Part Material Material specification
Winding Copper Appendix A.1
Magnets Nd(Dy)FeB Appendix A.2
Rotor M19 29G  Appendix A.3
Stator M19 29G  Appendix A.3




4

Design and Parametric
Optimisation of the Motor
Structure using FEM Software

The design of a motor is done in several different steps and in this chapter the design
phase of the motor is presented. An initial design of the motor geometry was de-
signed based on previous work and optimised to meet the performance requirements
of this study, with regards to minimising the material amount in the motor.

4.1 Initial rotor geometry

In the design of the rotor geometry, a literature study was conducted to aid the
selection of the initial parameters. One study investigated the suitable number of
poles for a PMaSynRM using ferrite magnets in order to achieve high power and
torque [15]. The results from this study indicated that the 6-pole motor is optimal
for producing a high amount of torque and output power for low-speed operation,
while the 4-pole model exhibited higher output power for high-speed operation.
Due to the requirements specified in Section 3.2, a 6-pole machine was chosen. The
geometry of the rotor for the PMaSynRM can be seen in Fig. 4.1a which shows one
pole of the 6-pole rotor as well as the variables for the flux-barrier and magnets.
These variables are used in the parametric optimisation of the rotor, as described
further in Section 4.4. In Fig. 4.1b the parameter names for the mechanically
supporting ribs as well as the air gap next to the central magnets are shown. These
parameters have a fixed value to limit the number of parameters for the parametric
optimisation, thereby reducing the simulation time. A description of all parameters
for the rotor geometry is presented in Table 4.1. The inner and outer diameter of
the rotor is 60 and 143 mm respectively and the material is defined as electrical
steel of type M19 29G. More information about the steel lamination material for
the rotor can be found in Appendix A.3. As for the selection of ferrite material,
magnets of grade FBIB were chosen. The material properties of the FB9B magnets
have been obtained from the supplier TDK, see Appendix A.4 [25].

An optimised design of the rotor geometry is important to achieve a good perfor-
mance. The main objective is to obtain a high torque and power density, while
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4
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50 (mm) 30 (mm)

(a) Variables. (b) Fixed parameters.

Figure 4.1: PMaSynRM rotor structure and geometric variables.

Table 4.1: Rotor Geometry Description.

Description Variable
Magnet Position Di
Magnet Width W,
Magnet Thickness tij
Flux-barrier Angle O,

Flux-barrier Thickness  tp ;
Tangential rib thickness ;. ;
Radial rib thickness Loy i
Magnet Air gap Width W, 44 ;

Index 7 = 1,2, 3 indicates the flux-barrier layer while
J = 1,2 indicates the central or side magnets respectively.

keeping the torque ripple low. For the initial design of the PMaSynRM, a paper
investigating the influence of the flux-barrier design on the torque and torque ripple
was taken into consideration [13]. The investigated parameters include the magnet
position and width as well as the flux-barrier thickness and angle. A sensitivity anal-
ysis was conducted in the study based on performance indicators including torque,
torque ripple, flux linkage from the magnets, and saliency. It was found that the
flux-barrier angle has a significant effect on the torque ripple. Further, the mag-
net position greatly affects the saliency and output torque, while the magnet width
influences the PM flux linkage. The study also suggested that the flux-barrier thick-
ness has a smaller effect on the performance indicators [13]. The study performed
an optimisation of the geometrical parameters to find a compromise between torque
and minimum torque ripple and these results have been taken into consideration for
the initial design of the PMaSynRM in this report. In order to enhance the flux den-
sity in the air gap and to achieve a higher output torque, magnets were also placed
inside the angled flux-barriers on both sides of the central magnets. These magnets
have the same thickness as the central magnets for each corresponding flux-barrier
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layer. The width of these magnets are selected so that the size can easily be varied
as will be described in Section 4.4.

For ease of fabrication and mechanical support, ribs or bridges that connect the
flux-barriers are necessary. In the rotor design of this study, both tangential and
radial ribs are present. These increase the leakage flux in the rotor and become
highly saturated when the flux level is high. As stated in [26], a thinner rib gives
improved saliency but decreases the mechanical strength of the rotor. Further, one
study states that the minimum thickness of ribs is 1 — 1.5 mm with regards to
the mechanical constraints [27]. For the intended rotor design of this study, it was
assumed that such a thickness is sufficient for the operating range of the motor. As
the flux-barrier closest to the rotor shaft has the highest mechanical stress, the rib
thickness for this layer is the largest followed by the second and third layer. The
values of the tangential and radial rib thicknesses is indicated in Table 4.2. As for
the air gap next to the central magnets, it is assumed that the optimal design is to
let the magnets fill up as much of the central flux-barrier as possible. The magnet
air gap width was therefore set and fixed to 1 mm, which reduces the number of
variables for the parametric optimisation.

In [15], a demagnetisation analysis was conducted to investigate the influence of the
demagnetising field at low temperatures. The study consisted of determining the
demagnetisation coefficient of different rotor designs in order of reducing the risk
of irreversible demagnetisation while maintaining a high output torque. The study
found that the magnets closest to the air gap have the highest demagnetisation
coefficient. The proposed solution to this is to increase the thickness of the magnets
closer to the surface of the rotor. The study also showed that the demagnetisation
coefficient could be further decreased by implementing a tapered shape to the flux-
barrier at the tangential ribs. With all this taken into consideration, the initial design
of the rotor was constructed, as illustrated in Fig. 4.2, and the initial geometrical
parameters are found in Table 4.2.

Table 4.2: Rotor Initial Geometrical Parameters.

Variable Barrier, i =1 Barrier,i =2 Barrier, i =3
Di (mm) 35.86 50.08 59.78
Wi (mm) 19.23 18.67 9
Wi (mm) 16 10 5
ti1 (mm) 4 4 4.3
tio (mm) 4 4 4.3
O; (deg) 5.39 10.95 18.93
try i (mm) 3.5 2.5 2.5
Ler (mm) 1.5 1.25 1
tor i (mm) 1.5 1.25 1
Win ag i (mm) 1 1 1
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Figure 4.2: Initial rotor design.

4.2 Initial stator geometry

The stator dimensions are based on a theoretical optimal diameter ratio of the inner
and outer diameter of the stator [18], and is given by

IDstator

ODorr 0.6 (4.1)
where I D10 and OD g0, are the inner and outer diameter of the stator respec-
tively. The inner diameter of the stator was calculated from the outer diameter of
the rotor and the mechanically constrained air gap length as determined by (2.14).
Assuming an output power of 108 kW, which is the analytical maximum power as
presented in Section 3.2, the air gap length § = 0.8 mm. This air gap length was
chosen to account for the mechanical limitations and high losses of a small air gap
at higher speeds. The inner diameter of the stator then becomes 144.6 mm and the
outer stator diameter was determined using (4.1) and set to 240 mm. The geometry

of the stator together with the rotor and the hairpin winding can be seen in Fig.
4.3a.

The stator slots are of a rectangular shape to fit the hairpin winding, and the
geometry of the stator slots can be seen in Fig. 4.3b together with the corresponding
geometrical parameters. A description of the parameters, including their values,
can be found in Table 4.3. The area of the stator slot was determined based on
the electrical constraints described in Section 2.2.1, which helps to determine the
size of the hairpin conductors, as will be shown in Section 4.3. It was assumed that
the slot fill factor for the hairpin winding ks = 65 %. The slot width and height
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were investigated for the given slot area to achieve a high output torque. The slot
opening width wy, is also an important factor in that it impacts the leakage flux
and thereby the loss distribution of the hairpin winding. It was determined based
on a study that found that a slot opening of 20 % of the slot width results in high
output torque while keeping the torque ripple and resistance ratio Rac/Rpc low
[14]. Finally, the material used for the stator lamination is defined as M19_29G
electrical steel, see Appendix A.3.

(a) Initial stator design. (b) Stator slot geometry.

Figure 4.3: Geometry of the stator and stator slots.

Table 4.3: Stator Slot Geometrical Parameters.

Description Variable Value
Slot height hs 21 mm
Slot width Wy 7.83 mm
Slot opening height  hg, 1 mm
Slot wedge height Posw 1 mm
Slot opening width — wsy, 1.57 mm

4.3 Hairpin winding geometry

For the initial design of the winding arrangement, several previous works were in-
vestigated and initial testing was conducted to reach a performance similar to the
set requirements. One study found that a higher number of winding layers or con-
ductors per slot, resulted in an increase of resistive losses due to the decreased area
of each individual coil [14]. However, it also leads to a decrease of the AC loss
component because of lower eddy losses caused by skin effect. This means that for
high speed motors, a higher number of winding layers could result in lower overall
losses of the motor. Both six and eight conductors per slot were investigated and
finally eight conductors per slot was chosen as it resulted in the desired performance
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of this study. The study conducted in [14] also indicated that the losses could be
further reduced if the distance between conductors is minimised and if they are
placed close to the yoke. The material used for the hairpin winding is aluminium
instead of copper, which is traditionally used for the stator winding. Aluminium
has a higher resistivity than copper which leads to an increase of DC losses. On the
contrary, the higher resistivity leads to a reduction of the AC losses in the winding
caused by skin and proximity effect, which is highly prevalent in hairpin winding
[9]. The full specification of the conductor material can be found in Appendix A.5.
The geometry of the hairpin winding can be seen in Fig. 4.4 and the corresponding
geometrical parameters are further described and presented in Table 4.4.

Figure 4.4: Geometrical parameters of the hairpin winding.

Table 4.4: Hairpin Winding Geometrical Parameters.

Description Variable Value
Wire width Wy 6.31 mm
Wire height hy 2.12 mm
Wire insulation thickness t,,; 0.15 mm
Slot insulation thickness g 0.49 mm

The wire width and height were determined based on the required area to fulfil the
constraint on current density described in Section 2.2.1. In electric motor appli-
cations, maximum current is only applied for a short period of time, i.e. during
acceleration. Therefore, a larger current density limit can be assumed. For copper
winding it is assumed that a maximum current density J'™ = 20 A/mm? is per-
mitted. The maximum current density will however be lower for aluminium stator
winding. By assuming that the DC losses of aluminium stator winding should be
equal to the DC losses of copper winding, the ratio between required aluminium and
copper conductor area can be calculated using (2.34)-(2.36). From this, it is achieved
that the maximum permitted current density for aluminium winding J'™° = 13.1

A/mm? and the conductor area Agppg = 13.36 mm?.

The insulation thickness around each wire and the insulation thickness around the
slot was obtained from a study investigating the lifetime of insulation of a electric
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motor with hairpin winding [28]. A slightly larger insulation thickness was chosen
in this report to account for the large mechanical stress that significantly reduces
the lifetime of the insulation. The insulation material is modelled as empty space
in Ansys Electronics while the conductors are set as solid conductors in order to
evaluate the impact of current distribution in the conductor. Further, the conductors
are connected in series with two parallel branches.

4.3.1 Phase resistance calculation

The DC phase resistance of the hairpin winding was calculated using (2.36). The
length of one coil was determined by the length of the motor and by assuming that
the average length of the end winding can be calculated as

IDstator/2 + hso + how + w2 27\°
lendzz\l< tat / + 2+ +w/ 67‘—> +hgnd (42)

where h.,q is the height or length of the end winding that extends out from the
stator and is assumed to be equal to 30 mm. The length of one coil then equals

lcoil - 2(lmotor + lend) (43)

and the path of the coil is depicted in Fig. 4.5. For the intended motor with
aluminium hairpin winding, r =8, ¢ = 2, p = 3, Npgraiter = 2, and lpor0r = 150 mm,
the phase DC resistance becomes Rpc = 12 mf). After changes to the length of
motor, as will be described in Section 4.5.2, l,,,0t0r = 100 mm resulting in Rpc = 9.8

m¢).
y

I

Figure 4.5: The path of one hairpin coil.
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4.4 Parametric optimisation of the rotor

A parametric optimisation of the rotor variables described in Table 4.5 was done
to improve the performance of the motor. The performance indicators that were
examined are described in Table 4.6. The table also presents the results for the
initial rotor and the improved rotor, the geometry of which will be described in
Section 4.4.1. The analysis in Ansys Electronics was done with a full load study
at one operating point and an optimetric sweep of the dq-currents. The operating
point of the full load study was obtained through the MTPA analysis of the initial
motor design. The MTPA controller will be described further in Section 6.1. From
this, the base speed, maximum stator current and corresponding current angle /3
was taken as input for the full load study of the parametric optimisation. As for
the optimetric study, an MTPA analysis was done to process the results from Ansys
Electronics.

Table 4.5: Rotor Variables.

Description Variable
Magnet Position Di
Magnet Width Wi,
Magnet Thickness tij
Flux-barrier Angle O,

Flux-barrier Thickness try i

Index 7 = 1, 2, 3 indicates the flux-barrier layer while
J = 1,2 indicates the central or side magnets respectively.

Table 4.6: Performance Indicators for the parametric optimisation.

Analysis Description Unit Initial rotor Improved rotor Difference

Full load  Average torque (Nm) 254.3 281.9 +10.9 %
Torque ripple (%) 30.2 24.1 -20.2 %

Optimetric Base speed (rpm) 3,500 3,700 +5.7 %
Maximum torque (Nm) 255.5 283.7 +11.0 %
Torque at 8000 rpm  (Nm) 63.8 95.3 +49.4 %
Torque at 12000 rpm  (Nm) 33.4 50.1 +50.0 %
Time to 100 km/h (s 11.83 8.83 -25.4 %
Tagnetic] Tretuctance (%) 15.84 23.9 +50.9 %
Maximum power (kW) 97.8 116.5 +19.1 %

The parametric optimisation was done by alternating the rotor variables by an
initial change of £10 % from their original values. By examining the results from
the full load and optimetric study, the optimal variable value was chosen. This was
an iterative process of taking the optimal value by changing the variables one at
a time and continuously updating the rotor geometry, with regards to mechanical
constraints. It was assumed that a distance of 1.5 mm between flux-barriers was
sufficient. The optimisation was done two times in parallel, one in the order of the
variables presented in Table 4.5 and the other in the reverse order. This was done
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since the change of a variable affects another. The aim was to increase the torque
and power of the motor to minimise the time to 100 km/h, while keeping the torque
ripple low. The time to 100 km/h was chosen as a good performance indicator, since
it takes into account a large part of the operating region and not only the maximum
torque.

4.4.1 Improved Rotor Geometry

The parametric optimisation, resulted in an improved rotor design where the mag-
nets have been increased in both length and width. The barriers have been moved
closer to the air gap, and the side barrier angles, 6;, have been reduced. Fig. 4.6
depicts the improved rotor design, which can be compared to the initial rotor de-
sign in Fig. 4.2. The geometrical parameters of the improved rotor are presented
in Table 4.7 together with the respective change for each variable compared to the
initial rotor presented in Table 4.2

W

&

=

Figure 4.6: Improved rotor design.

Table 4.7: Geometrical parameters of the improved rotor.

Variable Unit  Barrier,i =1 Barrier, i = 2 Barrier, i = 3
D (mm) 41.86 +16.7% | 53.08 +6.0% | 61.78 +3.3%
Wi (mm) 2221 +15.5% | 21.56 +15.5% | 10.40 +15.6%
Wi.o (mm) 1736 +8.5% | 10.10 +1.0% | 6.05 +21.0%
tin (mm) 4.62 +15.5% | 4.62 +15.5% | 4.97 +15.6%
tio (mm) 4.40 +10.0% | 4.40 +10.0% | 4.73 +10.0%
O, (deg) 4.85 -10.0% | 10.86 -0.8% | 17.04 -10.0%
trp i (mm) 4.04 +154% | 2.89 +15.6% | 2.89 +15.6%
tir (mm) 1.50 0.0% 1.25 0.0% 1.00 0.0%

[ (mm) 1.50 0.0% 1.25 0.0% 1.00 0.0%

Wi ag i+ (mm) 1.00 0.0% 1.00 0.0% 1.00 0.0%
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4.5 Size adjustment of the motor

In order to make a fair comparison between the reference motor and the PMaSynRM,
similar performance was required of the two motors. The acceleration from 0-100
km/h in 10 s, which was one of the motor requirements, was used as the common
performance level. After the parametric optimisation, the PMaSynRM had a time
to 100 km/h of 8.83 s. This means that the motor size can be reduced and handle
the performance requirements, while reducing the amount of material and weight of
the motor.

4.5.1 Reduction of the stator yoke

The outer diameter of the motor was reduced by decreasing the size of the stator
yoke. This has an effect on the time-varying magnetic field passing through the
stator. The area of the stator yoke determines the flux density in the stator yoke. If
the density is too high, it will saturate the stator yoke and affect the performance of
the motor. Different outer diameters were simulated and are presented in Table 4.8.
It was found that the diameter could be reduced by 15 mm, resulting in a reduction
of the time to 100 km/h by 1.12 % , while reducing the total volume and weight of
the motor by 14 % and 16 % respectively.

Table 4.8: Simulated reduced outer diameter of the stator.

Diameter (mm) Volume (cm?®) Weight (kg) Time to 100 km/h (s)

240 6,111.5 42.7 8.80
-5 -285.7 -2.2 8.81
-10 -577.3 -4.5 8.83
-15 -874.7 -6.9 8.90
-20 -1,178.1 -9.3 9.09
-25 -1,487.3 -11.7 9.52
-30 -1,802.5 -14.2 10.46

4.5.2 Reduction of the motor length

Reducing the length of the motor decreases the maximum output torque. With a
reduced outer stator diameter of 15 mm, the motor was simulated with different
lengths, starting with the initial length of 150 mm and reducing it while ensuring
that the performance requirements were met. Table 4.9 presents the results, where
the motor could be decreased by 25 mm while keeping the same time to 100 km/h.
The motor could be reduced by an additional 25 mm, down to a motor length of
100 mm, and still achieve a time to 100 km/h in under 10 s. Thereby reducing the
volume and weight of the motor by 33 % and 34 % respectively.

Table 4.9 show that the time to 100 km/h was improved for a length reduction of
up to 20 mm. Reducing the length of the motor to 140 mm decreases the maximum
torque but also increases the base speed, see Fig. 4.7a. It results in a motor with
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Table 4.9: Simulated reduced motor length.

Length (mm) Volume (cm?®) Weight (kg) Time to 100 km/h (s)

150 9,236.8 35.8 8.90
140 -349.1 -2.4 8.85
130 -698.2 -4.9 8.86
125 -872.8 -6.1 8.91
120 -1,047.4 -7.3 8.98
110 -1,396.5 -9.8 9.24
100 -1,745.6 -12.2 9.72
95 -1,920.1 -13.4 10.07

lower maximum torque up to 55 km/h, but a higher torque at higher speeds, resulting
in a lower time to 100 km/h, see Fig. 4.7b. The figures also show the performance
of the 125 mm motor, which has a similar time to 100 km/h as the 150 mm motor
despite a different torque characteristic.
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(a) Torque and base speed difference (b) Time difference between motor
between motor lengths. lengths.

Figure 4.7: Performance comparison between different motor lengths.

Fig. 4.8 shows a performance comparison of the motor before and after the size
adjustments. It is clear that a reduction of the outer stator diameter by 15 mm,
resulted in a small decrease of the maximum output torque and a negligible change
to the time to 100 km/h. Fig. 4.8b shows that despite the different torque charac-
teristic, as seen in Fig. 4.8a, the 100 mm motor has similar acceleration time to 110
km/h and a faster time to the required maximum speed of 150 km /h.
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Figure 4.8: Performance before and after the size adjustments.

4.6 Final design of the PMaSynRM

The parametric optimisation and the size adjustments resulted in the final design of
the PMaSynRM, depicted in Fig. 4.9. The key performance factors and parameters
of the motor are described in Table 4.10.

Figure 4.9: Final design of the PMaSynRM.
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Table 4.10: PMaSynRM parameters.

Peak power
Maximum torque
Time to 100 km/h
Base speed
Maximum speed
Gear ratio

DC Voltage
Maximum current (rms)
DC resistance

Slot fill factor
Number of poles
Number of slots
Stator outer diameter
Rotor outer diameter
Stack length

Air gap width

110 kW
180 Nm
9.72 s
5,800 rpm
12,000 rpm
7.78

400 V
350 A

9.8 mf)
65 %

6

36

225 mm
143 mm
100 mm
0.8 mm
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FEM Analysis of the Motor

This chapter presents the simulation setup in Ansys Electronics as well as studies
conducted to investigate the eddy current effects in hairpin winding and the potential
risk of demagnetisation in the ferrite magnets.

5.1 Simulation setup

This section describes the analysis setup in Ansys Electronics. The definition of the
currents are described as well as the settings for the solver and the mesh operation.

5.1.1 Current excitation

Since the hairpin conductors are defined as solid, the number of parallel paths have
to be set to 1 in the winding excitation. To account for the decreased current in each
conductor due to the addition of parallel branches, the current magnitude has to be
divided by the number of parallel branches Npgrqi¢. Further, in the post-processing
of the data from Ansys, the Flux Linkage and the Induced Phase Voltage has to be
scaled by 1/Nparaiier, while the Phase Current is scaled by Npgrauer- In the simulation
setup the three-phase current excitation of the windings were therefore defined as

lg = 1gcos(wt + [ 5.1

Npar‘allel ( ) ( )
V2 2

1 = 1scos(wt + B — — 5.2

’ Nparallel ( B 3 ) ( )
2 27

le = igcos(wt + 0+ — 5.3

Nparallel ( 3 ) ( )

where Npgraiier = 2 and the stator current ¢, was defined using the relation between
d- and g-axis current according to (2.24). The current angle § was defined as

B =tan™ (Zq> (5.4)

14
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For the MTPA analysis, described further in Section 6.1, a parametric sweep of i4
and i, is defined with a linear step of 50 A from —500 to 0 A and from 0 to 500 A
for iq and %, respectively.

5.1.2 Analysis setup and resolution

The solver setup in Ansys was done for both lower and higher resolution simula-
tions. Simulations with lower resolution were done during the design phase and
parametric optimisation of the motor. The lower resolution shortens the simulation
time significantly and was used due to the large amount of simulations in the design
phase. Higher resolution simulations were conducted for the eddy current loss anal-
ysis further described in Section 5.2, and for the final analysis done with the MTPA
controller and powertrain model as will be described in Chapter 6. The solver is a
transient setup with a stop time defined as

tstop - periodststepNsteps (55)

where Nperiogs is the number of electrical periods, Ngeps is the number of time steps
per electrical period and g, is the step time defined as

60 1

tste - Q0
7
rpm P ]Vsteps

(5.6)

where €2,,,, is the mechanical rotational speed of the motor and 60/(€2,,m p) is the
time of one electrical period in seconds. For the low resolution simulations, Ngps =
120 and Nperioas = 1. While for the high resolution simulations, Ngeps = 180 and
Nperiods = 2. Two electrical periods are necessary for the high resolution simulations
since the hysteresis losses require one electrical period to stabilise.

5.1.3 Mesh settings

The mesh settings of the PMaSynRM are divided into different parts of the model. In
general, a length based mesh inside the selected object was used with an unrestricted
maximum number of elements. The rotor was split into two parts since it is required
to have a good mesh density in the area of the rotor close to the air gap. This is
due to the high saturation around the permanent magnets by the tangential ribs.
Similarly, the stator was split into three parts consisting of the stator yoke, teeth
and the area closest to the air gap. Further, the mesh settings had both low and high
resolution with the higher resolution having a finer mesh. The maximum element
length for low and high resolution is presented in Table 5.1. The hairpin winding
and the magnets had a finer mesh for the high resolution simulations to account
for the eddy current effects within the objects. The high resolution mesh for the
PMaSynRM is depicted in Fig. 5.1a.
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Table 5.1: Mesh settings for the low and high resolution simulations of the
PMaSynRM as well as the settings for the round-wire winding and the area
around the magnets for the reference motor only.

Max length (mm)

Property Low resolution High resolution
Hairpin conductor 2 1
Round-wire winding - 2
Magnets 3 2
Rotor 4 4
Rotor fine 2 1
Stator 4 4
Stator teeth 4 3
Stator teeth fine 4 2
Area around magnets - 1

The mesh settings for the reference motor was done in a similar manner to the
PMaSynRM. However, only high resolution simulations were conducted. Further,
the conductors had a slightly larger maximum length since the eddy effects in the
round-wire winding are negligible. Moreover, the rotor area around the magnets
had a finer mesh setting. The settings are presented in Table 5.1 and the mesh can
be seen in Fig. 5.1b.

(a) PMaSynRM. (b) Reference motor.

Figure 5.1: Mesh plots of the PMaSynRM and reference motor.
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5.2 Eddy current loss analysis in hairpin winding

The influence of eddy current effects on the winding losses has been investigated
in order to find an analytical method of estimating the frequency dependent losses.
This was done to obtain reasonable losses at higher speeds for the final analysis
with the MTPA controller and Simulink model, as will be described in Chapter
6. In order to obtain the frequency dependent winding losses, the simulation was
setup with a sweep of the speed of the motor between 500 and 12,000 rpm with
steps of 500 rpm. This corresponds to the operating range of the intended motor in
this report. As described in Section 5.1.2, the step size and simulation stop time is
dependent on the speed of the motor. In this way, the rotor rotates the same amount
for each increment of the speed. The speed sweep was implemented in Python
due to limitations observed with the Optimetrics function in Ansys Electronics,
since changing the speed affects the simulation time step size. The simulation was
therefore restarted for each increment of the speed. Further, to achieve a good
resolution of the influence of eddy effects and the time-varying magnetic field on the
conductors, a fine mesh with a maximum length varying between 0.1, 0.5 and 1 mm
was studied. It was found that a mesh of 1 mm inside the conductors yielded the
same results as 0.1 mm and was therefore chosen. Finally, the operating point of
the motor was initially chosen as the combination of i; and 7, found at base speed
and at maximum allowed rms current magnitude. At this point, found through
the procedure described further in Section 6.1, the currents iy = —425/ V2 and
iy, = 252/4/2. The losses were later on investigated with a decreased currents to
observe the influence of the operating point.

The three-phase winding losses were obtained for different speeds from the Solid
Loss quantity in Ansys. For this analysis, the end winding has been neglected as the
eddy effects are considerably lower and for easier estimation of the phase resistance.
The simulated losses were compared to an analytical loss model calculated with the
average resistance factor of the conductors in a slot (2.41) as described in Section
2.4.3.1. The ratio of AC and DC winding losses is presented in Fig. 5.2a, where
it can be seen that the simulated losses increase more with the frequency than the
analytical model.

For a better understanding of the winding losses, the loss distribution was examined
for the conductors in one slot. The losses in each individual conductor was obtained
with the Field Calculator function in Ansys which was setup to calculate the Ohmic
Losses for a given surface integral. In the post-processing of the data obtained
from the Field Calculator, a factor corresponding to the length of the motor times
the number of slots per phase and the number of pole pairs was multiplied to the
losses to get the correct values. This was then compared to the analytical model
(2.38), described in Section 2.4.3.1, which calculates the resistance factor for the kth
winding layer of conductors in a slot. The resulting simulated and analytical loss
ratio can be seen in Fig. 5.2b. The conductors with higher losses corresponds to
the conductors closer to the slot opening.
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analytical loss model. in a slot, where k = r is the conductor
closest to the slot opening.

Figure 5.2: The simulated ratio of AC and DC winding losses as a function of
the speed compared to analytical models.

When comparing the simulated and analytically calculated losses, as seen in Fig. 5.2,
it is clear that the simulated winding losses increase more with the frequency than
what the analytical model accounts for. One study investigating the eddy current
losses in hairpin winding found similar results and states that the AC losses are
heavily affected by the time-varying leakage flux across the slot [29]. The leakage
flux is strongest closest to the slot opening which significantly affects the nearby
conductors, resulting in a large increase of the resistance at higher speeds. This
phenomena can be seen in Fig. 5.2b where it is clear that the loss distribution is
very uneven. It can also be observed that the analytical model is better matched
to the simulated losses for conductors further away from the slot opening where the
influence of the leakage flux is lower.

The influence of the operating point was also studied. The stator current magnitude
influences the magnitude of the time-varying magnetic field that crosses the stator
slots, causing the uneven current distribution. The values for ¢4 and 7, used in the
previous simulations were decreased by 50 % and the resulting Pac/Ppc ratio for
the total winding losses as a function of speed can be seen in Fig. 5.3a. The figure
also presents the average analytical loss model calculated with the decreased current
magnitude. Further, the losses of each individual conductor in the slot is shown in
Fig. 5.3b together with the analytical loss model for the kth layer. It is clear that
the difference between the analytical model and the simulated losses is significantly
reduced with the decreased current magnitude, compared to the results in Fig. 5.2.
It can also be seen that the losses of the conductor closest to the air gap is affected
the most by the operating point. Additionally, the loss distribution of the conductors
in the slot correlates more to the analytical model. It is mainly the conductor closest
to the air gap that has a higher frequency dependent loss dependency.
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Figure 5.3: The simulated ratio of AC and DC winding losses as a function of the
speed compared to analytical models, with half the maximum current magnitude.

An empirical model was created by introducing a correction factor to the average
analytical resistance factor. This was done to better capture the increased winding
losses due to the time-varying leakage flux that is dependent on the operating point.
The empirical model is defined as

r2—1

b= () + 15 (5 0(6)) 65.7)

and was used together with the analytical model for further analysis of the motor
losses. A comparison of the two models and the simulated AC/DC winding loss
ratio can be seen in Fig. 5.4.
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Figure 5.4: Empirical model compared to the analytical model and simulated
AC/DC winding loss ratio at different current magnitudes.
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5.2.1 Analysis of the conductor material on winding losses

The influence of conductor material on winding losses has been studied to compare
aluminium winding to copper. Aluminium has a lower conductivity than copper
which leads to a higher DC loss component. However the lower conductivity also
leads to a decreased influence of the eddy current effects at higher frequencies. The
AC/DC winding loss ratio as a function of speed was investigated for the same
simulation setup but with the winding material replaced with copper. An analytical
model of the average resistance factor was also calculated with the material definition
of copper as specified in Appendix A.1. The results of the simulated and analytical
winding loss ratios with copper winding is presented in Fig. 5.5 compared to the
results from the study with aluminium winding. From the figure it can be seen
that the DC loss component of copper is about 34 % lower than for aluminium.
However, at higher speeds the winding losses of copper surpasses the winding losses
of aluminium. This is seen for both the simulated and the analytically calculated
losses. Depending on the operating region of the motor, the winding losses could
potentially be similar for aluminium and copper hairpin winding.
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Figure 5.5: Comparison of the simulated and analytical winding losses for
aluminium and copper conductors.

5.3 Demagnetisation study

As was discussed in Section 2.5, demagnetisation of the magnets can occur when an
external magnetic field is counteracting the internal magnetic field of the magnets.
To evaluate the safe operating region of the motor, the risk of demagnetisation
was investigated. Ferrite magnets are sensitive to temperature and the critical flux
density is higher for lower temperatures. At an operating temperature of -20 °C,
the critical flux density for the FBO9B magnets is between 0.13-0.16 T. Further, the
external magnetic field that counteracts the internal magnetic field of the magnets is
related to the magnitude of the negative current ¢4. It was found that by increasing
iy and keeping 74 constant, the risk of demagnetisation was reduced. The study
was therefore conducted by decreasing iy from 0 A down to the maximum allowed
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current, while ¢, was set to 0 A. The flux density in the magnets was observed to
evaluate at which magnitude of 74 the critical flux density was reached. In Fig.
5.6a it can clearly be seen that large parts of the magnets are demagnetised when
ig = —I7™. For a lower current of i; = —200 A rms, the magnetic flux density is
above the critical flux density of the magnets as can be observed in Fig. 5.6b. For
safe operation of the motor, the magnitude of iy must be kept below 200 A to ensure

that the magnets stay magnetised.

(a) Flux density in the magnets at (b) Flux density in the magnets at
1qg = —350 A rms. 1qg = —200 A rms.

Figure 5.6: Demagnetisation of the magnets.
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MTPA Controller and Powertrain
Model

6.1 MTPA

A field-oriented control strategy, MTPA, has been used to control the operation
of the motor. The underlying theory of MTPA has been described in Section 2.3.
The aim of this control strategy is to map the operating region of the motor, while
minimising the resistive losses by minimising the current magnitude for a certain
torque. The MTPA controller was implemented in Matlab and was used in the post
processing of the data obtained from Ansys Electronics. The data exported from
Ansys is a transient data table containing different quantities, defined in Table 6.1.
The quantities are functions of different combinations of i, and i,.

Table 6.1: Imported quantities from Ansys Electronics
for post process analysis.

Description Variable Unit
Time t (s)
3-phase Flux linkage W he (Wbh)
3-phase Induced voltage V. (V)
3-phase Input current Labe (A)
Torque T (Nm)
Core loss P.ore (W)
Eddy current loss Py (W)
Hysteresis loss Physt (W)
Solid loss P.oiid (W)
Stranded loss Psrandgea (W)
Moving position 0 (rad)

The maximum torque per ampere is obtained with the fmincon function in Matlab,
which finds the minimum of a constrained nonlinear multivariable function. Fur-
ther, the MTPA Matlab code makes a sweep of the speed in rpm and maps all the
quantities through interpolation. The resolution of this analysis is based on the
step size of the speed as well as the torque. For this report, nge, = 100 rpm and
Tstep = 10 Nm. The maximum torque as a function of speed was obtained for both
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the reference motor and the PMaSynRM. This is shown in Fig. 6.1 together with
the output power curves of the two motors.
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Figure 6.1: Maximum torque and output power for the PMaSynRM and the
reference motor.

A plot of the MTPA operating points can be seen in Fig. 6.2, which shows the
operating region of the motor in the dg-plane. The combinations of ¢; and 7, that
form the operating region in the dg-plane were calculated from the points of the
operating region in the torque-speed plane limited by the maximum torque line, as
shown in Fig. 6.1. The MTPA plot in Fig. 6.2 also depicts the voltage and current
limits for a sweep of the electrical speed and stator current respectively. Further,
the torque hyperbola is presented, which indicates the points of constant torque.
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Figure 6.2: MTPA curve for the PMaSynRM.
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6.1.1 Motor loss analysis

For the whole operating region, the motor losses were calculated. Regarding the
winding losses, both an analytical and an empirical model of the resistance fac-
tor were investigated, as described in Section 5.2. The winding losses for the
PMaSynRM with the analytical model can be seen in Fig. 6.3a, while Fig. 6.3b
shows the winding losses for the empirical model where the increased losses can be
observed. The introduction of the resistance factor also has an effect on the in-
duced voltage of the motor and thereby the performance, however this effect has a
negligible difference between the two models. Further analysis of the PMaSynRM
was therefore done with the empirical model as the loss estimation was closer to
the simulated losses as discussed in Section 5.2. As for the reference motor, the
eddy current effects in the winding is not as prevalent due to the small size of the
round-wire conductor. Due to this, the winding losses were calculated with the DC
resistance.

w
Torque (Nm)

& Winding losses (kW) & Winding losses (kW)

0 0 0
0 2000 4000 6000 8000 10000 12000 0 2000 4000 6000 8000 10000 12000
Speed (rpm) Speed (rpm)
(a) Analytical model. (b) Empirical model.

Figure 6.3: Winding loss map for the PMaSynRM.

Similar to the winding losses, the eddy current and hysteresis losses are dependent
on the frequency. The frequency relation was studied by varying the speed of the
machine and by observing the hysteresis and eddy current losses. It was found
that the eddy current and hysteresis losses have a frequency dependency similar
to their definitions (2.32) - (2.33), where the eddy current losses have a frequency
dependency to the power of two and the hysteresis losses are linearly dependent
on the frequency. To shorten the simulation time, by not requiring a sweep of the
speed, the eddy current and hysteresis losses were scaled with a frequency ratio of
the current speed divided by the speed at which the mapping was done according to
the definitions of both loss components. Further, the hysteresis losses were scaled
with a factor of 1.7 to account for degradation of the core lamination. The total
losses including winding, eddy current and hysteresis losses, can be seen in Fig. 6.4
for the PMaSynRM and the reference motor.
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Figure 6.4: Total loss map for the PMaSynRM and the reference motor.

6.1.2 Impact of demagnetisation on the operating range

The operating region of the motor is limited due to the risk of demagnetisation as
described in Section 5.3. The safe operating region, where the magnitude of 7,4 is
below 200 A rms, was obtained from the addition of a constraint to the MTPA
controller. The MTPA plot for the safe operating region can be seen in Fig. 6.5.
Further, Fig. 6.6 shows the safe operating points in the torque-speed region, as well
as the points were the risk of demagnetisation is high.
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Figure 6.5: MTPA curve for the PMaSynRM with regards to demagnetisation.

To evaluate the performance of the motor, a model of the powertrain was designed as
will be described in Section 6.2. In the evaluation of the PMaSynRM, the whole op-
erating region of the motor was used and later compared to the limited performance

for the safe operating region.
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Figure 6.6: Approximate limited operating region of the motor due to risk of
demagnetisation.

6.2 Model of the powertrain and physical model
in Simulink

In this section, a simplified model of the powertrain constructed in Simulink is
presented. The aim of the powertrain model is to test the performance and power
requirements of the electric motor over different drive cycles. The model is depicted
in Fig. 6.7 and includes a model of the vehicle dynamics, transmission and electric
motor. The drive cycles have previously been discussed in Section 3.2 together with
the intended vehicle model of this study. The drive cycle input provides a time series
of velocities from the WLTP and CADC 150 drive cycles. The first subsystem, Drive
Cycle and Acceleration estimator, uses that information to estimate the acceleration
using the backwards Euler method. The next subsystem, Vehicle Dynamics model
& wheel torque calculation, is based on the equations presented in Section 2.1 and
calculates the angular velocity and required torque of the wheels from the speed and
acceleration of the drive cycle. The Transmission subsystem adds the transmission
losses to the required wheel torque, which according to [20] is assumed to be 5 %.
The transmission also includes the gear ratio, which changes the torque and angular
velocity.

As was discussed in Section 6.1, the MTPA controller provides the operating range
of the motor with the current and voltage constraints described in Section 3.4. The
MTPA controller also provides a map of the losses for the whole operating region
of the motor. The required torque at a certain speed from the drive cycle gives the
losses at each operating point of the drive cycle through interpolation. The final
block, Motor Losses, adds the losses to the required power from the transmission
during motor operation. In this study, it is assumed that regenerative braking
is applied whenever the acceleration is below zero and that the motor losses are
the same for regenerative and motor operation. Further, the maximum regenerated
power is limited by the negative torque limiting line. During regenerative operation,
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Figure 6.7: Overview of the simplified powertrain model in Simulink.

power is supplied from the wheels to the motor. In this case, the required power
from the transmission is negative and the added motor losses reduces the power
supplied to the motor, P, The total energy demand of the motor was obtained by
integrating P, and was used to determine the efficiency and energy consumption
of the different motor designs based on reliable driving patterns.

6.2.1 Drive cycle performance comparison

The required torque operating points, Toyput, from the WLTP and CADC 150 drive
cycles can be seen in Fig. 6.8 together with the maximum torque lines of the
PMaSynRM and the reference motor. As the figure shows, the required torque op-
erating points, while accelerating, for both drive cycles are within the region limited
by the maximum torque line of the PMaSynRM. As for the reference motor, one
operating point is slightly outside of the limited region. However, this is negligi-
ble for this study since the reference motor has been scaled as a benchmark for a
fair comparison to the PMaSynRM and has not been optimised. The majority of
the required torque operating points, while decelerating, are also within the region
for both motors. The points outside of the limiting torque lines have reached the
maximum torque for regenerative breaking. The regenerated power is limited to the
negative maximum torque at that speed, and beyond this point mechanical braking
is applied.

6.2.1.1 Energy consumption and loss analysis of the WLTP drive cycle

The energy demand for the WLTP drive cycle can be seen in Fig. 6.9a together with
the driving pattern of the drive cycle. Eypee is the energy demand from the drive
cycle based on the vehicle dynamics model. FEop: is the required output energy
from the motor, with the transmission losses taken into account. Finally, Fj,,,: is
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Figure 6.8: Torque demand of the drive cycles compared to the maximum torque
lines of the two motors.

the energy supplied to the motor, with regards to the added losses of the motor.
Fig. 6.9b shows the final part of the drive cycle, where it can be seen that the
total energy demand of the PMaSynRM is slightly lower than the reference motor.
For the PMaSynRM, 14.1 % of the energy was lost after completing the drive cycle
compared to 15.0 % for the reference motor. Further, the energy consumption for the
PMaSynRM is 16.1 kWh/100 km compared to 16.2 kWh/100 km for the reference
motor.
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Figure 6.9: Energy demand for the WLTP drive cycle comparing the two motors.

A comparison of the different motor losses for the PMaSynRM and the reference
motor is shown in Fig. 6.10. Further, Fig. 6.10a shows that the winding losses
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for the aluminium hairpin conductors in the PMaSynRM is lower for low speed
operation. The total winding losses, as seen in 6.10b, for the WLTP drive cycle
is also lower despite the increased losses at higher speeds compared to the copper
round-wire winding in the reference motor. Despite the higher winding losses for
the PMaSynRM in the Extra High region, the combined losses are lower than for
the reference motor. This is due to the higher hysteresis and eddy current losses
caused by the larger flux density of the Nd(Dy)FeB magnets in the reference motor,
as described by (2.32) - (2.33).

Motor Losses - WLTP Motor Losses - WLTP
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(a) Losses for different sections in the WLTP drive cycle. (b) Total losses for the
WLTP drive cycle.

Figure 6.10: Loss analysis of the WLTP drive cycle for the two motors.

6.2.1.2 Energy consumption and loss analysis of the CADC 150 drive
cycle

The energy demand for the CADC 150 drive cycle can be seen in Fig. 6.11 to-
gether with the driving pattern of the drive cycle. The total energy demand of the
PMaSynRM is, similarly to the WLTP drive cycle, slightly lower than the reference
motor. For the PMaSynRM, 13.3 % of the energy was lost after completing the drive
cycle compared to 13.9 % for the reference motor. Further, the energy consumption
for the studied vehicle model equipped with a PMaSynRM is 18.9 kWh/100 km
compared to 19.0 kWh/100 km for the reference motor.

A comparison of the different motor losses for the PMaSynRM and the reference
motor is shown in Fig. 6.12. Similarly to the WLTP drive cycle, the winding
losses for the PMaSynRM is lower for low speed operation, as seen in Fig. 6.12a.
The Urban and Road driving patterns corresponds to lower speed operation while
Motorway represents high speed. The total winding losses, as seen in 6.10b, for the
CADC 150 drive cycle is also lower despite the increased losses at higher speeds
compared to the reference motor. The combined losses for the Motorway region are
lower for the PMaSynRM, similar to the WLTP drive cycle. This is once again due
to the higher hysteresis and eddy current losses of the reference motor.
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Figure 6.11: Energy demand for the CADC 150 drive cycle comparing the two
motors.
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Figure 6.12: Loss analysis of each section of the CADC 150 drive cycle for the
two motors.

6.2.2 Limited performance due to demagnetisation

The maximum torque line is limited due to risk of demagnetisation, discussed in
Section 6.1.2, and is given by the safe operating points. The required torque from
the WLTP and CADC 150 drive cycles are shown in Fig. 6.13 together with the
limited maximum torque line for safe operation. As can be seen, the performance
of the PMaSynRM is heavily affected by the restricted operating points for safe
operation. Despite this, the required torque operating points from the WLTP drive
cycle are within the limited region for the PMaSynRM. Further, the motor can
handle a majority of the torque operating points for the CADC 150 drive cycle,
with limited acceleration in some regions. The time to 100 km /h for safe operation

is 12.5 s.
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Figure 6.13: Limited maximum torque line of the PMaSynRM compared to the
torque demand of the drive cycles.
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Environment and Cost Analysis

This chapter presents the cost analysis of the different motors and the environmental
impact in both ELU and carbon dioxide equivalence (COs-eq). The calculations are
based on the raw material needed to produce the parts, including the scrap during
production. Since some of the material goes to waste, the production of aluminium
and copper require an extra 2 % of material [30], steel requires an additional 13.6 %
[31], NdFeB magnets require 20 % and ferrite magnets require 27 % [32]. The cost
and impact during production and recycling are not included.

7.1 Environmental Impact

There are many ways to measure how an element affects the environment. This
thesis has used the two measurement systems Environmental Priority Strategies
(EPS) and Global Warming Potential (GWP). Both systems were developed to
simplify and enable faster comparisons between different materials.

7.1.1 Environmental Priority Strategies, EPS

The first version of the EPS system was developed in 1989, by cooperation between
Volvo, IVL Swedish Environmental Research Institute and the Swedish Federation
of Industries [33]. The purpose was to have a comparison between different products
from a life cycle analysis (LCA) point of view [33][34]. The EPS system is based
on the LCA standards ISO 14040 and ISO 14044. It aims to preserve the natural
capital for the next generation in at least the same state as this generation inherited
it from the previous generation [34]. A decrease in the capital needs to be replaced
or compensated for. The compensation is expressed as a dept and measured in the
economic value of ELU for each element. ELU expresses the environmental impact
in euro/kg [9]. Rare materials generate a higher dept compared to commonly found
materials.

Table 7.1 shows the ELU comparison of the different magnet and winding materials
used in the PMaSynRM and the reference motor. From the table it is clear that
aluminium winding and ferrite magnets have a substantially lower environmental
impact. For the winding material, the reason is that aluminium is the third most
common material in the earth’s crust, while copper is more rare and therefore has
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a higher ELU value [9]. The density of aluminium is 70 % lower than the density
of copper. However, a 38 % larger volume is needed for the aluminium hairpin
conductors, due to the lower current density as explained in Section 4.3. Despite
the increased volume, the weight of aluminium was 53 % lower than the weight of
copper, as shown in Table 7.1.

Table 7.1: Environmental impact in ELU of the different magnet and winding
materials used for the two motors.

Volume Density Material ELU Total Difference
(em®)  (g/cm®) amount (kg) (euro/kg) impact (euro) in ELU (%)
Winding | ¢ 515.6 9.0 46 131.0 607.8 :
material
Aluminium  813.7 2.7 2.2 0.2 0.35 -99.9%
Magnets | Nd(Dy)FeB  208.0 7.5 1.6 102.8 160.4 -
FB9B 446.9 4.9 2.19 2.9 6.3 -96.1%

Both the change of magnet material and winding material greatly improves the ELU.
However, a larger total volume of magnets is required when using ferrite compared
to Nd(Dy)FeB magnets to handle the same requirements. It thereby increases the
environmental impact but, as Table 7.1 shows, the difference in ELU between the
magnets is so significant that the total impact of ferrite is still an immense im-
provement from an environmental point of view. Table 7.2 shows a more extensive
comparison between the magnets, since they consist of several different elements.
The table indicate which element has the largest environmental impact. The ma-
terial amount of the Nd(Dy)FeB was obtained from a similar study by [5]. For the
ferrite magnet, the material amount was calculated from the magnet composition
presented by [35].

Table 7.2: Deeper comparison of the environmental impact of the magnet

materials.
Material ELU Total impact Total
amount (%) (euro/kg) (euro/kg) impact (%)
Nd(Dy)FeB | Neodymium 25.7 202.0 51.8 50%
Dysprosium 3.3 1500.0 49.4 48%
Iron 69.1 1.0 0.7 0.7%
Boron 1.3 9.1 0.1 0.1%
Nickel 0.7 124.0 0.8 0.8%
FB9B Strontium 3.6 0.2 0.01 0.2%
Lanthanum 0.8 175.0 14 48.1%
Cobalt 0.3 205.0 0.7 23.5%
Iron 80.9 1.0 0.8 28%
Oxygen 14.4 0.0 0.0 0%

Table 7.3 sums the environmental impact of the two motors and compares the ferrite
motor to the reference motor. As can be seen, the difference is immense. The ferrite

o4



7. Environment and Cost Analysis

motor reduced the impact in ELU by 96.1 %. The biggest reduction does not come
from the replacement of the rare-earth magnets but from using aluminium instead
of copper. As the table shows, it reduces the impact by 99.9 %, from 607.8 euros to
just 0.4 euros. The change from Nd(Dy)FeB to ferrite is also a great improvement,
however, 77 % of the total impact of the reference motor is caused by the copper
winding. This makes the change of winding material the most important to reduce
the ELU.

Table 7.3: Environmental Impact in ELU of the two motors.

Difference in ELU
Material ELU Total compared to
amount (kg) (euro/kg) Impact (euro)  corresponding part
in reference motor (%)

Reference

Motor Nd(Dy)FeB magnet 1.56 102.8 160.4 -
Copper winding 4.64 131.0 607.8 -
Steel core 22.6 1.0 22.3 -
Motor total 28.8 27.5 790.6 -

FB9B

Motor FB9B magnet 2.19 2.9 6.3 -96.1%
Aluminium 2.20 0.2 0.4 -99.9%
winding
Steel core 24.4 1.0 24.2 +8.1%
Motor total 28.8 1.1 30.8 -96.1%

7.1.2 Global Warming Potential, GWP

GWP is a another measurement of environmental impact which also strives to enable
a faster comparison between different materials. However, GWP compares gases’
impact on global warming [36]. It is a measurement of how much energy the emis-
sions of 1 ton of gas will absorb compared to CO4 during a specified period of time,
usually 100 years is used. GWP is measured in the unit COy-eq and COy thereby
has the value of 1 COs-eq independent on the time frame. A larger value means
that the gas warms the earth more than CO, would do during the same period of
time. By translating the emissions of the gases to a common unit it is possible to
add the emissions from several gases together.

In a study by [37], three motors were compared. One of them was a Nd(Dy)FeB
magnet motor and one was a ferrite magnet motor, both with copper round-wire sta-
tor windings. The study investigated the total emissions during magnet production,
motor production and when the motor was used. All three motors could accelerate
from 0-50 km/h in around 3.2 seconds and were assumed to have a lifetime of 200
000 km. The study showed that the total impact in COs-eq was reduced by 13.12
% for the ferrite motor. Since the study by [37] only used copper winding, the dif-
ference in COs-eq for the raw material needed for the winding and core production
of the two motors in this thesis is presented in Table 7.4 [38]. It shows a significant
improvement when changing the winding material from copper to aluminium.
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Table 7.4: GWP comparison of the motor material impact with different winding

material.
. Motor Motor
GWP material material .
100 years . . Impact difference (%)
(kg COy-cq/kg) impact impact
(kg COs-eq) (g COy-eq/km)
Nd(Dy)FeB o
Motor Copper winding 8.3 38.5 0.2
Steel core* 1.5 32.8 0.2
Total 9.8 71.3 0.4
if)?i Aluminium winding 8.2 18.0 0.1 -53%
Steel core* 1.5 35.4 0.2 +8%
Total 9.7 53.4 0.3 -25%

*The steel core consists of iron with up to 3.2 % silicon but [38] only presents the

data for iron, so GWP for silicon is not taken into account [39].

7.2 Cost Analysis

Using different materials not only affects the environmental impact but also impacts
the cost of the motors. Therefore, a cost analysis was performed and was based on
the cost of the required raw materials. Table 7.5 compares the magnets and presents
how much each element in the respective magnet contribute to the total cost of it.
Iron is the main material in both magnets and for the ferrite magnet, it is the
main cost contributor. However, for the Nd(Dy)FeB magnet, the neodymium is
responsible for 71 % of the total cost.

Table 7.5: Deeper comparison of the environmental impact for magnet materials.

Material Cost Total cost Total Price
amount (%) (USD/kg) (USD/kg magnet) cost (%) reference
Nd(Dy)FeB | Neodymium 25.7 209.0 53.6 71 % [40]
Dysprosium 3.3 601.3 19.8 26 % [40]
Iron 69.1 3.0 2.1 3% [41]
Boron 1.3 9.4 0.1 0 % [42]
Nickel 0.7 32.1 0.2 0% 11]
FB9B Strontium 3.6 1.0 0.03 1% [43]
Lanthanum 0.8 4.4 0.03 1% [40]
Cobalt 0.3 82.0 0.3 10 % [11]
Tron 80.9 3.0 2.4 88 % [41]
Oxygen 14.4 0.0 0.0 0% -

Table 7.6 presents a comparison of the two motors which indicates that the ferrite
magnets are substantially cheaper. The winding material also has a big influence
on the total cost. It is clear that the motor cost can be heavily reduced by both
changing to aluminium winding and ferrite magnets.
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Table 7.6: Cost comparison of the two motors.

Reduced cost

Material Cost Total cost compared to Price
amount (kg) (USD/kg)  (USD) corresponding part  reference
in reference motor (%)
Reference 8
Motor Nd(Dy)FeB magnet 1.6 76.0 118.5 - Table 7.5
Copper winding 4.6 10.3 47.8 - [11]
Iron core 22.6 1.3 28.9 - [40]
Motor total 28.8 6.8 195.2 - -
FBIB FB9B magnet 2.2 2.8 6.1 -94.9 % Table 7.5
Motor
Aluminium 2.2 3.5 7.7 -84.0 % 1]
winding
Iron core 24.4 1.3 31.2 8.1 % [40]
Motor total 28.8 1.6 45.0 -77.0 % -
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Conclusion

In this thesis, a PMaSynRM with ferrite magnets and aluminium hairpin winding
was designed and compared to a reference PMSM with Nd(Dy)FeB magnets and cop-
per round-wire winding. For the requirements stated in this study, the PMaSynRM
had a similar performance to the reference motor. The two motors had an acceler-
ation from 0-100 km/h in 9.72 s and 9.82 s respectively and could handle both the
WLTP and CADC 150 drive cycles. Despite the frequency dependent losses of hair-
pin winding, due to eddy current effects, the aluminium hairpin winding had lower
total winding losses than the copper round-wire for both drive cycles. Further, the
lower flux density of the ferrite magnets resulted in lower hysteresis and eddy current
losses compared to the Nd(Dy)FeB magnets in the reference motor. However, the
ferrite magnets are at risk of demagnetisation for large current magnitudes. This
results in a limited operating region for safe operation of the PMaSynRM. Despite
this, the PMaSynRM could still complete the WLTP drive cycle and a majority of
the CADC 150 drive cycle.

An environmental and cost analysis was conducted for the two motors to investigate
the impact of the different materials. The environmental impact was measured with
the EPS system, which aims to preserve the natural capital, and is measured in
the economic value of ELU. It was found that the PMaSynRM had a 96.1 % lower
total impact in ELU compared to the reference motor. The impact of the ferrite
magnets was 96.1 % lower than the Nd(Dy)FeB magnets, while aluminium was
99.9 % lower than copper regarding the winding. Further, the aluminium hairpin
winding had a 53 % lower COs-eq compared to the copper round-wire. The total
cost of the PMaSynRM was found to be 77.0 % lower than the PMaSynRM. The
ferrite magnets had a 94.9 % lower cost than the Nd(Dy)FeB magnets, while the
cost for the aluminium hairpin winding was 84.0 % lower compared to the copper
winding in the reference motor.

8.1 Future work

The results presented in this thesis regarding the performance of the PMaSynRM
and the reference motor are based on the requirements and assumptions made
throughout the study. The requirements set for the motors were quite low com-
pared to the performance of many existing electric motors in the market. Perhaps
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the results for the performance comparison would differ more if the motors were
optimised with regards to tougher requirements.

Further improvements to the rotor structure could be necessary, and a more exten-
sive optimisation of the rotor variables could be done with a more advanced algo-
rithm, using an optimisation software. Moreover, an investigation of the mechanical
stresses in the rotor is necessary to validate the design. Further, the mechanical
limitations on the rotor structure could be included in the optimisation of the rotor
variables. A thermal analysis can also be done to investigate the impact on the
ferrite magnets and the winding losses of the aluminium hairpin conductors. Ad-
ditionally, the limited performance of the safe operating region with regards to the
risk of demagnetisation could be improved by investigating different ferrite mag-
nets. Another possible solution could be to use a combination of ferrite and NdFeB
magnets.
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Material specification

A.1 Copper

The material properties for copper was obtained from SysLibrary in Ansys Elec-
tronics and is presented in Table A.1.

Table A.1: Properties of copper.

Property Value Unit
Relative permeability 0.999991

Bulk conductivity 58 MSiemens,/m
Mass density 8933 kg/m3
Young’s modulus 120 GN/m?
Poisson’s Ratio 0.38

A.2 Nd(Dy)FeB

The material properties for the Nd(Dy)FeB magnets were obtained from the refer-
ence model and are presented in Table A.2.

Table A.2: Properties of Nd(Dy)FeB.

Property Value Unit
Coercive Force, H, -849.2 kA/m
Residual magnetic flux density, B, 1.15 T

Relative permeability 1.08

Bulk conductivity 0.67  MSiemens/m
Young’s modulus 200 GN/m?

A.3 M19 29G Electrical Steel

The material properties for the core material, M19 29G, was obtained from [44],
and is presented in Table A.3. Further, the data for the BH curve is presented in
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A. Material specification

Table A.4 and the core loss as a function of flux density and the frequency is shown
in Table A.5.

Table A.3: Properties of M19 29G.

Property Value Unit
Core loss model Electrical steel W /m?
Kh 184.234

Kec 0.386

Ke 0.270

Mass density 7872 kg/m3

Table A.4: BH table of M19 29G.

H (A/m) B (T)

0 0
22.28 0.05
25.46 0.1
31.83 0.15
47.47 0.36
63.66 0.54
79.57 0.65
159.15 0.99
318.3 1.2
477.46 1.28
636.61 1.33
795.77 1.36
1591.5 1.44
3183 1.52
4774.6 1.58
6366.1 1.63
7957.7 1.67
15915 1.8
31830 1.9
111407 2
190984 2.1
350138 2.3
509252 2.5

560177.2  2.56
1527756 3.78
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A. Material specification

Table A.5: Core loss versus frequency of M19_ 29G.

B (T) P (W)

50 Hz 100 Hz 200 Hz 400 Hz 1000 Hz
0 0 0 0 0 0
01 | 003 004 009 021 0.99
02 | 007 016 037 092  3.67
03 | 013 034 079 199  7.63
04 | 022 055 131 333 12.7
05 | 031 0.8 1.91  4.94 18.9
06 | 043 108 261 684 264

0.7 0.54 1.38 3.39 9 35.4

0.8 0.68 1.73 4.26 114 46

0.9 0.83 2.1 5.23 14.2 58.4
1 1.01 2.51 6.3 17.3 73

1.1 1.2 2.98 7.51 20.9 90.1
1.2 1.42 3.51 8.88 24.9 -
1.3 1.7 4.15 10.5 29.5 -
1.4 2.12 4.97 12.5 35.4 -
1.5 2.47 5.92 14.9 41.8 -

1.6 | 2.8 - - - ]
1.7 | 3.05 - - - ]
1.8 | 3.25 - - - ]
A.4 FBY9B

The material properties for the FBIB ferrite magnets was obtained from the supplier
TDK [25], and is presented in Table A.6.

Table A.6: Properties of FB9B.

Property Value Unit
Coercive Force, H, 342.2  kA/m
Residual magnetic flux density, B, 045 T

Relative permeability 1.05

Bulk conductivity 1.5 MSiemens,/m
Young’s modulus 200 GN/m?

A.5 Aluminium

The material properties for aluminium was obtained from SysLibrary in Ansys Elec-
tronics and is presented in Table A.7.
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Table A.7: Properties of aluminium.

Property Value Unit
Relative permeability 1.000021

Bulk conductivity 38 MSiemens,/m
Mass density 2689 kg/m3
Young’s modulus 69 GN/m?
Poisson’s Ratio 0.31
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