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Abstract

Permanent magnet traction machines for electric truck applications must combine
high torque capability, wide speed operation, high efficiency, low material cost, and
reduced dependence on rare-earth magnets. This thesis presents the design, finite-
element analysis, drive-cycle evaluation, sustainability assessment, and torque ripple
reduction of three machine topologies: a hybrid-magnet permanent magnet-assisted
synchronous reluctance machine (PMaSynRM), a ferrite spoke-type permanent mag-
net synchronous machine (PMSM), and a NdFeB V-type PMSM used as a reference.
The comparison considers torque-speed and power-speed capability, field-weakening
performance, loss and efficiency behaviour, magnetic saturation, demagnetization,
mechanical rotor stress, material usage, cost, and environmental impact.

The results show that all three machines can meet the required traction performance,
but with different trade-offs. The NdFeB V-PMSM provides the most compact de-
sign and strong torque production, but it is the most expensive solution and has the
highest C'Ose per kilogram due to its strong dependence on NdFeB magnet material.
The ferrite spoke PMSM reduces rare-earth magnet dependency and achieves the
highest power capability in the field-weakening region by using ferrite magnets and
flux concentration. It is also the cheapest machine and has the lowest C'Ose per
kilogram, but its larger and heavier structure leads to higher total emissions and in-
creased core losses, especially at higher speeds. The hybrid PMaSynRM, which uses
both ferrite and NdFeB magnets, reduces NdFeB usage while maintaining compet-
itive torque-speed performance, low drive-cycle losses, and high average efficiency.
Overall, it offers the best compromise between electromagnetic performance, rare-
earth magnet reduction, cost, efficiency, and sustainability.

In addition to the motor design comparison, this thesis investigates steady-state
torque ripple reduction using a map-based reduced-order model. A field-oriented
control structure with feedforward voltage compensation and LQI current control is
implemented, including digital controller sampling delays and zero-order hold effects.
A linear time-varying Kalman filter is used to estimate flux components and torque,
while a harmonic current optimizer modifies selected current harmonic components
to reduce torque ripple without causing drift in the mean current or mean torque.
The proposed optimizer achieves torque ripple reduction of up to 70-80% at steady
state while respecting inverter switching constraints. The Kalman filter accurately
estimates fluxes and mean torque but cannot fully reconstruct torque ripple caused
by cogging and slotting effects.
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1

Introduction

The demand for electrified transport is increasing, which in turn increases the need
for high-efficiency, high-power-density traction systems, especially for commercial
electric vehicles. In recent years, certain machine topologies, such as Permanent
Magnet-assisted Synchronous Reluctance Motors (PMaSynRMs) and Spoke-Type
Permanent Magnet Synchronous Machines (PMSMs), have attracted significant re-
search interest due to their advantages in efficiency, torque density, field-weakening
capability, and reduced rare-earth magnet usage. However, both topologies are
mainly affected by torque ripple caused by slotting effects, magnetic saturation, and
air-gap flux harmonics, which degrade drive performance and increase noise and
vibration. Therefore, the development of these motor designs requires careful elec-
tromagnetic design, with proper selection of rotor geometry, magnet arrangement,
winding configuration, and slot-pole combination, supported by finite element anal-
ysis for performance evaluation.In addition, suitable control strategies are required
to ensure smooth torque production and high drive performance over the operating
range.

1.1 Problem description

In PMaSynRM and Spoke-Type PMSM traction drives for heavy-duty EVs, torque
ripple remains a critical challenge because it causes vibration, acoustic noise, reduced
control accuracy, and increased mechanical stress, especially at high torque and
over a wide speed range. It arises mainly from slotting, air-gap flux harmonics,
magnetic saturation, and inverter-induced current harmonics. Therefore, integrated
design-and-control strategies with advanced current control are required to cancel
dominant ripple components while limiting additional copper and iron losses across
the operating region [1].

1.2 Previous work

Prior research on torque ripple reduction in PMaSynRMs and related PM-assisted
saliency machines shows that the ripple originates from rotor—stator geometric in-
teractions, spatial harmonics, and saturation. Also, some work shows that careful
rotor flux-barrier shaping and placement can lower torque pulsations by modifying
air-gap permeance harmonics and smoothing the reluctance torque production while
preserving the torque capability [1]. In parallel, the drive related studies shows that
the periodic disturbances oriented current controllers can attenuate torque ripple
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by rejecting/cancelling dominant harmonic components in the current/torque path,
improving torque smoothness without requiring extensive mechanical changes [2].
However, most previous studies focus either on machine design or on control design
separately. A comparative study that combines electromagnetic design, magnet se-
lection, and torque-ripple reduction for both PMaSynRM and spoke-type PMSM
traction motors in heavy-duty EV applications remains limited.

1.3 Purpose

The purpose of this thesis is to design and compare different traction PM topologies
for EV truck applications using FEA and performance mapping. Both rare-earth
and ferrite magnet variants are evaluated in order to quantify performance, cost,
and the associated design trade-offs. Short-circuit and demagnetization analyses are
carried out to assess fault behaviour and magnet integrity. Drive-cycle simulations
are used to evaluate energy consumption and torque quality under realistic operating
conditions. Additionally a Field Oriented Controller is to be designed and equipped
with Torque Ripple Optimizer and Parameter Estimator (Kalman Filter), with a
target torque-ripple reduction of 70-80%.



2

PMSM Theory

2.1 Vehicle Dynamics

2.1.1 Longitudinal Vehicle Dynamics

The traction motor requirements are derived from the longitudinal motion of the
vehicle. During driving, the tractive force at the wheels must overcome the external
road-load forces and provide the force required for vehicle acceleration. The main
longitudinal forces acting on a vehicle travelling on an inclined road are illustrated
in Figure 2.1.

Figure 2.1: Longitudinal vehicle dynamics force diagram showing aerodynamic
drag, gravitational force components, normal reactions, longitudinal tire forces,
wheel torques, road grade angle and vehicle velocity [3]

As shown in Figure 2.1, the vehicle is subjected to aerodynamic drag, rolling re-
sistance, grade resistance and inertia during acceleration. The road grade angle 6
divides the vehicle weight into a normal component mg cos # and a longitudinal com-
ponent mgsin . The normal component influences the normal reactions at the front
and rear wheels while the longitudinal component acts against the motion during
uphill driving and assists the motion during downhill driving.
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The longitudinal force balance can be written as

dv
Ftrac = Faero T Froll + Fgrade + meqav (21)

where Fi.,. is the required tractive force at the driven wheels, v is the vehicle speed,
Meq 1s the equivalent vehicle mass, and dv/dt is the longitudinal acceleration. The
equivalent mass includes the effect of rotating inertias in the wheels, driveline and
electric machine.

The road-load forces are expressed as

1
Frero = ipC’dAfUQ, (2.2)
Fion = Ciymg cos 0, (2.3)
Fyrade = mgsin 6, (2.4)

where p is the air density, Cy is the aerodynamic drag coefficient, Ay is the frontal
area, C\, is the rolling resistance coefficient, m is the vehicle mass, ¢ is the gravita-
tional acceleration and 6 is the road grade angle. The aerodynamic drag increases
with the square of vehicle speed while rolling resistance is mainly proportional to
the normal load on the tires. The grade resistance becomes significant when the
vehicle is travelling on an inclined road.

The required tractive force is related to the wheel torque demand by

TW = Ftracrwa (25)

where T, is the wheel torque and ry, is the rolling radius of the tire. The corre-
sponding wheel angular speed is

Wy = —. (2.6)

TW
The driveline and gearbox are used to transform torque and speed between the
motor and the wheels. The total gear ratio is defined as
. Wm
ot = ww> (27)
where wy, is the motor angular speed. During traction operation the motor torque
required to produce the wheel torque is
Thn = ,Tw , (2.8)
LtotT)dl
where nq; is the driveline efficiency. This efficiency accounts for mechanical losses in
the transmission, bearings, differential and other driveline components. Therefore
the gear ratio increases the torque available at the wheels while the motor rotates
at a higher speed than the wheels.

4
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2.1.2 Torque-Speed and Power Requirements

The traction motor of an electric vehicle must satisfy two main requirements. First,
it must provide high torque at low vehicle speed for vehicle launch, acceleration,
start-stop driving and gradeability. Second, it must provide sufficient power at
higher vehicle speeds for cruising and high-speed transients.

The mechanical output power is given by

Pmech = mem (29)

where Pecn is the mechanical output power, T}, is the motor torque, and wy, is the
motor mechanical angular speed.

At low and medium speeds the motor is usually current-limited. In this region
the maximum torque is constant and the output power increases almost linearly
with speed

Pech X Wi (2.10)

Above the base speed, the motor becomes voltage-limited because the back-EMF
increases with speed. The machine then enters the field-weakening region. In this
region, the available torque decreases with speed in order to keep the output power
within the maximum power capability. The torque in the field-weakening region is
given by

Pmax

Tn(wm) & 7= Wi > Whase (2.11)

where P, is the maximum mechanical power and wy,s. is the base speed.

2.2 Traction Machines Considered

Two permanent magnet traction machine topologies are considered in this thesis:
a permanent magnet assisted synchronous reluctance machine (PMaSynRM) and
a spoke type permanent magnet synchronous machine (spoke type PMSM). Both
topologies are suitable candidates for traction applications because they can pro-
vide high torque density, high efficiency, and field-weakening capability. However
they achieve these characteristics through different rotor structures and torque-
production mechanisms.

2.2.1 PM-Assisted Synchronous Reluctance Machine Prin-
ciples

A synchronous reluctance machine produces torque due to rotor saliency. The rotor
contains flux barriers that create different magnetic reluctances along the direct and
quadrature axes. As a result, the d and ¢ axis inductances are unequal, and the
rotor tends to align itself with the stator magnetic field in a position of minimum
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reluctance. This produces reluctance torque without requiring rotor windings or
permanent magnets [4].

When permanent magnets are inserted into the flux barriers, the machine becomes a
permanent magnet assisted synchronous reluctance machine (PMaSynRM). In this
case, the total electromagnetic torque consists of two main components: the reluc-
tance torque produced by rotor saliency and the permanent magnet torque produced
by the interaction between the stator current and the magnet flux.

The use of permanent magnets improves the performance of a pure synchronous
reluctance machine by increasing the air-gap flux, torque density, efficiency, and
power factor. At the same time, the reluctance torque contribution allows the ma-
chine to use less permanent-magnet material than a conventional PMSM for a similar
performance target. Therefore, the PMaSynRM is an attractive topology when the
design objective is to balance traction performance with magnet cost, rare-earth
material usage and sustainability considerations [4].

2.2.2 Spoke-Type PMSM Topology

The spoke type PMSM is an interior permanent-magnet topology in which the mag-
nets are placed radially in the rotor similar to spokes in a wheel. The magnets
are usually magnetized in the tangential direction. This arrangement causes the
magnet flux to be concentrated through the rotor iron before crossing the air gap.
As a result, the effective air-gap flux density can become higher than the remanent
flux density of the magnet material itself. This flux concentration effect is especially
useful when ferrite magnets are used because ferrite magnets have lower remanent
flux density than NdFeB magnets [4].

The increased air-gap flux density improves the torque density of the machine for a
given stator and rotor size. This makes the spoke type PMSM attractive for traction
applications where high torque and high power density are required within inverter
voltage and current limits.

However spoke type PMSMs also have several design challenges. Since the mag-
nets are buried inside the rotor, part of the magnet flux may leak through rotor
iron paths instead of crossing the air gap. This leakage flux reduces the useful
air-gap flux and can reduce torque production. The rotor also requires bridges,
ribs, or retaining structures to keep the magnets mechanically secure at high speed.
These structures must be strong enough to withstand centrifugal forces, but they
can also create additional leakage paths and local saturation. Therefore, the spoke-
type PMSM requires careful electromagnetic and mechanical design especially for
high-speed traction operation [4].
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2.3 dq Modelling, Torque Production and Perfor-
mance Characteristics

This section describes the electromagnetic torque-production mechanism and the
dg-axis modelling framework used to analyse the electric machines.

2.3.1 Magnetic Circuit and Role of the Iron Core

The stator and rotor cores of the electric machines are made of laminated electrical
steel. The purpose of the core material is to provide a low-reluctance path for the
magnetic flux produced by the permanent magnets and stator windings. This is
possible because soft magnetic materials have high permeability compared with air.
The reluctance of a magnetic path can be written as

R=— (2.12)

where [ is the magnetic path length, A is the cross-sectional area, and pu is the
permeability of the material. The magnetomotive force (MMF') required to drive a
flux ® through this path is

F =oR. (2.13)
By Ampere’s Law, the MMF drop along a magnetic path is

F= /Hdl (2.14)

where H is the magnetic field intensity. In the air gap,

B = uoH (2.15)

whereas in the unsaturated region of the steel

with @, > 1. Therefore for a given flux density B the required magnetic field
intensity H is much smaller in the steel than in the air gap. This means that
the MMF drop inside the stator and rotor cores is relatively small so most of the
available MMF is applied across the air gap.

2.3.2 Effect of Magnetic Saturation

The low-reluctance behaviour of the steel is valid mainly in the unsaturated region
of the B-H curve. As the flux density increases the magnetic domains in the material
become increasingly aligned. Beyond the knee of the B-H curve, the permeability

dB

- (2.17)

I
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decreases significantly. In this region a large increase in magnetic field intensity
produces only a small additional increase in flux density. The steel therefore no
longer behaves as an effective low-reluctance path.

Saturation is undesirable because it increases the MMF drop inside the iron. There-
fore, more of the available magnet and winding excitation is consumed inside the
core instead of being used across the air gap. In addition, the torque no longer
increases proportionally with current since the additional current produces only a
small increase in useful air-gap flux. This reduces the torque per ampere and may
require higher current for the same torque thus increasing the copper loss.

Local saturation in the stator teeth, stator yoke, rotor bridges, or rotor ribs can
also distort the air-gap flux-density waveform. This can increase torque ripple,
acoustic noise and iron loss. Therefore, the machine should be designed so that the
steel is used effectively without excessive local saturation.

2.3.3 Air-Gap Field and Maxwell-Stress Torque Production

The MMF drop across the air gap does not directly become torque. Instead, it
establishes the air-gap magnetic field, and torque is produced by the tangential
component of the electromagnetic stress in the air gap [5]. The sequence is as
follows:

F, =B, = 19— Fy— T, (2.18)

where F; is the air-gap MMF, B, is the air-gap flux density, 7 is the tangential
magnetic shear stress, Fy is the tangential electromagnetic force and T, is the elec-
tromagnetic torque.

The air-gap flux-density vector can be resolved into radial and tangential compo-
nents as illustrated in Figure 2.2.

Stator

Figure 2.2: Components of the air-gap flux-density vector. The radial component
B..a = B, acts normal to the air-gap while the tangential component Bi,, = B;
produces electromagnetic shear stress [6]

The radial component acts mainly normal to the rotor surface, while the tangential
component is associated with useful torque production.

8
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A purely radial air-gap field mainly produces normal attraction between the stator
and rotor. It contributes to radial force, vibration and acoustic noise, but it does
not directly produce torque. Useful torque is produced when the air-gap field has a
tangential stress component. Therefore both the magnitude and spatial orientation
of the air-gap field are important for torque production [6].

The air-gap flux density can be decomposed as

B = Biaaf + Bianl (2.19)
where B,.q is the radial component and By,, is the tangential component. Using
the Maxwell stress tensor the tangential shear stress in the air gap can be expressed
as [5]

Bra B an
Ty = —2dtan (2.20)
Ho
For a radial-flux machine with active stack length [ and air-gap radius r, the elec-
tromagnetic torque can be expressed as

Ir? 2w

T, = — Bi2a(0) Byan (0) d6 (2.21)
Ho 70

Equation (2.21) shows that torque is produced by the product of the radial and
tangential flux-density components. If the tangential component is zero, the field
produces radial attraction but no average torque. Physically, torque is produced
when the rotor and stator magnetic fields are spatially displaced causing the resul-
tant air-gap field to develop a tangential component

2.3.4 dq Reference Frame Model
The d and ¢ axis definition is illustrated in Figure 2.3.

d-axis

Permanent
magnet

Figure 2.3: Definition of the d and ¢ axes in a permanent magnet machine. The
d axis is aligned with the rotor permanent-magnet flux direction, while the ¢ axis is
perpendicular to the d axis [7]
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For control and performance analysis, the machine is described in a rotating dq ref-
erence frame. For the permanent-magnet machines considered in this thesis, the d
axis is taken along the rotor direct axis, which is aligned with the rotor permanent-
magnet flux direction, while the ¢ axis is perpendicular to it. In the rotating dg
reference frame, balanced sinusoidal three-phase quantities appear as constant val-
ues in steady state, which simplifies machine analysis and control design.

The d axis current component is associated with the direct-axis flux path and is
commonly used for flux control, field weakening, and reluctance-torque utilization.
The ¢ axis current component is perpendicular to the magnet flux axis and is mainly
responsible for torque production. Therefore, the dg model provides a convenient
basis for field-oriented control because the current vector can be separated into flux-
producing and torque-producing components [7].

The equivalent dg-axis circuits of a permanent-magnet synchronous machine are
shown in Figure 2.4.
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Figure 2.4: Equivalent circuits of the permanent magnet synchronous machine
in the rotating dq reference frame. The d and ¢ axis circuits include the stator
resistance, d and ¢ axis inductances, permanent magnet flux linkage and speed-
dependent coupling voltage terms [8]

The circuits show the stator resistance, the d and ¢ axis inductances, the permanent-
magnet flux linkage and the speed-dependent cross-coupling voltage terms.

The stator voltage equations in the rotor-oriented dq frame are

d

W—R%+;f—%%, (2.22)
d

Vg = Ryig + ;iq + wetha, (2.23)

where vy and v, are the dg-axis voltages, 74 and 7, are the dg-axis currents, 14 and
Y, are the dg-axis flux linkages, R, is the stator phase resistance, and w, is the
electrical angular speed.

For a simplified PMSM model, the flux linkages can be written as

Ya = Liiqg + ¥m, (2.24)

10



2. PMSM Theory

Vg = Lyiq, (2.25)

where Ly and L, are the d and ¢ axis inductances, respectively, and 1, is the
permanent-magnet flux linkage. Substituting Equations (2.24) and (2.25) into the
voltage equations gives

dia

V4 = Rsid + Ld di — UJeLqiq, (2.26)
. dig .
vy = Rsig + LqE + weLgiq + Wethm,. (2.27)

Equations (2.26) and (2.27) correspond to the equivalent circuits shown in Figure 2.4.
The terms Rgiq and Rgi, represent the resistive voltage drops, while Lgdiy/dt and
L,di,/dt represent the inductive voltage drops. The terms —w,L,i, and +w.Lgiq
represent the coupling between the two axes due to the rotating reference frame.
The term w1, in the g-axis voltage equation represents the back electromotive
force associated with the permanent magnet flux linkage.

2.3.5 dq Torque Equation and Field Interaction

In a permanent magnet synchronous machine, the air-gap flux is produced by both
the rotor permanent magnets and the stator current. The rotor magnets establish
a flux fixed to the rotor, while the stator currents create a rotating magnetic field.
Electromagnetic torque is produced when these two fields interact with a spatial
phase difference.

The general electromagnetic torque expression for a sinusoidal three-phase syn-
chronous machine can be written as

3 . .
T. = §p (Vaig — Yqia) , (2.28)
where p is the number of pole pairs.
Substituting (2.24) and (2.25) into (2.28) gives

T, = ;)p [Wmiq + (La — Lq)iaiy) . (2.29)

The first term,

3 .
TPM = ipwmlq (230)

is the permanent-magnet torque. It is produced by the interaction between the rotor
magnet flux and the stator ¢ axis current. This explains why i, is very effective for
torque production as it produces a stator field component orthogonal to the rotor
magnet flux and therefore generates tangential electromagnetic stress.

The second term,

11
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3 .

Trel = §p(Ld - Lq)ldlq (231)
is the reluctance torque. This component exists when the rotor is salient, meaning
that the magnetic reluctance is different along the d and ¢ axes. In many IPMSM
and PMaSynRM designs, L, > Lg, so a negative d axis current together with a
positive ¢ axis current can contribute positive reluctance torque according to (2.29).

The d axis current is not directly effective for permanent-magnet torque production
because it is aligned with the rotor magnet flux. A positive or negative iy mainly
strengthens or weakens the effective air-gap flux rather than directly producing the
tangential field component required for PM torque. However in salient machines ¢4
affects reluctance torque and is therefore important for maximum-torque-per-ampere
(MTPA) operation.

2.3.6 Energy and Co-Energy Interpretation

The same torque-production mechanism can also be interpreted using magnetic en-
ergy and co-energy. The electromagnetic field stores energy and this stored energy
depends on rotor position because the reluctance and the alignment between sta-
tor and rotor fields change with rotor angle. The electromagnetic torque can be
expressed as

ow!
T.=—"
00,

where W)/ is the magnetic co-energy and 6,, is the mechanical rotor position. This

expression means that the rotor experiences torque because the electric machine
tends to move toward a position that increases magnetic co-energy.

(2.32)

i=constant

2.3.7 Voltage and Current Constraints

The operating point of a traction motor is limited by the inverter current and voltage
ratings. The current limit defines the maximum allowable stator current magnitude
while the voltage limit defines the maximum voltage that can be supplied by the
inverter for a given DC-link voltage. These constraints are represented in the 747,
plane, as shown in Figure 2.5.

12
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Y4

Current-Limit Circle

Te3<Te2<Tef
(0]<(02<(03

Figure 2.5: Current-limit circle, voltage-limit ellipses and constant-torque curves
in the i4-i, plane [9]

The current limit is represented as a circle in the dq plane,

-2 -2 2
Lq + Zq S Imax?

(2.33)

where [, is the maximum allowable stator current magnitude. This limit is mainly
determined by the inverter current rating, winding thermal limit and machine cool-
ing capability. Any operating point outside this circle would require a current mag-
nitude larger than the allowable value.

The voltage limit is represented as

2 2 2
vy + vy < Vo s

(2.34)

where Vi« is the maximum allowable dq voltage magnitude. If peak phase voltage
is used in the dg model, the maximum fundamental voltage using PWM is

Vdc
Vmax ~ .
V3

From Equations (2.22) and (2.23), the voltage increases with electrical speed because
of the speed-dependent terms —w.1), and +w.14. Therefore, as speed increases the
voltage constraint becomes more restrictive. In the ¢4-7, plane, this is seen as a
voltage-limit ellipse that shrinks with increasing electrical speed.

(2.35)

The feasible operating region is the overlap between the current-limit circle and
the voltage-limit ellipse.

13
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2.3.8 MTPA, Field-Weakening and MTPV Operation

The current reference of a permanent-magnet traction machine is selected according
to the current limit, voltage limit and torque demand. These operating constraints
can be represented in the i4-7, plane, as shown in Figure 2.6. The figure illus-
trates the current-limit circle, voltage-limit ellipses at different speeds, constant-
torque curves and the transition between maximum-torque-per-ampere (MTPA),
field-weakening (FW) and maximum-torque-per-voltage (MTPV) operation.

Operational region ; A | T
q

T,
MTPA 1 ’
y; /
MTPV Ag=—— ';\ = Current limit
\
\
\
\
A | ‘d,
L/ f
/
/
7
Ve
. ~

Voltage limit @, >®,

Figure 2.6: MTPA, field-weakening and MTPV operation in the i4-i, plane [10]

At low and medium speeds, the machine is usually current-limited rather than
voltage-limited. In this region, the control objective is commonly maximum-torque-
per-ampere (MTPA). MTPA selects the current vector (ig4,i,) that produces the
required torque with minimum current magnitude [10]. This reduces copper loss
and improves efficiency. In Figure 2.6, this corresponds to operation along the
MTPA trajectory until the voltage limit becomes active.

As speed increases the voltage required by the machine also increases because of the
back-EMF terms in the dgq voltage equations. When the required voltage reaches
the inverter voltage limit, the machine enters the field-weakening region. In this
region, negative d axis current is applied to reduce the effective d axis flux linkage
and keep the voltage demand within the available DC-link voltage. Therefore the
operating point moves away from the MTPA curve and follows Field Weakening
(AB curve in Figure 2.6) trajectory constrained by both the current-limit circle and
the voltage-limit ellipse.

At very high speed, the feasible optimum may approach the maximum-torque-per-
voltage (MTPV) trajectory. In the MTPV region, the current vector is selected
to maximize the achievable torque under the voltage constraint at a given speed.
Depending on the machine parameters, voltage limit, current limit and maximum

14
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operating speed this region may or may not appear as a clearly separate operat-
ing region. Therefore some machines may show only MTPA and field-weakening
operation within the speed range without reaching a distinct MTPV trajectory.

2.3.9 Loss Mechanisms and Efficiency Analysis

Loss and efficiency maps describe machine performance over a wide range of torque-
speed operating points rather than at a single operating condition. The main loss
components considered in the machine are stator copper loss, iron or core loss and
permanent magnet loss. The total loss can be written as

1Dloss = Feu + Pfe + Ppm (236)
where P, is the copper loss, Py is the iron or core loss and P, is the permanent
magnet loss. Mechanical loss has not been considered in this study.

The stator copper loss is caused by winding resistance and can be estimated as

P.. =3I R (2.37)

rms” S

where [, is the phase RMS current and R, is the phase resistance at a particu-
lar temperature. When high-frequency harmonics, slot leakage fluxes and inverter
switching ripples are considered the effective AC winding resistance can be higher
than the DC resistance due to skin and proximity effects.

The core loss P, occurs in the laminated electrical steel and is mainly caused by
the alternating magnetic flux density in the stator and rotor cores. In this thesis,
the Bertotti loss separation model is used in which the specific iron loss is separated
into hysteresis loss, eddy-current loss and excess loss. For sinusoidal flux density
with peak value B and frequency f, the specific core loss can be written as [11]

Pte = Ph + Pe + Pexc (2.38)
with
pn = knfB%, (2.39)
pe = kef*B?, (2.40)
Pexe = kese[** B*?. (2.41)

where py, is the hysteresis loss component, p is the classical eddy-current loss com-
ponent and pey. is the excess loss component. The coefficients &y, ke, and ke are
material dependent coefficients obtained from the electrical steel loss data while «
is the Steinmetz exponent associated with the hysteresis loss. The hysteresis loss is
related to the energy dissipated during repeated magnetization of the steel. The clas-
sical eddy-current loss is caused by circulating currents induced in the laminations.
The excess loss accounts for additional dynamic losses associated with non-uniform
domain-wall motion and local flux-density variations.
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The iron loss data used in the simulation are usually obtained from standard ma-
terial tests such as Epstein-frame or single-sheet measurements. However the losses
in a practical motor core can be higher than the losses predicted directly from these
material data. This difference is commonly accounted for using a build factor. The
build factor represents the ratio between the iron loss observed in the practical core
and the iron loss predicted from standard material data:

Pe ractica
fpp = —opractical (2.42)

Pre material
The build factor is used because the real motor core is affected by manufacturing
and operating effects that are not fully represented in standard material test data.
These effects include punching of laminations, residual mechanical stress or stacking
pressure in the stator and rotor.

Permanent magnet losses are caused by time-varying magnetic fields inside the mag-
nets. These losses can increase at high speed and when slotting harmonics, current
harmonics or PWM-induced harmonics are present.

The efficiency is calculated as

P out

= — 2.43
?7 Pout + Ploss ( )

where P, is the output mechanical power.

It should be noted that the peak efficiency value alone does not fully describe the
suitability of a traction machine. A traction motor operates over a wide range of
torque and speed conditions and so the location and size of the high-efficiency region
in the efficiency map are important. A design with a very high peak efficiency may
be less attractive if this peak occurs in a rarely used operating region. For vehicle
applications the high-efficiency region should coincide with the frequent operating
points of the drive cycle.

2.4 Demagnetization Theory

Permanent magnets in traction machines can be exposed to severe demagnetizing
fields during fault conditions and high current operation. In particular, a three-phase
short circuit can produce large transient currents that oppose the magnetization di-
rection of the magnets. If the local magnet operating point is forced beyond the
irreversible demagnetization region, the magnet may not fully recover its original
remanence after the fault is removed. This reduces the effective air-gap flux density
and can lead to lower torque capability, poorer efficiency and degraded machine
performance.

The demagnetization behaviour of a permanent magnet is commonly studied us-
ing the second quadrant of the magnetic characteristic as shown in Figure 2.7. The
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normal demagnetization curve describes the relation between the flux density B and
the magnetic field intensity H. The intrinsic curve describes the magnetization of
the permanent magnet and is directly related to irreversible demagnetization. For
this reason the intrinsic curve is used in this work to evaluate whether the magnet
operating point enters an irreversible demagnetization region.
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Figure 2.7: Intrinsic demagnetization curve, knee point and recoil behaviour of a
permanent magnet [12].

Figure 2.7 illustrates the intrinsic demagnetization curve and the corresponding knee
point. The knee point is one of the most important features of the curve because
it separates the reversible operating region from the irreversible demagnetization
region. If the magnet operating point remains above the knee point, the magnet
strength is reversible. So when the demagnetizing field is removed, the magnet can
approximately return along a recoil line without a significant permanent reduction
in remanence.

However if the operating point passes below the knee point then irreversible de-
magnetization can occur. In this case, the magnet no longer returns to its original
remanent flux density after the demagnetizing field is removed. Instead it follows a
new recoil path and settles at a lower remanence. This means that the local magnet
strength has been permanently reduced. The reduction in remanence decreases the
magnet flux contribution which can reduce the torque capability and efficiency of
the machine.

The risk of demagnetization is strongly dependent on temperature. NdFeB mag-
nets usually become more vulnerable to irreversible demagnetization at elevated
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temperature because their intrinsic coercivity decreases as temperature increases.
Ferrite magnets often have the opposite critical trend. Their intrinsic coercivity
decreases at low temperature which can make cold conditions more severe for ferrite
demagnetization.
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Material Selection and Simulation
Methodology

3.1 Traction Motor Requirements

The traction motor considered in this work is intended for a medium-duty urban
distribution application based on the Volvo FL Electric vehicle class. The Volvo FL
Electric is designed for applications such as door-to-door deliveries, waste collection,
and city logistics, where frequent start-stop operation, high low-speed torque, and
good drivability are required. Therefore, the motor must be capable of delivering
high torque in the low-speed region, while also maintaining sufficient power capa-
bility in the high-speed field-weakening region.

The main motor-level design requirements used in the ANSYS Maxwell 2D elec-
tromagnetic model are given in Table 3.1 [13].

Table 3.1: Traction motor design requirements used for the electromagnetic model.

Requirement Value

Vehicle application Medium-duty ur-
ban distribution
truck

Maximum motor torque | 425 Nm

Maximum motor power | 185 kW
Base speed at full load 4000 rpm

Maximum  mechanical | 7000 rpm
speed

Nominal DC-link voltage | 600 V

Maximum RMS phase | 300 A
current

The motor is required to operate in the constant-torque region up to the base speed
of approximately 4000 rpm. In this region, the current limit is the dominant con-
straint, and the motor should be able to deliver up to 425 Nm for vehicle launch,
low-speed acceleration and gradeability. The peak power of motor is 185 kW.
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Above the base speed the motor enters the field-weakening region. In this region
the available DC-link voltage limits the maximum phase voltage, and therefore the
torque must decrease as speed increases. The control objective in this region is to
maintain the output power close to the peak power capability while respecting the
voltage and current limits.

3.2 Materials Used

3.2.1 Stator and Rotor Core Material

The stator and rotor cores of the electric machines were modelled using M19-29G
electrical steel. This material corresponds is a fully processed non-oriented electrical
steel with a 29 gauge lamination thickness ofapproximately 0.356 mm. M-19 refers
to the AISI electrical-steel grade designation, where the M-number is the magnetic
grade, while 29G indicates the 29 gauge lamination thickness [14] [15].

M19-29G was selected as it is a well-documented core material rather than as the
result of a complete electrical-steel grade optimization. It is a standard non-oriented
electrical steel with available magnetic characterization data, including B-H curve
and core loss information. This is important because the electromagnetic perfor-
mance of the machine depends strongly on the nonlinear saturation behaviour of
the stator teeth, stator yoke, rotor ribs and rotor bridges.

The material is fully processed, meaning that the required magnetic properties are
already developed by the manufacturer. So the material can be used directly for
laminated core production without requiring a final annealing process to develop
the magnetic quality.

Table 3.2: Main properties of M19-29G electrical steel used in the electromagnetic
model [14] [15].

Parameter Value
Material designation M19-29G
Material type Non-oriented electrical steel

Processing condition  Fully processed

Lamination thickness 0.356 mm

Density 7650 kg /m?

Core Loss 3.42W/kg at 1.5 T and 60 Hz

M19-29G is non-oriented which means that its magnetic properties are approxi-
mately uniform in different directions in the plane of the lamination. This is suitable
for rotating electrical machines because the magnetic flux direction changes around
the stator teeth, stator yoke, rotor core and rotor bridges. Unlike non-oriented steel,
grain oriented electrical steel is optimized mainly along the rolling direction and is
therefore more suitable for transformer cores, where the flux direction is nearly
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fixed. In a PMSM or PMaSynRM, using grain-oriented steel would only benefit
regions where the local flux happens to align with the rolling direction while other
regions could experience poorer magnetic properties and increased anisotropy. For
this reason non-oriented electrical steel is preferred for the present electric machine
application.

Other electrical steel grades could also be considered, for example, thinner or more
advanced high-frequency motor steels can reduce iron losses, especially at high speed.
However comparing such materials would require a separate material optimization
study including loss data, saturation behaviour, manufacturability, cost, tempera-
ture effects and availability. Since the main objective of this work is to compare
motor topologies and magnet configurations, the same M19-29G material was used
consistently for all investigated designs. This allows the comparison to focus on ro-
tor topology, torque production, saturation behaviour and torque ripple rather than
on electrical-steel grade selection.

The nonlinear B-H curve of M19-29G used is shown in Fig. 3.1.

sl
Ln

Lad

b2
L

b2

Magnetic Flux Density, B (T)

U 1 1 1 1 1 L 1
0 200 400 600 800 1000 1200 1400 1600

Magnetic Field Strength, H (kA/m)

Figure 3.1: Normal B-H magnetization curve of M19-29G electrical steel used for
the stator and rotor core material.

3.2.2 Magnet Material

The PMaSynRM uses two permanent magnet materials: FB13B ferrite magnets
from TDK [16] and N42SH NdFeB magnets from Arnold Magnetic Technologies
[17] where the high flux density NdFeB magnets provide strong magnetic flux while
the ferrite magnets reduce the dependency on NdFeB material and contribute ad-
ditional air-gap flux. Spoke PMSM, meanwhile, uses only the Ferrite Magnets to
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provide all the air-gap flux.

Unlike the electrical steel used in the stator and rotor core, permanent magnets
are not described using a first-quadrant magnetization curve. Instead, their operat-
ing behaviour is represented using second-quadrant demagnetization curves. These
curves describe the relationship between the magnet flux density and the demagne-
tizing field acting on the magnet.

The residual flux density B, describes the flux density remaining in the magnet
when the applied magnetic field is zero. The coercive force H.g indicates the de-
magnetizing field required to reduce the magnetic flux density B to zero. The
intrinsic coercive force H.; describes the resistance of the magnet to irreversible
demagnetization. The maximum energy product (BH )ya.x is a measure of the mag-
netic energy density that the magnet can supply to the external magnetic circuit. A
higher value of (BH ).y indicates that a smaller magnet volume can produce high
magnetic loading.

3.2.2.1 FB13B Ferrite Magnet

FB13B is a high-performance La-Co ferrite magnet material. Compared with Nd-
FeB, the residual flux density and maximum energy product are lower, but ferrite
magnets are attractive because of their lower cost, high temperature stability and
reduced dependence on rare-earth NdFeB material. The second-quadrant demagne-
tization curves of FB13B are shown in Fig. 3.2.
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Figure 3.2: Second-quadrant demagnetization curves of the TDK FB13B ferrite
magnet material.
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3.2.2.2 N42SH NdFeB Magnet

N42SH is a sintered neodymium-iron-boron magnet material. It has a much larger
residual flux density and maximum energy product than FB13B which makes it
suitable for increasing the air-gap flux and torque density of the machine.

The "SH” temperature grade indicates that the material is intended for high temper-
ature operation compared with the standard NdFeB grades. The second-quadrant
demagnetization curves of N42SH are shown in Fig. 3.3.
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Figure 3.3: Second-quadrant demagnetization curves of the Arnold Magnetic Tech-

nologies N42SH NdFeB magnet material.

3.2.2.3 Magnet Material Properties

The main material properties of the two permanent magnets are given in Table 3.3.
The values are taken from the manufacturer datasheets.
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Table 3.3: Material properties of FB13B ferrite and N42SH NdFeB permanent
magnets [16] [17].

Property TDK FB13B Arnold N42SH

Magnet type Ferrite magnet Sintered NdFeB magnet

Material description High-power La-Co ferrite Neodymium-iron-boron,
high temperature grade

Residual flux density, 4754+ 10 mT 1280-1340 mT, nominal

B, 1310 mT

Coercive force, H.p 340 £+ 20 kA /m 955-1019 kA /m, nominal
987 kA/m

Intrinsic coercive force, | 380 &+ 20 kA/m Minimum 1592 kA /m

HCJ

Maximum energy 44.0 + 1.6 kJ/m? 310-350 kJ/m?, nominal

product, (BH)max 330 kJ/m3

3.2.3 Stator Winding Material

The stator winding was modelled using copper litz wire with an individual wire
diameter of 0.4 mm. The winding material and conductor type were selected based
on electrical conductivity, thermal performance, and the need to reduce AC winding
losses caused by high-frequency current components.

Copper was selected instead of aluminium because copper has a significantly higher
electrical conductivity [18]. Aluminium has only about 61% of the electrical con-
ductivity of copper meaning that a larger aluminium cross-sectional area is required
to obtain the same resistance. In a traction motor, the stator slot area is limited
by the electromagnetic design, insulation requirements, cooling and mechanical con-
straints. Therefore using copper allows lower winding resistance and lower copper
loss for a given slot area [18].

A litz wire was selected instead of a round wire to reduce AC winding losses. Litz
wire consists of many thin, individually insulated copper strands connected electri-
cally in parallel. These strands are twisted or transposed along the length of the
conductor so that each strand occupies different positions within the bundle. This
arrangement helps distribute the current more uniformly among the strands and re-
duces the effects of skin effect and proximity effect. Skin effect causes AC current to
concentrate near the surface of a conductor, while proximity effect is caused by the
magnetic fields of neighbouring conductors, which distort the current distribution
inside the wire. Both effects increase the effective AC resistance of the winding.
By using many small insulated strands litz wire reduces these high-frequency losses
compared with an equivalent solid round conductor [19].

The skin depth is the depth below the conductor surface at which the AC current
density has decreased to approximately 1/e of its surface value. For a conductor
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such as copper, the skin depth is given by [20]

_ P
5_,/7T " (3.1)

where p is the electrical resistivity of copper, f is the current frequency, and p is the
absolute permeability of copper. The skin depth decreases as frequency increases
meaning that high-frequency current harmonics affect skin effect more than the fun-
damental current.

The electrical frequency of the motor is

Nom,
e — P> 32
fe=rgs (3.2)

where p is the number of pole pairs and n,, is the mechanical speed in rpm. For the
electric machine with p = 4 at the maximum speed of 7000 rpm,

7000

Since 11th and 13th current harmonics are injected in the abc frame, the corre-
sponding harmonic frequencies at maximum speed are

fi1 = 11f, ~ 5133 Hz, (3.4)

fi13 = 13f. = 6067 Hz. (3.5)

Using the copper resistivity at room temperature, p ~ 1.724 x 10~® Qm, the esti-
mated skin depths are

(511 ~ 0.92 min, (36)

013 ~ 0.85 mm. (3.7)

The selected copper wire diameter is

dyire = 0.4mm. (3.8)

Therefore,

dyire < 013 < 011 (3.9)

This shows that the selected 0.4 mm copper wire diameter is smaller than the skin
depth even at the 13th harmonic frequency at maximum speed. Therefore, the cur-
rent distribution within each strand is expected to remain relatively uniform and
the skin-effect loss inside an individual strand is limited. This makes copper litz
wire a suitable choice for the winding especially because the motor uses high RMS
phase current and additional harmonic current injection for torque ripple reduction.
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Although the selected strand diameter is smaller than the skin depth at the consid-
ered harmonic frequencies this only confirms that skin effect within each individual
strand is limited. However, the total AC winding loss in the stator can still increase
due to proximity effect, where time-varying magnetic fields from neighbouring con-
ductors, slot leakage flux and other strands distort the current distribution. In
addition, conductor packing, strand transposition quality, temperature-dependent
copper resistance and inverter PWM-induced current harmonics can further influ-
ence the effective AC resistance of the winding. Therefore, the benefit of litz wire
is not only that each strand is sufficiently small with respect to the skin depth, but
also that the strands are individually insulated and transposed along the conductor
length. This construction helps the strands experience similar average electromag-
netic conditions, promotes a more uniform current distribution and reduces both
skin-effect and proximity-effect losses compared with a round conductor.

3.3 Finite-Element Simulation Procedure

The electromagnetic performance of the machine was evaluated using a transient
solver in ANSYS Maxwell 2D. The transient magnetic solver was selected because
it computes the time-varying magnetic field in the time domain and solves for the
instantaneous field solution at each time step. This is suitable for rotating electri-
cal machines where the magnetic field varies due to rotor, permanent magnets and
time-varying current excitation.

Fig. 3.4 illustrates an example of a 1/8th reduced model in Ansys Maxwell 2D

Figure 3.4: An example of 1/8th Reduced Model used to save computational
resources by taking advantage of symmetry

To reduce the computational cost, only one-eighth of the complete machine geom-
etry was modelled as shown in Fig. 3.4. This reduction was possible due to the
geometric and magnetic periodicity of the machine. Anti-periodic boundary condi-
tions were applied on the two radial symmetry boundaries so that the field solution
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in the modelled sector correctly represents the corresponding repeated sectors of the
full machine.

The refined mesh in the air gap is shown in Fig. 3.5.

Figure 3.5: Refined Mesh in the Air Gap for determining accurate torque ripple

The mesh was refined using an inside-selection length-based mesh operation. A
maximum element size of 0.5 mm was assigned to the main active electromagnetic
regions, including the rotor, stator, air gap, coils, and permanent magnets. The
air-gap region was refined carefully because the air-gap field distribution strongly
influences torque production, torque ripple, and force calculation accuracy.

The torque-speed operating grid used for loss and efficiency mapping is shown in
Fig. 3.6.
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Figure 3.6: Torque-Speed operating grid used for loss and efficiency mapping

For generating the grid as shown in Fig. 3.6, a transient simulation was carried out
at a constant mechanical speed of 1000 rpm. The current operating points were
defined in the rotor dq reference frame. The d-axis current was swept from —450 A
to 0 A, and the g-axis current was swept from 0 A to 450 A, both with a step
size of 75 A. This resulted in 7 x 7 = 49 different current operating points. For
each operating point, transient quantities such as torque, flux density, losses and
efficiency-related data were extracted from the Maxwell solution.

The simulation results obtained at 1000 rpm were then used as the base electromag-
netic data for post-processing over the required torque-speed operating range. The
operating grid was defined from 0 to 7000 rpm in steps of 10 rpm and from 0 to
425 Nm in steps of 10 Nm. In the constant-torque region, operating points up to
425 Nm were considered. Above the base speed of 4000 rpm, the maximum allow-
able torque was reduced according to the field-weakening torque-speed envelope.

It should be noted that this approach represents a post-processing extension of the
simulation data rather than a direct Maxwell simulation at every torque-speed point.
Therefore the scaled loss and efficiency results should be interpreted as estimates
based on the available current sweep data and the assumed speed-dependent scaling
procedure.

3.4 Driving Cycle and Driveline Simulation Setup

3.4.1 Selection of Driving Cycles

To evaluate the traction system under different operating conditions, two custom
driving cycles were developed in this work: a city driving cycle and a highway driving
cycle. Custom driving cycles were preferred over standard driving cycles like NEDC

28



3. Material Selection and Simulation Methodology

or WLTC because the vehicle considered in this thesis is a medium-duty electric
truck with a limited top speed of approximately 90km/h. Many standard drive
cycles contain speed ranges above this value and will place the vehicle in operating
regions which are not possible to reach. To maintain consistency with the top speed
capability of the vehicle, the speed range in the simulation was restricted accordingly.

3.4.2 Description of the Driving Cycles

The velocity and acceleration profiles of the two custom driving cycles are shown in
Figures 3.7 and 3.8. For each driving cycle, the velocity profile is shown on the left
and the corresponding acceleration profile is shown on the right.
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Figure 3.7: Velocity and Acceleration profiles of the custom city driving cycle
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Figure 3.8: Velocity and Acceleration profiles of the custom highway driving cycle

The two custom cycles were selected to represent two distinct operating scenarios.
The city cycle represents urban delivery operation where the vehicle is subjected
to frequent start-stop events, repeated acceleration and braking and low average
speed. It is therefore useful for evaluating low speed tractive effort, regenerative
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braking behaviour and the suitability of the lower gear ratio. The highway cycle
meanwhile represents operation with longer periods of nearly constant cruising speed
with occasional braking and acceleration. This cycle is more suitable for evaluating
higher-speed efficiency, driveline behaviour in the upper gear and the ability of
the traction motor to operate efficiently over cruising interval. The road gradient
plots and the gear selection plots are shown in Figure A.1 and A.2 of Appendix A
respectively.

3.4.3 Vehicle, Driveline and Regeneration Parameters

The main parameters used in the driving-cycle simulation are summarized in Ta-
ble 3.4.

Table 3.4: Main parameters used in the driving-cycle simulation.

Parameter Value
Vehicle mass, m 16 000 kg
Drag coefficient, Cy 0.6
Frontal area, Ay 6.5m?
Rolling resistance coefficient, C,., 0.008
Vehicle top speed 83 km/h
Tire size 285/70 R19.5
Gearbox efficiency, ngear 0.97
Maximum regenerative power, Pregen max 100 kW
Zero-regen speed threshold 3km/h
Full-regen speed threshold 8km/h
First gear ratio 22.0
Second gear ratio 14.2
Upshift speed 25km/h
Downshift speed 8km/h

The vehicle parameters define the road-load model used in the simulation. The vehi-
cle mass, aerodynamic drag coefficient, frontal area and rolling resistance coefficient
determine the tractive effort required to follow the speed and acceleration profile.

The driveline was modeled using a constant gearbox efficiency of 0.97. Since the
Volvo FL Electric uses a two-speed gearbox, a two-speed transmission was also
adopted in the thesis. The selected overall gear ratios were 22.0 in first gear and
14.2 in second gear.

3.4.4 Justification of the Selected Gear Ratios

The selected gear ratios were chosen as reasonable values for a medium-duty electric
truck and to provide a suitable compromise between launch performance, gradeabil-
ity and cruising operation.

The first gear ratio of 22.0 is relatively high and therefore provides strong torque
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multiplication at the wheels. This is beneficial during vehicle launch, low-speed ac-
celeration, hill-start conditions and the start-stop nature of city driving.

The second gear ratio of 14.2 is lower and is therefore more suitable for medium
and high-speed operation. By reducing the overall ratio the motor speed for a given
vehicle speed is also reduced. This is beneficial as it helps to limit excessive motor
speed, reduces driveline losses during cruising and enables the machine to operate
in a more efficient region during highway-type operation. The ratio spread between
the two gears is also moderate which is desirable for smooth shifting and to avoid
an excessively large speed or torque step during a gear change.

3.4.5 Shift Strategy and Regenerative Braking Assumptions

A simple two-speed gear upshift and downshift logic was implemented for the simu-
lation. During motoring operation, the transmission shifts from first gear to second
gear above 25km/h and downshifts from second gear to first gear below 8 km/h.
The use of distinct upshift and downshift thresholds introduces a hysteresis effect
which helps to avoid frequent gear hunting when the vehicle operates close to the
switching speed.

Regenerative braking was also included in the model in order to make the simu-
lation more realistic. The regenerative mechanical power at the machine shaft was
limited to 100kW. Also regeneration was forced to zero below 3km/h since elec-
tric machines are generally less effective at very low speed and friction brakes must
eventually complete the stop. Above 8 km /h full regenerative braking capability was
allowed. Between these two thresholds the regenerative contribution was progres-
sively introduced. Any remaining braking demand that could not be supplied by
the electric machine was assumed to be handled by the mechanical friction brakes.
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4

Electric Machine Design and
Analysis

4.1 Common Machine Topology and Winding Se-
lection

The objective of this thesis is to design, analyse and compare three traction machine
concepts: a hybrid-magnet PM-assisted synchronous reluctance machine (PMaSynRM),
a ferrite-magnet spoke-type PMSM and an NdFeB interior PMSM used as a refer-
ence machine. Since the purpose is to compare the effect of rotor topology and
magnet material, a common stator and winding platform was used for all three ma-
chines. This allows the performance differences to be mainly attributed to the rotor
structure, magnet arrangement, saliency, flux concentration, and magnet material
rather than to differences in slot number, pole number, or winding layout.

4.1.1 Comparison-Oriented Design Philosophy

In a fully optimized design study, each machine topology could have its own opti-
mal pole number, slot-pole combination, winding type and rotor geometry. For ex-
ample, previous studies indicate that lower pole-number PMaSynRMs like a 6 pole
PMaSynRM or higher pole-number Spoke PMSM like a 10 pole Spoke PMSM can be
attractive for high torque and power density [21] [22] [23]. Spoke-type ferrite PMSMs
often benefit from flux-concentrating rotor structures and suitable fractional-slot
combinations. Similarly double-layer and fractional-slot windings are often used to
reduce torque ripple and improve the harmonic content of the air-gap field.

However using a different stator and winding layout for each machine would make
the comparison less direct. If one machine used a 6-pole winding, another used a
10-pole fractional-slot winding and the reference PMSM used an 8-pole distributed
winding then the resulting performance difference would include not only the effect
of rotor topology and magnet material, but also the effect of pole number, winding
factor, electrical frequency and slot-pole interaction. Therefore the machines in this
work were designed using the same basic stator and winding configuration with the
same number of poles.

The common platform used in this thesis is a three-phase, 48-slot, 8-pole, single-
layer distributed winding. This choice is not claimed to be the individual optimum
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for every topology. Instead it is selected as a controlled baseline for fair comparison.
The same current limit, voltage limit, speed range, stator geometry and winding ar-
rangement are applied to all three designs so that the comparison focuses primarily
on the electromagnetic behaviour of the rotor and magnet.

4.1.2 Justification of the 48-Slot, 8-Pole Integer-Slot Wind-
ing

For the selected stator and pole number, the number of slots per pole per phase is

s _ 4

- mP  3x8

where S is the number of stator slots, m is the number of phases, and P is the num-
ber of poles. Since ¢ = 2 is an integer, the selected winding is an integer-slot winding.

q (4.1)

An integer-slot winding was selected because it provides a conventional and bal-
anced three-phase winding layout. This is useful for a comparative design study
because the winding can be kept identical for all three machines. The 48-slot, 8-
pole combination is also a well-established traction motor baseline and has been
used in several EV and HEV machine studies. It gives two slots per pole per phase
and can provide a high fundamental winding factor when properly arranged.

The use of an integer-slot winding is therefore justified by the objective of the
study. Although fractional-slot combinations can be attractive for reducing cogging
torque and torque ripple, they would decrease average torque in most cases and also
introduce a different harmonic spectrum and a different slot-pole interaction [24].
Since torque ripple and losses are strongly affected by the winding harmonics, using
different slot-pole combinations for different machines would make the comparison
less transparent. For this reason the integer-slot layout was kept constant for all
machines.

4.1.3 Justification of Distributed Winding

A distributed winding was selected instead of a concentrated winding. In a dis-
tributed winding each phase is spread over multiple slots, producing a more sinu-
soidal air-gap MMF distribution than concentrated winding arrangements. This is
beneficial for traction machines because a smoother MMF distribution can reduce
harmonics, back-EMF distortion, torque ripple, iron loss, magnet eddy-current loss
and NVH-related excitation.

Concentrated windings also have important advantages. They can have shorter
end-windings, simpler manufacturing, improved modularity and good fault-tolerant
characteristics. However, concentrated windings results in a wider harmonic spec-
trum. These harmonics can increase core losses, magnet losses, torque ripple and
acoustic noise. Since the present application is a traction motor for a medium-duty
vehicle, smooth torque production and low harmonic excitation are important, so

34



4. Electric Machine Design and Analysis

a distributed winding was considered a suitable choice for the common comparison
platform.

By using the same distributed winding for the hybrid PMaSynRM, ferrite spoke
PMSM and NdFeB VPMSM, the influence of the winding harmonic spectrum is
kept consistent. As a result, the comparison between the three machines is more
focused on rotor topology, magnet material and flux production mechanism.

4.1.4 Justification of Single-Layer Winding

A single-layer winding was selected for the common stator platform. In a single-
layer winding each stator slot contains one coil side. This gives a simple winding
arrangement and is superior when the objective is to obtain a high-torque baseline
with good slot utilisation or fill factor. For the present study the single-layer wind-
ing was also chosen because it keeps the winding layout simple and identical across
all three motor designs.

Double-layer windings can reduce torque ripple and improve the symmetry of radial
forces in many slot-pole combinations [24]. This is because double-layer arrange-
ments often produce a more favourable MMF distribution and reduce harmonics.
However double-layer windings introduces additional design variables such as coil
pitch, layer arrangement and end-winding geometry which can make comparison of
topologies more complicated. In many designs, the reduction in torque ripple also
leads to a slight decrease in average torque.

Therefore, the single-layer winding should not be interpreted as the globally optimal
winding for all three machines. Instead it is used as a consistent baseline. The main
aim of the thesis is to compare the three rotor concepts under the same electromag-
netic constraints. Winding optimization including comparison with double-layer,
fractional-slot or concentrated windings is therefore left as a possible future work.

4.1.5 Limitations of the Common Baseline

The main limitation of using a common 48-slot, 8-pole winding is that each mo-
tor may not be individually optimized. A 6-pole PMaSynRM or a 10-pole spoke-
type PMSM may perform better if each topology is optimized separately. Similarly
double-layer or fractional-slot windings may reduce torque ripple compared with the
selected single-layer integer-slot winding.

However, the purpose of this thesis is not to find the absolute best possible ver-
sion of each machine topology. The purpose is to compare different motor concepts
under common design constraints. Therefore the selected winding and slot-pole com-
bination represent a fair comparison platform rather than an individual optimum
for each topology.
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4.2 Preliminary Rotor Diameter Study

The initial design objective was to use the same rotor diameter for all three machines
in order to obtain a consistent comparison. This would allow the influence of rotor
topology and magnet material to be studied under similar dimensional constraints.
However during the preliminary design stage it became clear that using the same
rotor diameter for all three topologies was not equally practical.

Before selecting the final geometries three rotor diameter cases were studied for the
NdFeB VPMSM and the hybrid-magnet PMaSynRM. These cases are referred to as
the small, intermediate and large rotor diameter cases. For each case the VPMSM
and PMaSynRM were designed using the same rotor diameter. This was done to
keep the comparison between these two machines fair and to evaluate whether the
PMaSynRM could reduce NdFeB magnet usage while maintaining a reasonable ac-
tive volume.

The purpose of this preliminary study was not to fully optimize each design but
to identify a suitable rotor diameter range before the detailed rotor geometry opti-
mization. The selected diameter should provide a good compromise between NdFeB
magnet reduction, rotor volume and torque.

Table 4.1 compares the NdFeB magnet volume required by the VPMSM and PMaSynRM
for the three rotor diameter cases.

Table 4.1: NdFeB magnet volume comparison for the preliminary rotor diameter
study.

Case Rotor VPMSM PMaSynRM NdFeB
Diameter | NdFeB Vol. | NdFeB Vol. | Reduction
(mm) (om?) (om?) (%)
Small diameter 140.8 53.55 47.09 12.06
Intermediate diameter 165.0 49.35 30.40 38.40
Large diameter 195.0 46.26 27.57 40.40

From Table 4.1 it can be seen that the NdFeB volume required by the PMaSynRM
decreases significantly as the rotor diameter increases from the small to the interme-
diate case. In the small diameter case the PMaSynRM reduces the NdFeB volume
by only about 12.06% compared with VPMSM. This indicates that the smaller rotor
diameter does not provide enough geometrical freedom to fully exploit the hybrid
PMaSynRM saliency.

When the rotor diameter is increased to the intermediate value, the NdFeB reduc-
tion increases to 38.40% which is a good improvement. The larger rotor diameter
provides more space for arranging the flux barriers and Ferrite magnets which im-
proves the ability of the PMaSynRM to produce reluctance torque and to use the
permanent magnets more effectively.
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For the large diameter case the NdFeB reduction increases only slightly from 38.40%
to 40.40%. Therefore, most of the magnet saving benefit is already achieved at the
intermediate diameter. The additional increase in rotor diameter does not produce
a proportional improvement in NdFeB reduction.

Table 4.2 compares the rotor volume of the VPMSM and PMaSynRM for the same
three rotor diameter cases.

Table 4.2: Rotor volume comparison for the preliminary rotor diameter study.

Case Rotor VPMSM | PMaSynRM | Rotor Vol.
Diameter | Rotor Vol. | Rotor Vol. increase
(mm) (cm?) (cm?) (%)
Small diameter 140.8 272.479 342.541 25.71
Intermediate diameter 165.0 374.193 534.562 42.86
Large diameter 195.0 433.039 657.024 51.72

Table 4.2 shows that the PMaSynRM requires a larger rotor volume than the
VPMSM for all three diameter cases. This is expected because the PMaSynRM
contains flux barriers and a hybrid magnet arrangement (not fully NdFeB) and so
requires more rotor space to produce sufficient torque and power.

The small diameter case has the lowest rotor volume but it gives only a small Nd-
FeB reduction. Therefore although it is compact it does not fully satisfy the main
motivation of the PMaSynRM design which is to reduce rare-earth magnet usage.
The large diameter case gives the highest NdFeB reduction but this improvement
is small compared with the intermediate case. At the same time the rotor volume
increase becomes much larger reaching 51.72% relative to the VPMSM. This makes
the large diameter design less attractive.

The intermediate rotor diameter therefore gives the best compromise. It provides
a large NdFeB reduction of 38.40%, while avoiding the excessive rotor volume of
the large diameter design. The intermediate case also provides more geometrical
freedom than the small diameter case allowing better placement of the flux barriers
and magnets. This can improve the saliency of the rotor and increase the reluctance
torque contribution which is one of the main advantages of the PMaSynRM topology.

Based on this preliminary study the intermediate rotor diameter was selected for
the final VPMSM and PMaSynRM designs.

The same rotor diameter was also initially considered for the ferrite spoke PMSM.
However this resulted in an impractical design because the ferrite spoke machine
required a very long axial length (increased rotor imbalance) and very thick ferrite
magnets (increased saturation) to meet the torque requirement. This is mainly due
to the lower remanent flux density of ferrite magnets compared with NdFeB mag-
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nets. Although the spoke-type topology improves the utilization of ferrite magnets
through flux concentration, a larger rotor diameter was still required to obtain a
practical design with acceptable axial length and magnet thickness.

Therefore the ferrite spoke PMSM was allowed to use a larger rotor diameter than
the VPMSM and PMaSynRM. This design decision is a practical requirement for
making the heavy rare-earth element free ferrite spoke topology feasible for the spec-
ified traction application. In the final comparison both absolute performance and
normalized quantities such as torque density, power density, magnet volume, rotor
volume, and drive cycle energy consumption are therefore considered.

4.3 Rotor Geometry Optimization

4.3.1 Optimization Method

After the preliminary rotor diameter study each machine topology was further op-
timized by varying selected rotor geometrical parameters. The optimization was
carried out separately for the hybrid-magnet PMaSynRM, the ferrite spoke PMSM,
and the NdFeB VPMSM reference machine. This was done because each topology
has a different rotor structure and therefore requires different geometrical parame-
ters to be adjusted.

The optimization was performed in Ansys Maxwell 2D using the Screening and
Optimization tool under parametric sweep. The Screening (Search-based) optimizer
was selected in order to explore different designs with limited number of design vari-
ations. For each machine a total of 100 geometrical samples were evaluated. Each
sample corresponds to a different combination of the selected rotor design variables.

The optimization was carried out at the operating point (i4,,) = (—100A4,200A).
This operating point was selected because it represents an intermediate loading con-
dition. For the considered electric truck application, the machine is not expected
to operate continuously at peak torque or in the extreme field-weakening region.
Therefore optimizing the rotor geometry at an intermediate operating point was
considered practical and realistic.

The cost function used for the optimization was defined as

Tmax - Tmin
J = tmax - Tmin (4.2)

2
avg

where T}, is the maximum torque over one electrical period, T,,;, is the minimum
torque, and T, is the average torque. The numerator represents the peak-to-peak
torque ripple, while the squared average torque in the denominator penalizes de-
signs with lower average torque. So minimizing this cost function favours designs
that produce low torque ripple while also maintaining high average torque.

The optimized sample was selected as the sample with the minimum value of the
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cost function. After the best sample was identified, the corresponding geometrical
parameters were used to update the final motor design.

The geometrical parameters varied during the optimization are given in Table 4.3.

Table 4.3: Rotor geometrical parameters considered during optimization.

Machine topology Optimized rotor geometrical parameters

Hybrid-magnet PMaSynRM | Flux-Barrier Width, Flux-Barrier Angle, Ferrite Magnet
Thickness, NdFeB Magnet Thickness, Rotor Rib Thick-
ness, Ferrite Magnet Width, NdFeB Magnet Width,
Center and Side Post Thickness

Ferrite spoke PMSM Ferrite Magnet Thickness, Ferrite Magnet Width, Rotor
Bridge Thickness, air-pocket width

NdFeB VPMSM reference V-angle of the magnet pair, NdFeB Magnet Thickness,
NdFeB Magnet Width, Magnet Position from Center of
Shaft, Rotor Bridge Thickness, Rotor Rib Thickness

4.3.2 Optimization Results and Final Sample Selection

The optimization results were exported from Maxwell and post-processed in MAT-
LAB. For each machine the average torque and torque ripple of all 100 samples were
plotted. The best sample was then highlighted on the plot. Figures 4.1, 4.2, and
4.3 show the optimization results for the three motor topologies.
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Figure 4.1: Optimization results for the hybrid magnet PMaSynRM. Each point
represents one rotor geometry sample. The best sample point corresponds to the
selected sample with the minimum cost function value.
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Figure 4.2: Optimization results for the ferrite spoke PMSM. Each point represents
one rotor geometry sample. The best sample point corresponds to the selected
sample with the minimum cost function value.
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Figure 4.3: Optimization results for the NdFeB VPMSM reference machine. Each
point represents one rotor geometry sample. The best sample point corresponds to
the selected sample with the minimum cost function value.
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After the best sample was identified for each machine, the optimized rotor geomet-
rical parameters were applied to the final motor model. These optimized geometries
were then used for the subsequent performance comparison, loss maps, efficiency
map, demagnetization analysis, mechanical rotor stress analysis and drive-cycle
energy-consumption study.

4.4 Final Selected Machine Geometries

After the preliminary rotor diameter study and the rotor geometry optimization,
one final geometry was selected for each machine topology. The selected geometries
correspond to the samples with the minimum value of the optimization cost func-
tion for the hybrid-magnet PMaSynRM, the ferrite spoke PMSM and the NdFeB
VPMSM reference machine. These final geometries were then used for the subse-
quent electromagnetic, mechanical, demagnetization, loss-map, efficiency-map and
drive cycle analysis.

The three machines use the same stator and winding platform in order to make
the comparison as consistent as possible. Therefore, the main differences between
the machines are introduced through the rotor topology, magnet arrangement, and
magnet material. The common stator and winding parameters are given in Ta-
ble 4.4. The topology-specific rotor geometries and their corresponding parameters
are then presented separately for each machine.

4.4.1 Common Stator and Winding Parameters

The stator design was kept the same for all three machines. This allows the effect
of the rotor topology and magnet material to be compared under the same slot
number, pole number, air gap length and winding arrangement.

Table 4.4: Common stator and winding parameters used for all three machines.

Parameter Symbol Value Unit
Number of stator slots S 48 -
Number of poles P 8 -
Number of phases m 3 -
Slots per pole per phase q 2 —
Winding type — Single-layer distributed -
Air gap length g 0.8 mm
Number of parallel branches Npb 2 -
Wire diameter dwire 0.4 mm
Slot fill factor ke 45 %
Number of turns Niurns 5
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4.4.2 Hybrid-Magnet PMaSynRM Geometry
The final selected hybrid-magnet PMaSynRM geometry is shown in Figure 4.4.

Ansys

2024 R1.1

=D o > % o
Figure 4.4: Final selected reduced geometry of the hybrid magnet PMaSynRM

The rotor contains multiple flux barriers together with ferrite and NdFeB magnets.
This topology is intended to produce torque from both the permanent magnet torque
component and the reluctance torque component. The use of hybrid magnets allows
the NdFeB magnet volume to be reduced compared with a pure NdFeB VPMSM
while the flux-barrier structure contributes to rotor saliency. The inner flux barriers
contain NdFeB magnets while the outer two flux barriers contain Ferrite magnets.
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Table 4.5: Final selected rotor geometrical parameters of the hybrid magnet
PMaSynRM.

Parameter Symbol | Value | Unit
Rotor outer diameter D, 165 mim
Shaft diameter Dgp, 60 mm
NdFeB centre magnet width Wh 12.5 mm
NdFeB side magnet width Wy 17.9 mm
NdFeB magnet thickness T 2.0 mm
NdFeB magnet distance from centre Ly 115 mm
Middle ferrite centre magnet width Wo 10.2 mm
Middle ferrite side magnet width W 14.5 mm
Middle ferrite magnet thickness T 4.5 mm
Middle ferrite magnet distance from centre Ly 121 mm
Outer ferrite centre magnet width W3 6.56 mm
Outer ferrite side magnet width W 9.76 mm
Outer ferrite magnet thickness T3 4.51 mm
Outer ferrite magnet distance from centre L3 132 mm

4.4.3 Ferrite Spoke PMSM Geometry
The final selected ferrite spoke PMSM geometry is shown in Figure 4.5.

Ansys
2024 R1.1

(Eme=1] 0 » 70 )

Figure 4.5: Final selected reduced geometry of the ferrite spoke PMSM.

In this topology ferrite magnets are arranged in a spoke-type configuration. The
purpose of this arrangement is to concentrate the magnet flux through the rotor iron
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and increase the effective air-gap flux density. This is especially useful for ferrite
magnets which have lower remanent flux density than NdFeB magnets.

Table 4.6: Final selected rotor geometrical parameters of the ferrite spoke PMSM.

Parameter Symbol | Value | Unit
Rotor outer diameter D, 165 mm
Shaft diameter Dy 60 mm
Magnet width w 70.5 mm
Magnet half-thickness T 9.3 mm
Inner rib thickness R 1.5 mm

4.4.4 NdFeB VPMSM Reference Geometry
The final selected NdFeB VPMSM reference geometry is shown in Figure 4.6.

Ansys
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Figure 4.6: Final selected reduced geometry of the NdFeB VPMSM reference
machine.

This machine uses V-shaped embedded NdFeB magnets and is included as a refer-
ence design. Since NdFeB magnets have higher remanent flux density than ferrite
magnets this design provides a useful benchmark for torque density, power capability
and efficiency.
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Table 4.7: Final selected rotor geometrical parameters of the NdFeB VPMSM
reference machine.

Parameter Symbol | Value | Unit
Rotor outer diameter D, 165 mm
Shaft diameter Dgy, 60 mm
Magnet width w 29.1 mm
Magnet thickness T 4.7 mm
Rib thickness R 1.5 mm
V-angle A 67.5 deg

4.5 Rotor Mechanical Stress Analysis

After selecting the final optimized rotor geometries, a mechanical rotor stress anal-
ysis was carried out for the hybrid-magnet PMaSynRM, the ferrite spoke PMSM
and the NdFeB VPMSM reference machine. The purpose of this analysis was to
verify that the optimized rotor structures can withstand the centrifugal loading at
the maximum mechanical speed of the motor.

The analysis was performed in Motor-CAD using the mechanical rotor stress mod-
ule. Only mechanical centrifugal effects were considered. Thermal effects, electro-
magnetic effects and coupled electromagnetic-thermal-mechanical effects were not
included in this analysis. Therefore the results should be interpreted as a mechan-
ical verification of the rotor geometry under rotational loading rather than as a
complete multiphysics stress analysis.

The mechanical analysis was performed at the maximum speed of 7000 rpm which
corresponds to the maximum mechanical speed specified for the traction motor. A
mesh size of 0.1 mm was used. The main quantities evaluated were the equivalent
von Mises stress also referred to here as SVM stress and the total displacement
magnitude U. The von Mises stress is used to identify highly stressed regions of the
rotor, while the displacement plot is used to check whether the rotor deformation
remains small.

Figures 4.7- 4.9 show the SVM stress and displacement distributions for the three

optimized rotors. For each machine, the stress plot is shown on the left and the
displacement plot is shown on the right.
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Figure 4.7: Mechanical stress analysis results for the hybrid-magnet PMaSynRM
rotor at 7000 rpm (Left - Stress Plot, Right - Displacement Plot).

The PMaSynRM rotor as shown in Fig 4.7 shows a high factor of safety of 4.75. The
stress concentration is mainly associated with the rotor bridge and rib regions, which
are responsible for mechanically supporting the flux-barrier and magnet structures
under rotation. The displacement magnitude remains small, indicating that the
rotor deformation is limited under the applied centrifugal loading.
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Figure 4.8: Mechanical stress analysis results for the ferrite spoke PMSM rotor at
7000 rpm (Left - Stress Plot, Right - Displacement Plot).

The ferrite spoke PMSM as shown in Fig 4.8 gives the lowest factor of safety among
the three machines with a value of 2.85. The highest SVM stress occurs in the inner
rib of the rotor close to the shaft. This is expected because the spoke-type rotor
contains air pockets and flux-concentrating paths, so the inner ribs and retaining
regions carry a significant part of the centrifugal mechanical load. Although the
factor of safety is lower than in the PMaSynRM and VPMSM, the displacement
remains small indicating that the deformation is still limited at the maximum speed.
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Figure 4.9: Mechanical stress analysis results for the NdFeB VPMSM reference
rotor at 7000 rpm (Left - Stress Plot, Right - Displacement Plot).

The NdFeB VPMSM reference rotor as shown in Fig 4.9 also gives a high factor
of safety of 3.98. The stress is concentrated mainly around the magnet bridge and
rib regions. These regions are important because they retain the magnets against
centrifugal loading. Similar to the other two rotors the displacement is small sug-
gesting that the rotor deformation is not critical at the maximum speed.

The maximum stress, maximum displacement and minimum factor of safety ob-
tained for the three rotors are given in Table 4.8.

Table 4.8: Rotor Mechanical Stress Analysis results at 7000 rpm.

Machine Max. SVM stress | Max. displacement | Min. FoS | Critical
region
(MPa) (mm) —
Hybrid- 84.124 6.89e-03 4.75 Rotor
magnet bridge/rib
PMaSynRM region
Ferrite 140.174 8.78e-03 2.85 Inner rib
spoke region near
PMSM the shaft
NdFeB 100.43 5.528e-03 3.98 Rotor
VPMSM bridge/rib
reference region

The factor of safety values show that all three rotors satisfy the mechanical stress
requirement under the assumed purely mechanical centrifugal loading. However the
ferrite spoke PMSM has the lowest factor of safety among the three designs.
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4.6 Electromagnetic Performance Comparison

After the final geometries were selected the electromagnetic performance of the three
optimized machines was evaluated and compared. The comparison focuses on the
torque-speed and power-speed characteristics of the hybrid-magnet PMaSynRM, the
ferrite spoke PMSM and the NdFeB VPMSM reference machine.

4.6.1 Torque-Speed Characteristics

The torque-speed characteristics of the three optimized machines are shown in Fig-
ure 4.10.
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Figure 4.10: Torque-speed characteristics of the three optimized machines.

In the constant torque region the NdFeB VPMSM produces the highest torque, fol-
lowed by the hybrid-magnet PMaSynRM and then the ferrite spoke PMSM. This is
expected because the VPMSM uses NdFeB magnets which provide a higher mag-
netic loading than ferrite magnets. The hybrid-magnet PMaSynRM gives a slightly
lower torque than the NdFeB VPMSM, but it still remains close to the reference
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machine because it uses both permanent-magnet torque and reluctance torque. The
ferrite spoke PMSM gives the lowest torque in this region, mainly because ferrite
magnets have lower remanent flux density than NdFeB magnets.

The base-speed capability follows the same trend. The NdFeB VPMSM has the
highest base speed followed by the hybrid-magnet PMaSynRM and then the fer-
rite spoke PMSM. This indicates that the NdFeB VPMSM and PMaSynRM can
maintain the maximum torque over a slightly wider low-speed range than the ferrite

spoke PMSM.

In the field-weakening region, however, the trend changes. The ferrite spoke PMSM
provides the highest torque at higher speeds, while the torque values of the NdFeB
VPMSM and the hybrid-magnet PMaSynRM become almost equal. This suggests
that the ferrite spoke PMSM has better high-speed torque retention in the field-
weakening region, even though its low-speed torque and base speed are slightly
lower. Therefore the spoke topology appears to be better at higher speeds whereas
the NdFeB VPMSM and PMaSynRM are better in the constant-torque region.

4.6.2 Power-Speed Characteristics

The corresponding power-speed characteristics are shown in Figure 4.11.
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Figure 4.11: Power-speed characteristics of the three optimized machines.

Below base speed the output power of all three machines is almost the same. This
occurs because all three machines are able to operate close to the same maximum
torque level over the low-speed region and the mechanical power increases approxi-
mately linearly with speed in the constant-torque region.
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Above base speed the difference between the machines becomes clearer. In the
field-weakening region the ferrite spoke PMSM provides the highest output power.
This agrees with the torque-speed result where the spoke PMSM shows better high-
speed torque retention. The hybrid-magnet PMaSynRM and the NdFeB VPMSM
show almost equal power in the field-weakening region indicating that their high-
speed torque capability is similar after the voltage limitation becomes dominant.

The torque-speed and power-speed results show that the NdFeB VPMSM has an
advantage in the constant-torque region, while the hybrid-magnet PMaSynRM re-
mains close to the reference machine with reduced NdFeB usage. The ferrite spoke
PMSM has slightly lower torque and base speed, but it performs better in the field-
weakening region where it provides the highest torque and power among the three
machines.

4.6.3 MTPA, Field-Weakening and MTPV Characteristics

The current trajectories of the three optimized machines were evaluated in the dg
current plane in order to analyse the maximum-torque-per-ampere (MTPA), field-
weakening (FW) and maximum-torque-per-voltage (MTPV) behaviour.

At low speed the optimal operating points follow the MTPA trajectory. In this
region the voltage constraint is not yet limiting and the current vector is selected to
produce the required torque with minimum current magnitude. As speed increases
the voltage limit becomes more restrictive. In the i4-i, plane this appears as voltage
ellipses that shrink with increasing speed. Once the MTPA operating point lies
outside the voltage ellipse for a given speed, the machine can no longer operate on
the MTPA trajectory and must move into the field-weakening region.

The MTPA, FW, voltage ellipses and infinite-speed point of the three machines are
shown in Figures 4.12-4.14. The infinite-speed point represents the limiting current
point approached at very high speed where the flux linkage must be sufficiently
weakened to satisfy the voltage constraint.
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Figure 4.14: MTPA and field-weakening trajectory of the NdFeB VPMSM in the
i4-1q plane.

For the NdFeB VPMSM and the hybrid-magnet PMaSynRM, the MTPA trajectory
is inclined at approximately 50°-55° from the horizontal axis. This means that as
i, increases a noticeable increase in negative 7, is also required. This behaviour
is expected for interior permanent-magnet and PM-assisted synchronous reluctance
machines because negative 74 current helps exploit rotor saliency and increase the
reluctance torque contribution.

For the ferrite spoke PMSM the MTPA trajectory is more vertical, with an in-
clination of approximately 65°-70° from the horizontal axis. This indicates that the
increase in negative ¢4 current with increasing i, is smaller than in the VPMSM and
PMaSynRM cases. One possible reason is that the ferrite spoke PMSM behaves
more strongly as a flux-concentrating permanent-magnet machine where the torque
production is more dominated by the magnet torque component and less by the
reluctance torque component. In that case the optimum MTPA current vector re-
mains closer to the g-axis and requires less negative iy current for the same increase
in ¢,. This is consistent with the fact that the slope of the MTPA trajectory depends
on the relative contribution of permanent-magnet torque and reluctance torque.

The voltage ellipses also show the difference in base-speed capability between the
machines. For the NdFeB VPMSM the MTPA operating point is still inside the
voltage ellipse corresponding to approximately 4000 rpm. Therefore the VPMSM
can remain on the MTPA trajectory up to a slightly higher speed. In contrast the
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corresponding MTPA points of the hybrid-magnet PMaSynRM and the ferrite spoke
PMSM lie outside the 4000 rpm voltage ellipse. This indicates that these machines
reach their voltage limit earlier and therefore have a lower base speed than the Nd-
FeB VPMSM.

No distinct MTPV trajectory was observed within the investigated speed range up
to 7000 rpm. A separate MTPV region may appear only at higher speeds with dif-
ferent voltage or current limits or if the machine saliency and characteristic current
produce an MTPV transition within the available speed range.

4.6.4 Permanent-Magnet and Reluctance Torque Compo-
nents

To understand the torque production mechanism of the three machines in more de-
tail, the torque was separated into permanent-magnet torque and reluctance torque
components. This comparison is useful because the three machines produce torque
through different physical mechanisms. The NdFeB VPMSM is mainly dominated
by permanent-magnet torque, the hybrid-magnet PMaSynRM produces torque from
both permanent-magnet and rotor saliency while the ferrite spoke PMSM relies on
ferrite magnet flux concentration.

The permanent-magnet torque components of the three machines are compared
in Figure 4.15. The current angle is plotted on the horizontal axis. A current angle
close to 90° corresponds to operation near the positive g-axis, while increasing the
current angle towards 180° corresponds to increasing negative d axis current and
reducing the g-axis current component.
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Figure 4.15: Comparison of permanent magnet torque component as a function
of current angle for the three optimized machines.
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From Figure 4.15 the NdFeB VPMSM produces the highest permanent-magnet
torque over the full current-angle range. This is expected because the machine
uses only NdFeB magnets which provide a higher air-gap flux contribution than fer-
rite magnets. The ferrite spoke PMSM gives the second-highest permanent-magnet
torque for most of the current-angle range. This shows the benefit of the spoke-type
flux-concentrating rotor, which helps to increase the effective air-gap flux density
despite the lower remanence of ferrite magnets.

The hybrid-magnet PMaSynRM gives the lowest permanent-magnet torque com-
ponent among the three machines. This is also expected because the PMaSynRM
uses a reduced amount of NdFeB material and partly replaces the magnet torque
contribution with reluctance torque.

For all three machines the permanent-magnet torque decreases as the current an-
gle approaches 180°. This occurs because the g-axis current component decreases
as the current vector moves further into the negative d axis direction. Since the
permanent-magnet torque is mainly proportional to i,, the PM torque approaches
zero when the current vector becomes almost aligned with the negative d axis.

The reluctance torque components are compared in Figure 4.16.
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Figure 4.16: Comparison of reluctance torque component as a function of current
angle for the three optimized machines.

Figure 4.16 shows that the hybrid-magnet PMaSynRM produces the highest peak
reluctance torque. This is consistent with its rotor structure since the flux barriers
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are designed to create a strong difference between the d and g-axis magnetic paths.
The larger saliency allows the PMaSynRM to compensate for its lower permanent-
magnet torque and is one of the main reasons why the hybrid-magnet topology can
reduce NdFeB usage while still maintaining competitive total torque.

The NdFeB VPMSM also produces a significant reluctance torque component. This
is expected for an interior V-type permanent-magnet rotor because the V-shaped
flux barriers and iron paths create saliency. However its peak reluctance torque is
lower than that of the PMaSynRM. The VPMSM therefore obtains its overall torque
mainly from the strong NdFeB magnet torque with reluctance torque acting as an
additional contribution.

The ferrite spoke PMSM has the lowest peak reluctance torque among the three
machines. Its reluctance torque reaches a maximum at a lower current angle and
then decreases as the current angle increases further. This suggests that the spoke
rotor behaves more strongly as a flux-concentrating permanent-magnet machine
than as a highly salient reluctance-torque machine. The spoke rotor geometry is
effective for concentrating ferrite magnet flux but it does not provide as strong a
reluctance torque contribution like the flux-barrier structure of the PMaSynRM.

At lower current angles, the reluctance torque is negative for some of the machines. It
means that the reluctance torque component opposes the permanent-magnet torque
in that region. Since the permanent-magnet torque is still large near 90°, the total
torque remains positive. As the current angle increases, the negative d axis current
becomes more significant and the reluctance torque becomes positive, contributing
to the total torque production.

At current angles close to 180° the reluctance torque of all three machines ap-
proaches zero. This is because the ¢g-axis current component becomes small and the
reluctance torque is proportional to the product of the d and g-axis current compo-
nents. Therefore even if the negative d axis current is large the reluctance torque
decreases when %, becomes small.

4.7 Losses and Efficiency

4.7.1 Copper Loss

The copper loss maps of the three optimized machines are shown in Figure 4.17.
The copper loss is mainly driven by the resistive losses in the stator winding and
is strongly dependent on the current required to produce a given torque. In the
constant torque region the copper loss contours are nearly horizontal because the
required current is mainly determined by torque rather than speed. In the field
weakening region the current vector changes with speed due to the voltage limitation
and the copper loss contours bend with increasing speed.
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Figure 4.17: Copper loss maps of the three optimized machines.

From Figure 4.17 it can be observed that the hybrid magnet PMaSynRM has the
highest copper loss among the three machines. The maximum copper loss is approx-
imately 3 kW for the PMaSynRM whereas the maximum copper losses of the NdFeB
VPMSM and the ferrite spoke PMSM are both close to 2.2 kW. So although the
PMaSynRM reduces the use of NdFeB magnet material, it requires a higher current
loading to achieve comparable torque. Since copper loss increases with the square
of current even a moderate increase in current demand can lead to an increase in
copper loss.

The higher copper loss of the PMaSynRM is mostly due to its long axial length.
The PMaSynRM also relies more strongly on reluctance torque and uses a reduced
amount of NdFeB magnet material compared with the VPMSM. So a larger current
is required to generate the same torque level in regions where both negative 74 and
positive i, currents are needed. This increases the RMS current and therefore in-
creases the winding losses.

The NdFeB VPMSM shows lower copper loss because its strong NdFeB magnet
provides high torque per ampere and it has shorter axial length. Hence for the same
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torque demand, less stator current is required compared with the PMaSynRM.

The ferrite spoke PMSM gives copper losses close to the NdFeB VPMSM even
though it uses ferrite magnets. This is mainly because the spoke type rotor provides
flux concentration which improves the effective use of the ferrite magnets. In addi-

tion the ferrite spoke PMSM has a larger stator inner diameter which increases the
torque arm and helps produce torque with a lower current loading.

4.7.2 Hysteresis Loss

The hysteresis loss maps of the three optimized machines are shown in Figure 4.18.
The hysteresis loss is part of the iron loss and is due to the repeated magnetiza-
tion and demagnetization of the laminated stator and rotor cores. Hysteresis loss is

strongly dependent on magnetic flux density, electric frequency and the amount of
active iron exposed to alternating flux.

In this thesis the hysteresis loss results include a build factor
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Figure 4.18: Hysteresis loss maps of the three optimized machines.

From Figure 4.18 it can be observed that the ferrite spoke PMSM has the highest
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hysteresis loss among the three machines. The maximum hysteresis loss of the spoke
PMSM is approximately 2.1-2.2 kW, whereas the maximum hysteresis losses of the
PMaSynRM and NdFeB VPMSM are closer to approximately 1.1 kW. Therefore
the spoke PMSM shows a clear hysteresis loss penalty compared with the other two
machines.

The higher hysteresis loss of the ferrite spoke PMSM is mainly caused by its larger
active diameter, larger iron volume and flux-concentrating rotor structure. The
spoke-type topology is useful for ferrite magnets because it concentrates the magnet
flux through the rotor iron and increases the effective air-gap flux density. How-
ever this also means that parts of the rotor and stator iron are exposed to stronger
alternating flux. As a result, the hysteresis loss increases. Also the ferrite spoke
PMSM has a larger stator inner diameter and a long axial length which increases
the amount of active iron contributing to the total hysteresis loss.

The PMaSynRM has slightly higher hysteresis loss than the NdFeB VPMSM. This
is because the PMaSynRM has a longer axial length than the VPMSM and contains
flux barriers that create a more complex flux path in the rotor which increase local
flux density variations and therefore increase iron loss. However the PMaSynRM
uses less NdFeB magnet material than the VPMSM, so the lower permanent-magnet
flux partly compensates for the increased active length and rotor complexity.

The contour shapes also show that the hysteresis loss is strongly dependent on
speed. In the low-speed region, the hysteresis loss remains relatively low. As the
speed increases, the electrical frequency increases and the hysteresis loss rises as
they are more dependent on speed than torque. Torque still affects the hysteresis
loss because the stator current changes the local flux density distribution especially
in saturated regions but the dominant trend is the increase in loss with speed.

4.7.3 Eddy Current Loss Maps

The eddy current loss maps of the three optimized machines are shown in Figure 4.19.
Eddy current loss is a component of the iron loss and is produced by circulating
currents induced in the laminated magnetic core due to time-varying magnetic flux.
Compared with hysteresis loss, eddy current loss is more strongly influenced by the
electrical frequency.
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Figure 4.19: Eddy current loss maps of the three optimized machines.

From Figure 4.19 it can be observed that the ferrite spoke PMSM has the highest
eddy-current loss among the three machines. The maximum eddy-current loss of the
spoke PMSM reaches approximately 4 kW while the maximum eddy current losses of
the PMaSynRM and NdFeB VPMSM are much lower. The NdFeB VPMSM reaches
approximately 2 kW whereas the PMaSynRM is closer to approximately 1.5-1.6 kW.

Therefore, the eddy current loss penalty of the ferrite spoke PMSM is significantly
larger than that of the other two designs.

The high eddy-current loss of the ferrite spoke PMSM is mainly caused by its larger
active diameter, larger iron volume and flux-concentrating rotor structure. The
flux-concentrating effect increases the flux-density variation in parts of the rotor
and stator iron. The larger diameter and spoke-type rotor paths expose a larger
amount of iron to alternating flux. Since eddy current loss is strongly affected by

electrical frequency and flux density variation, this leads to higher eddy-current loss
especially at high speeds.

The NdFeB VPMSM has a moderate eddy-current loss level. Although it has the
shortest axial length among the three machines, the strong NdFeB magnets produce

61



4. Electric Machine Design and Analysis

a high magnetic loading. This can increase the flux-density variation in the stator
and rotor iron particularly at high speed. As a result, the VPMSM shows higher
eddy current loss than the PMaSynRM in some parts of the high-speed region.

The PMaSynRM shows the lowest or nearly the lowest eddy-current loss among
the three machines. This is surprising because the PMaSynRM has a longer ax-
ial length than the VPMSM. However the PMaSynRM uses reduced NdFeB magnet
volume and contains flux barriers, which can reduce the permanent magnet flux den-
sity compared with the NdFeB VPMSM. Therefore, despite its longer stack length
the lower magnet flux and flux-barrier structure help limit the eddy current loss.

The contour shapes show that the eddy current loss is primarily speed dependent.
At low speeds the eddy-current loss remains relatively small. As speed increases, the
electrical frequency increases and the eddy-current loss rises rapidly. This is why
the loss contours are mainly aligned with speed. Torque also influences the eddy
current loss to a small extent because higher torque requires higher current which
modifies the flux distribution.

4.7.4 Total Losses

The total loss maps of the three optimized machines are shown in Figure 4.20. The
total loss is defined as the sum of copper loss and core loss,

Ploss,total - Pcu + Physt + Peddy- (43)

The mechanical losses, inverter losses and other auxiliary losses are not included in
these maps. Therefore the total loss shown here represents the main electromagnetic
loss components considered in Ansys Maxwell 2D.
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Figure 4.20: Total loss maps of the three optimized machines.

From Figure 4.20 it can be observed that the ferrite spoke PMSM has the highest
total loss among the three machines especially in the high speed and high torque
region. This is mainly due to the higher core losses of the spoke topology particu-
larly the eddy current loss which becomes large at high speed because of the larger
active diameter and flux-concentrating rotor structure.

The PMaSynRM and the NdFeB VPMSM have lower total losses than the fer-
rite spoke PMSM. But overall, NdFeB VPMSM on average has the lowest total loss
due to the lowest copper loss compared to PMaSynRM and moderate core losses.

4.7.5 Efficiency Maps

The efficiency maps of the three optimized machines are shown in Figure 4.21. The
efficiency was calculated using the electromagnetic losses considered in this thesis
namely copper loss and core loss. A build factor of 2 was considered for core losses.
Mechanical losses, inverter losses and auxiliary losses are not included. Therefore
the efficiencies shown in these maps should be interpreted as electromagnetic motor
efficiencies.

63



4. Electric Machine Design and Analysis

N @ w N
o =3 & =3
o =3 <} S

Torque (Nm)
5
5

150

100

50

0
0 1000

92 —

[y

/ ©
(=]
e ~
o5 o

&
&5
ES
97

975

.5
L :
( o
et —

2000 3000 4000

Speed (rpm)

5000 6000

92
7000

(a) Hybrid PMaSynRM

Efficiency (%)

ue (

Tor

%

1000

400 [

92 —

350

94—
95

9%

97

2000

3000 4000
Speed (rpm)

(b) NdFeB VPMSM

98

5000

6000

7000

© ® © © © ©
& & & < &
Efficiency (%)

©
5}

300 %

m)

Z 2501

Efficiency (%)

Torque (|

Jted

150 [ o7 94
il % 98
100 - %
BT % %
94 92—
| w—
50 a2
0 92
0 1000 2000 3000 4000 5000 6000 7000
Speed (rpm)

(c) Ferrite spoke PMSM

Figure 4.21: Efficiency maps of the three optimized machines.

From Figure 4.21 it can be observed that all three machines achieve a high maximum
electromagnetic efficiency close to 98%. This is because the maps include only the
main electromagnetic losses and exclude mechanical and inverter losses.

The NdFeB VPMSM and the hybrid magnet PMaSynRM both show a wide high-
efficiency region over the medium-speed and medium-to-high torque range. The fer-
rite spoke PMSM also reaches high efficiency but its high-efficiency region is more
limited at medium-speed and high-torque range because of its larger core losses es-
pecially eddy current loss.

At low torque and low speed, the efficiency of all three machines decreases. This
is because the mechanical output power is small in this region, so even moderate

losses can cause a noticeable reduction in efficiency.

Table 4.9 summarizes the relative loss behaviour of the three optimized machines.
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Table 4.9: Comparison of electromagnetic losses for the three optimized machines.

Loss component | Hybrid PMaSynRM | Ferrite Spoke PMSM | NdFeB VPMSM
Copper loss High Low Low
Hysteresis loss Moderate High Low

Eddy current loss Low High Moderate
Total loss Moderate High Low

4.8 Demagnetization Studies

In this thesis, demagnetization studies were performed for the magnets of all three
motor designs: the hybrid-magnet PMaSynRM, the ferrite spoke PMSM, and the
NdFeB VPMSM reference machine. The analysis was carried out in Ansys Maxwell
2D at three magnet temperatures: —40°C, 20°C and 120°C. These temperatures
were selected in order to evaluate the magnet robustness over a wide operating-
temperature range. Since the demagnetization characteristics of permanent mag-
nets are strongly dependent on temperature the same fault condition can lead to
different demagnetization behaviour at different temperatures.

The demagnetization condition considered in this thesis is a three-phase short cir-
cuit initiated from the MTPA operating point at maximum torque and base speed
just before the machine enters the field-weakening region. This operating point was
selected because it represents a severe demagnetization case and in previous work
[4], it has been identified as the point where maximum i, current is generated dur-
ing short circuit which plays a prominent role in producing demagnetizing fields. A
short circuit current plot for PMaSynRM is shown in Figure A.3 of Appendix A.

The demagnetization behaviour was evaluated using the Demag Coef quantity avail-
able in Ansys Maxwell 2D. The demagnetization coefficient is a measure of the
remaining magnet strength after the demagnetizing event. It can be interpreted as

Demag Coef = Brateer : (4.4)
Br,initial
Here, B, initial is the original remanent flux density of the magnet, and B, afer is the
remaining remanent flux density after the demagnetizing condition. A demagnetiza-
tion coefficient close to unity indicates that the magnet has not suffered significant
demagnetization. A lower value indicates that part of the magnet has lost rema-
nence.

The simulation was continued for a sufficiently long time after the short-circuit
event so that the final demagnetized state of the magnets could be observed. This is
important because the most critical magnet regions may not be identified correctly
if the result is evaluated too early during the transient.
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The following subsections present the demagnetization results for each motor topol-
ogy.

4.8.1 Demagnetization Study of the NdFeB VPMSM

The demagnetization coefficient results for the NdFeB VPMSM are shown in Figures
4.22 - 4.24.
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Figure 4.22: Demagnetization coefficient distribution of the NdFeB VPMSM after
the three-phase short-circuit demagnetization study at —40°C.
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Figure 4.23: Demagnetization coefficient distribution of the NdFeB VPMSM after
the three-phase short-circuit demagnetization study at 20°C.
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Figure 4.24: Demagnetization coefficient distribution of the NdFeB VPMSM after
the three-phase short-circuit demagnetization study at 120°C.

At —40°C, the minimum demagnetization coefficient is approximately 0.973, while
most of the magnet region remains close to unity. This indicates that the NdFeB
magnets are not significantly demagnetized at low temperature.

At 20°C, the minimum demagnetization coefficient is approximately 0.976. The
result is very similar to the —40°C case and the magnets remain almost completely
undemagnetized. Only small local regions near the magnet edges show a slight re-
duction in the demagnetization coefficient.

The most critical result is obtained at 120°C. In this case, the minimum demagne-
tization coefficient decreases to approximately 0.624. Although most of the magnet
body still remains close to unity, small localized regions near the magnet corners
show a clear reduction in the demagnetization coefficient. This indicates that par-
tial irreversible demagnetization occurs at high temperature under the short-circuit
condition.

Therefore the NdFeB VPMSM is safe at low and room temperature for the short
circuit condition but high-temperature short-circuit represents the critical demag-
netization case for this design.

4.8.2 Demagnetization Study of the Hybrid-Magnet PMaSynRM

The hybrid PMaSynRM contains two different magnet materials. The magnets in
the inner flux-barrier layer are made of NdFeB, while the magnets in the two outer
flux-barrier layers are made of ferrite. Therefore, the demagnetization study is im-
portant because the two magnet materials have different temperature-dependent
demagnetization characteristics.

Figures 4.25-4.27 show the demagnetization coefficient distribution of the hybrid
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PMaSynRM at the three temperatures.
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Figure 4.25: Demagnetization coefficient distribution of the hybrid-magnet
PMaSynRM after the three-phase short-circuit demagnetization study at —40°C.
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Figure 4.26: Demagnetization coefficient distribution of the hybrid-magnet
PMaSynRM after the three-phase short-circuit demagnetization study at 20°C.
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Figure 4.27: Demagnetization coefficient distribution of the hybrid-magnet
PMaSynRM after the three-phase short-circuit demagnetization study at 120°C.
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From Figures 4.25-4.27, it can be observed that most of the magnet regions remain
close to a demagnetization coefficient of unity. This means that the majority of both
the NdFeB and ferrite magnets retain their original remanence after the short-circuit
event.

At —40°C, the localized demagnetized regions are more visible near the outer fer-
rite magnet corners. This behaviour is reasonable for ferrite magnets since ferrite
intrinsic coercivity decreases at lower temperature.

At 20°C, the demagnetization pattern is similar, but the affected regions remain
very localized. The main magnet bodies remain almost fully magnetized and only
small corner regions show a reduction in the demagnetization coefficient.

At 120°C, the ferrite magnets remain largely safe because the intrinsic coercivity of
ferrite magnets generally improves with increasing temperature. Although NdFeB
magnets are usually more vulnerable at elevated temperature due to the reduction
in intrinsic coercivity, the inner NdFeB magnets in this design remain close to a
demagnetization coefficient of unity. This suggests that the inner NdFeB layer is
sufficiently protected from the worst demagnetizing field by the Ferrite Magnets.

Therefore, the demagnetization performance of the hybrid PMaSynRM is accept-
able, although the outer ferrite magnet corners should be considered critical regions
for future designs. The most critical regions are located near the corners and edges
of the outer ferrite magnets. Also, the outer ferrite magnets are located closer to
the air-gap region and are therefore more directly exposed to the armature-reaction
field.

4.8.3 Demagnetization Study of the Ferrite Spoke PMSM

Ferrite magnets are more vulnerable to demagnetization at low temperature because
their intrinsic coercivity decreases as temperature is reduced. Figures 4.28-4.30 show
the demagnetization coefficient distribution of the ferrite spoke PMSM at the three
temperatures.
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Figure 4.28: Demagnetization coefficient distribution of the ferrite spoke PMSM
after the three-phase short-circuit demagnetization study at —40°C.
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Figure 4.29: Demagnetization coefficient distribution of the ferrite spoke PMSM
after the three-phase short-circuit demagnetization study at 20°C.
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Figure 4.30: Demagnetization coefficient distribution of the ferrite spoke PMSM
after the three-phase short-circuit demagnetization study at 120°C.

..

It can be observed that most of the ferrite magnet volume remains close to a de-
magnetization coefficient of unity. This means that the main body of the ferrite
magnets retains its original remanence after the short-circuit event. However local-
ized demagnetized regions appear near the magnet corners and edges.

The most severe demagnetization occurs at —40°C. At this temperature the de-
magnetized regions near the magnet edges are larger and more pronounced. This
behaviour is expected for ferrite magnets because their intrinsic coercivity decreases
at low temperature making them more susceptible to irreversible demagnetization.
Therefore the cold-temperature condition is the most critical demagnetization case
for the ferrite spoke PMSM.

At 20°C, the demagnetization is still visible, but the affected regions remain lo-
calized mainly near the magnet tips and corners. The bulk of the magnet remains
almost fully magnetized.

At 120°C, the demagnetized regions are smaller compared with the low-temperature
case. This is because ferrite magnets generally have higher intrinsic coercivity at
elevated temperature.

Therefore, the ferrite spoke PMSM can be considered acceptable but the low-
temperature corner demagnetization should be treated as the critical case for this
topology. Future designs could focus on reducing the local demagnetizing field at
the magnet tips by modifying the magnet corner geometry, bridge shape or local
flux path around the spoke magnets.
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4.9 Magnetic Flux Density at Peak Load

The magnetic flux-density distributions of the three optimized machines at peak
torque and base speed are shown in Figure 4.31. This operating point represents
the peak-load condition of the traction machine where both the current and magnetic
flux are high. The flux-density plots are useful for identifying regions of local satu-
ration in the stator teeth, stator yoke, rotor bridges, ribs and magnet neighbouring
regions.
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Figure 4.31: Magnetic flux-density distribution of the three optimized machines
at peak torque and base speed.

The maximum local flux-density values observed from the plots are given in Ta-
ble 4.10.

72



4. Electric Machine Design and Analysis

Table 4.10: Maximum local magnetic flux density at peak torque and base speed.

Machine Maximum local flux density Bpax (T)
Ferrite spoke PMSM 2.67
Hybrid PMaSynRM 2.83
NdFeB VPMSM 3.19

From Figure 4.31 and Table 4.10, the highest local flux density is observed in the Nd-
FeB VPMSM, followed by the hybrid PMaSynRM and then the ferrite spoke PMSM.

The NdFeB VPMSM shows the highest local flux density, with a maximum value
of approximately 3.19 T. This is expected because the VPMSM uses strong NdFeB
magnets and has a relatively small active length. The strong permanent magnet
increases the magnetic flux while the rotor structure concentrates the flux through
the rotor bridges and stator tooth regions. Therefore theere is localized saturation
near magnet tips, rotor bridges and stator tooth-tip areas.

The hybrid PMaSynRM has a maximum local flux density of approximately 2.83 T.
The flux-density distribution shows localized high-flux regions around the flux bar-
riers, magnet ends and narrow rotor iron paths. This is expected because the
PMaSynRM uses flux barriers and these barriers guide the flux through selected
iron paths which can become locally saturated under peak-load operation. However
the high-flux regions are mostly localized while the rest of the rotor and stator re-
main less severely saturated.

The ferrite spoke PMSM shows the lowest maximum local flux density among the
three machines with a peak value of approximately 2.67 T. Although the spoke
topology is a flux-concentrating structure the machine has a larger active diame-
ter which helps distribute the magnetic flux. This reduces the maximum local flux
density compared with the more compact NdFeB VPMSM. Local saturation is still
visible near the magnet ends, air-gap side and stator tooth regions but the peak
value is lower than in the other two machines.

4.10 Driving Cycle Analysis

4.10.1 City Driving Cycle

The city driving cycle results are presented in this subsection. Since the same driving
cycle is applied to all three machines, the required torque and mechanical shaft
power profiles are nearly identical for the hybrid PMaSynRM, ferrite spoke PMSM
and NdFeB VPMSM. Therefore only one representative torque and power profile is
shown in Figure 4.32. The topology-dependent differences are then evaluated using
the torque-speed operating trajectories and the drive-cycle loss results.
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Figure 4.32: Torque and mechanical shaft power profiles during the city driving
cycle.

As shown in Figure 4.32, the torque profile contains repeated positive and negative
torque events which indicate frequent acceleration and regenerative braking. The
power profile also shows several positive power peaks during traction operation and
negative power regions during regenerative operation.

The operating trajectories of the three machines on their corresponding torque-
speed maps are shown in Figure 4.33.
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Figure 4.33: City driving cycle operating trajectories plotted on the torque-speed
maps of the three optimized machines.

From Figure 4.33, it can be observed that the city cycle uses a wide range of torque

and speed values. Many operating points occur at low and medium speeds which is
expected for urban operation.

The energy losses accumulated over the city driving cycle are shown in Figure 4.34.
The ferrite spoke PMSM has the highest total energy loss, equal to approximately
1052 Wh. The NdFeB VPMSM has a lower total loss of approximately 801.8 Wh,
while the hybrid PMaSynRM gives the lowest total loss of approximately 727.5 Wh.
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Figure 4.34: Cumulative energy losses of the three optimized machines during the
city driving cycle.

The loss breakdown shows that the ferrite spoke PMSM is dominated by core loss.

Its core loss is approximately 863.1 Wh, which is much higher than its winding loss
of 188.9 Wh.

Although the PMaSynRM has the highest winding loss among the three machines,
approximately 232.6 Wh, its core loss is significantly lower than that of the other
two machines. This results in the lowest total drive-cycle loss for the city cycle.

The NdFeB VPMSM has a winding loss which is close to that of the spoke PMSM,
but its core loss is higher than that of the PMaSynRM. Therefore, even though the
VPMSM has strong permanent-magnet torque and favourable copper loss behaviour

its city-cycle total loss is slightly higher than that of the PMaSynRM.

The percentage distribution of the city-cycle losses is shown in Figure 4.35.
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Figure 4.35: Percentage distribution of energy losses during the city driving cycle.

For the ferrite spoke PMSM, about 82% of the total electromagnetic loss comes from
core loss, while winding loss contributes approximately 18%. This means that the
spoke machine is mainly limited by core losses in the city cycle. The PMaSynRM
has a more balanced loss distribution, with approximately 32% winding loss, 64.7%
core loss, and 3.4% magnet loss. The NdFeB VPMSM has approximately 23.6%
winding loss, 73.5% core loss, and 2.9% magnet loss.

4.10.2 Highway Driving Cycle

The highway driving cycle results are presented in this subsection. As in the
city driving cycle case, the same driving cycle is applied to all three machines,
so the torque and mechanical shaft power profiles are nearly identical for the hy-
brid PMaSynRM, ferrite spoke PMSM and NdFeB VPMSM. For this reason, only
one torque and power profile is shown in Figure 4.36. The topology-dependent dif-
ferences are then evaluated using the torque-speed operating trajectories and the
drive-cycle loss results.
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Figure 4.36: Torque and mechanical shaft power profiles during the highway driv-
ing cycle.

From Figure 4.36, compared with the city cycle, the highway cycle contains longer
periods of positive torque and fewer regenerative braking events. The power demand
also contains longer high-power intervals.

The operating trajectories of the three machines on their corresponding torque-
speed maps are shown in Figure 4.37.
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Figure 4.37: Highway driving cycle operating trajectories plotted on the torque-
speed maps of the three optimized machines.

From Figure 4.37, it can be observed that most of the operating points are concen-
trated in the positive torque region with several operating points at higher motor
speeds. This operating pattern makes the highway cycle more sensitive to core losses
especially hysteresis and eddy-current losses because these losses increase strongly

with motor speed.

The cumulative energy losses over the highway driving cycle are shown in Fig-

ure 4.38.
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Figure 4.38: Cumulative energy losses of the three optimized machines during the
highway driving cycle.

The ferrite spoke PMSM has the highest total energy loss, equal to approximately
3759.9 Wh. The NdFeB VPMSM has a lower total loss of approximately 3038.2 Wh
while the hybrid PMaSynRM gives the lowest total loss of approximately 2155.7 Wh.
Therefore the PMaSynRM has the lowest total drive-cycle loss followed by the Nd-
FeB VPMSM while the ferrite spoke PMSM has the highest total loss.

The loss breakdown shows that the ferrite spoke PMSM is strongly dominated by

core loss. Its core loss is approximately 3414.5 Wh, while its winding loss is only
approximately 345.3 Wh.

For PMaSynRM, its winding loss is approximately 364.6 Wh which is close to that
of the spoke PMSM, but its core loss is much lower at approximately 1612.1 Wh.
The PMaSynRM also has a magnet loss of approximately 179.0 Wh. Even with
this magnet loss contribution the lower core loss makes the PMaSynRM the most
favourable machine for the highway cycle.

For NdFeB VPMSM, its winding loss is approximately 488.3 Wh and its core loss is
approximately 2426.2 Wh. The magnet loss is approximately 123.7 Wh. Although
the VPMSM has good torque-per-ampere capability its core loss in the highway cy-
cle is higher than that of the PMaSynRM which increases its total accumulated loss.

The percentage distribution of the highway-cycle losses is shown in Figure 4.39.
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Figure 4.39: Percentage distribution of energy losses during the highway driving
cycle.

For the ferrite spoke PMSM, approximately 90.8% of the total electromagnetic loss
comes from core loss while winding loss contributes only approximately 9.2%. This
shows that the spoke PMSM is strongly core-loss dominated during highway op-
eration. For the PMaSynRM the core loss contributes approximately 74.8%, the
winding loss contributes approximately 16.9% and the magnet loss contributes ap-
proximately 8.3%. For the NdFeB VPMSM the core loss contributes approximately
79.9%, the winding loss contributes approximately 16.1% and the magnet loss con-
tributes approximately 4.1%.

Table 4.11 compares the average electromagnetic efficiency of the three optimized
machines over the two driving cycles.

Table 4.11: Average electromagnetic efficiency of the three machines over the city
and highway driving cycles.

Machine City driving cycle | Highway driving cycle
Ferrite Spoke PMSM 92.69% 91.63%
Hybrid PMaSynRM 94.11% 93.86%
NdFeB VPMSM 93.67% 92.62%

The hybrid PMaSynRM gives the highest average efficiency in both the city and
highway driving cycles. The NdFeB VPMSM gives the second highest average effi-
ciency while the ferrite spoke PMSM gives the lowest average efficiency. The lower
average efficiency of the ferrite spoke PMSM is mainly due to its higher core-loss
contribution especially during highway operation.

81



4. Electric Machine Design and Analysis

4.11 Comparative Material Cost, Carbon Foot-
print, and Critical-Material Sustainability As-
sessment

This section compares the three developed motor topologies from the viewpoint
of active material requirement, magnet dependency, raw-material cost, embodied
carbon contribution and sustainability. The compared topologies are Spoke type
PMSM, VPMSM and PMaSynRM. The material inventory is obtained from the
developed ANSYS motor geometries, while the updated cost calculation uses the
active-material cost basis reported in [25].

4.11.1 Active material inventory

The active material mass of each component was calculated from the two-dimensional
cross-sectional area obtained from the motor geometry and the corresponding stack
length. The component volume was first calculated and then multiplied by the
material density, as shown in Equation (4.5)

Vi=A; X Lgye and m; =V, X p; (4.5)

where A; is the cross-sectional area of material i, Lg is the stack length, V; is the
active volume, p; is the material density, and m; is the calculated material mass.
Table 4.12 shows the detailed mass calculation for each active material in the three
motor topologies. The table includes the extracted area, stack length, calculated
volume, material density, and resulting mass for rotor steel, stator steel, copper
winding, NdFeB magnets, and ferrite magnets.
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Table 4.12: Material properties and mass distribution for different motor types

Component Area | Lgiuer | Volume | Density | Mass

Motor type

P (cm?) | (m) | (ecm®) | (kg/m®) | (kg)

Rotor steel 232.980 | 0.235 | 5475.03 7650 41.88

Stator steel 246.862 | 0.235 | 5801.26 7650 44.38

Spoke PMSM

Copper winding | 25.805 | 0.235 | 606.42 8933 5.42

Ferrite magnet | 105.012 | 0.235 | 2467.78 5000 12.34

Rotor steel 161.05 | 0.165 | 2657.33 7650 20.33

Stator steel 174.022 | 0.165 | 2871.36 7650 21.97

VPMSM

Copper winding | 20.542 | 0.165 | 338.94 8933 3.03
NdFeB magnet | 21.931 | 0.165 | 361.86 7500 2.71

Rotor steel 173.697 | 0.250 | 4342.43 7650 33.22

Stator steel 139.321 | 0.250 | 3483.03 7650 26.65
PMaSynRM | Copper winding | 20.542 | 0.250 | 513.55 8933 4.59
NdFeB magnet | 9.727 | 0.250 | 243.18 7500 1.82
Ferrite magnet | 29.569 | 0.250 | 739.23 5000 3.70

The component masses calculated in Table 4.12 are then grouped by motor topology
in Figure 4.40 to provide a direct comparison of the active material distribution. In
this summary, rotor and stator steel are also combined as the total electrical steel
mass, and the total active mass is calculated by summing all active components.
Based on the mass calculation, the Spoke PMSM has the highest total active mass
of 104.02 kg followed by the PMaSynRM with 69.98 kg, while the VPMSM has the
lowest total active mass of 48.04 kg. The lower mass of the VPMSM is mainly due
to its compact NdFeB-based rotor structure. In contrast, the Spoke PMSM has a
higher active mass because of its larger electrical steel, copper winding and ferrite
magnet content. Although the Spoke PMSM uses the highest total magnet mass of
12.34 kg, its magnet is completely ferrite-based. Therefore, it avoids NdFeB-related
rare-earth dependency. The VPMSM uses the lowest total magnet mass of 2.71 kg,
but the complete magnet mass is NdFeB, giving it the highest critical-material de-
pendency. The PMaSynRM uses both NdFeB and ferrite magnets, with 1.82 kg of
NdFeB and 3.70 kg of ferrite. Compared with the VPMSM, the PMaSynRM reduces
NdFeB usage from 2.71 kg to 1.82 kg, corresponding to approximately 32.8% reduc-
tion in NdFeB mass. Therefore the PMaSynRM provides a compromise between
compactness, performance and rare-earth reduction.
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Figure 4.40: Active material mass comparison of the studied motor topologies
showing rotor steel, stator steel, copper winding, NdFeB magnet and ferrite magnet
contributions.

4.11.2 Raw-material cost comparison

The raw-material cost was calculated using the component masses from Table 4.12
and the unit cost values derived from [25]. The cost of each material was calculated

as
Ci =m; X ¢, (46)

where C; is the material cost, m; is the material mass, and ¢; is the unit cost of
the material. Using Equation (4.6), the raw-material cost of each topology was
calculated as shown in Table 4.13.

Table 4.13: Material cost comparison for different motor types

Motor type Ele;i:::(;llcal Copper NdFeB Ferrite Total
cost (€) cost (€) | cost (€) | cost (€) | cost (€)

Spoke PMSM 43.13 30.89 0.00 150.79 224.82
VPMSM 21.15 17.27 428.18 0.00 466.60
PMaSynRM 29.94 26.16 287.56 45.21 388.87
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The Spoke PMSM has the lowest total raw-material cost because it avoids NdFeB
magnets completely. The VPMSM has the lowest active material mass, but it be-
comes the most expensive topology due to the high cost contribution of NdFeB
magnets. The PMaSynRM has a higher total active mass than the VPMSM, but
its reduced NdFeB content lowers the total cost compared with the VPMSM.

4.11.3 Embodied carbon emission

The embodied carbon emission was estimated to compare the manufacturing-stage
environmental burden associated with the active materials used in the three motor
topologies. This calculation is important because a motor with lower mass does not
always have the lowest sustainability impact and the result also depends on the type
of material used, especially when rare-earth magnets are involved. Therefore, elec-
trical steel, copper winding, NdFeB magnets, and ferrite magnets are all included in
the embodied COse calculation. The carbon emission of each material is calculated
as follows

where C'F; is the carbon emission of material 4, m; is the material mass in kg, and
C'F; is the carbon-emission factor in kg of COye/kg. The emission factors for the
materials are considered as follows: electrical steel has an emission factor of 3.12 kg
of COye/kg, copper winding has 6.70 kg of COse/kg, NdFeB magnet has 23.40 kg
of COqe/kg, and ferrite magnet has 4.10 kg of COze/kg [26] [27] [28]. Using these
factors together with the material masses calculated earlier, the embodied COse
values for the three motors are summarized in Table 4.14

Steel Copper | NdFeB | Ferrite | Total | kg COye/

Motor type COqe COqe COse COqe COse kg active
(kg) (kg) (kg) (kg) (kg) mass
Spoke PMSM | 269.13 36.31 0.00 50.59 356.04 3.42
VPMSM 131.98 20.30 63.41 0.00 215.69 4.49
PMaSynRM 186.79 30.75 42.59 15.17 275.31 3.93

Table 4.14: COse emissions for different motor types

The VPMSM gives the lowest total embodied COqe, mainly because it has the low-
est total active material mass. However, it also has the highest kg of COse per kg
of active mass because its magnet is fully NdFeB-based. The Spoke PMSM has the
highest total embodied COqe due to its larger electrical steel and ferrite mass, but
it avoids NdFeB completely and therefore has lower rare-earth dependency. The
PMaSynRM gives an intermediate result, reducing NdFeB mass compared with the
VPMSM while retaining partial rare-earth magnet excitation. Therefore, the em-
bodied carbon result should be interpreted together with raw-material cost, magnet
dependency, and supply-chain risk rather than used as the only sustainability indi-
cator.
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The emission factors used in this work are literature-based cradle-to-gate estimates.
Since reported carbon-emission factors vary with production route, geographical en-
ergy mix, recycled content and database assumptions, the calculated values should
be interpreted as approximate embodied COse indicators rather than exact manu-
facturing emissions. The selected factors are, however, within the range of values
reported for electrical machine materials in recent LCA studies.

4.11.4 Rare-earth dependency and global supply-chain dom-
inance

In addition to the material mass, cost and embodied carbon emission, the rare-
earth dependency of each topology is an important sustainability indicator. This
is because NdFeB magnets depend on rare-earth elements and are therefore more
exposed to critical-material availability, price fluctuation, and geopolitical supply-
chain risk. The magnet inventory of the three machines is summarized in Figure
4.41

14 F ]

Total: 12.34 kg

10

Magnet mass (kg)

Total: 2.71 kg

VPMSM PMaSynRM Spoke PMSM

Figure 4.41: NdFeB and ferrite magnet mass comparison of the studied motor
topologies.

The Spoke PMSM uses the highest total magnet mass, but it is completely ferrite-
based and therefore avoids NdFeB-related rare-earth dependency. The VPMSM
uses the lowest total magnet mass, but the entire magnet mass is NdFeB, making it
the most critical-material-sensitive topology. The PMaSynRM reduces the NdFeB
mass from 2.71 kg in the VPMSM to 1.82 kg, corresponding to approximately 32.8%
reduction in NdFeB usage. Therefore, the PMaSynRM provides a compromise be-
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tween rare-earth reduction and performance.

The motor-level NdFeB usage can be linked to both rare-earth reserve distribution
and supply-chain concentration. Figure 4.42 shows that rare-earth reserves are dis-
tributed across several countries, with China holding the largest share, followed by
Brazil, India, Australia, Russia, and others. However, Figure 4.43 shows that the
magnet rare-earth supply chain is much more concentrated than the reserve base.
In 2024, China dominated light rare-earth mining, rare-earth refining, and perma-
nent magnet manufacturing, with particularly high shares in refining and magnet
production.
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Figure 4.42: Geographical distribution of rare earth reserves, 2026 [29]

Mining Refining Magnets
100%
80%
60%
40%
20%
0%
light REE heavy REE
BChina = Myanmar m China mMalaysia mChina ®m Japan
@United States ~ mAustralia BUnited States @VietNam  @VietNam  @Germany
OLao PDR O Brazil BFrance DEstonia OSlovakia ~ DRoW
oRoW mJapan ORoW

Figure 4.43: Share of global supply of magnet rare earths and magnet manufac-
turing, 2024 [29]

Therefore, the VPMSM and PMaSynRM are exposed not only to NdFeB material
dependency, but also to a concentrated global processing and magnet-manufacturing
chain. In contrast, the Spoke PMSM avoids NdFeB completely and is less sensitive
to rare-earth supply disruption, price volatility, and geopolitical risk.
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4.11.5 Use phase performance

The material-based sustainability comparison presented above gives useful informa-
tion about active material mass, raw-material cost, embodied COse , and rare-earth
dependency, but the final sustainability position of a traction motor also depends
on its use-phase performance. For EV truck applications, even small differences
in motor efficiency can accumulate over repeated city and highway operation, so
the drive-cycle efficiency results from Section 4.10 are included in the sustainabil-
ity interpretation. A representative mission profile is considered by weighting the
city and highway efficiencies according to the selected use condition, for example
30% city and 70% highway operation, using 7y = 0.37city + 0.77highway. Based on
this use-phase weighting, the PMaSynRM gives the highest weighted drive-cycle
efficiency, while the VPMSM remains the most compact topology with the low-
est active-material embodied COse, and the Spoke PMSM remains the lowest-cost
and rare-earth-free option. However, the Spoke PMSM also has the highest active
material mass and the lowest use-phase efficiency, making it less favourable for high-
utilization EV-truck operation. Therefore, when use-phase efficiency is considered
together with material mass, embodied COse, cost, and NdFeB dependency, the
PMaSynRM provides the most balanced sustainability position for the considered
EV-truck use case. The VPMSM is preferable when compactness and low material-
side COqe are prioritized, whereas the Spoke PMSM is preferable when low cost and
complete rare-earth independence are the dominant requirements.

4.11.6 Final sustainability implication

The final sustainability comparison is based on active material mass, raw-material
cost, embodied COqe, NdFeB dependency, supply-chain risk, and use-phase drive-
cycle performance. The material-side trade-offs are summarized in Figure 4.44,
where the x-axis represents active mass, the y-axis represents cost, the bubble size
represents embodied COsqe, and the colour indicates NdFeB magnet mass. Figure
4.44 shows that the VPMSM has the lowest active mass and the lowest active-
material COye, but it has the highest raw-material cost and the highest NdFeB
dependency. The Spoke PMSM has the highest active mass and embodied CO»e, but
it has the lowest raw-material cost and completely avoids NdFeB magnets, making
it the strongest option from the viewpoint of rare-earth independence and supply-
chain resilience. The PMaSynRM lies between the two material-side extremes by
reducing NdFeB usage and cost compared with the VPMSM while retaining partial
rare-earth magnet assistance.
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Figure 4.44: Sustainability positioning of the studied motor topologies based on
active material mass, raw-material cost, embodied COse and NdFeB dependency.
Bubble size represents total embodied COsge, and the right-side scale indicates raw
material cost

However, the sustainability positioning changes when the use phase is included. For
EV truck applications, the motor operates repeatedly over city and highway driving
conditions, so drive-cycle efficiency becomes an important sustainability indicator.
The use-phase comparison shows that the PMaSynRM gives the highest weighted
drive-cycle efficiency, whereas the Spoke PMSM gives the lowest efficiency because
of its higher active material mass and higher drive-cycle losses. Therefore, the
Spoke PMSM should not be considered the overall most sustainable topology for
high-utilization EV truck operation, even though it is the most favourable option
in terms of cost and rare-earth independence. Instead, the Spoke PMSM is most
suitable when low cost, material availability, and complete avoidance of NdFeB
magnets are prioritized. The VPMSM is favourable when compactness and low
active-material COqe are the dominant requirements, but it has the highest raw-
material cost and supply-chain risk due to its NdFeB content. The PMaSynRM
provides the best overall compromise for the considered EV truck use case because
it combines the highest use-phase efficiency with moderate active mass, moderate
embodied COse, reduced NdFeB usage compared with the VPMSM, and lower cost
than the VPMSM. Therefore, when both material-side and use-phase indicators are
considered, the PMaSynRM is the most balanced sustainability option among the
studied topologies.
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5. Controller Design and Implementation

5.1 Electric Machine Plant Setup

5.1.1 Electric Machine Plant Implementation

The modeling and control framework was implemented in MATLAB/Simulink using
data from ANSYS Maxwell 2D Simulation setup as reduced order model (ROM).
The data files of phase currents, phase voltages, phase flux linkages, rotor position,
and torque were available for a discrete operating grid. In the implementation, the
main operating points selected are i) Id = -100A, Iq = 200A and ii) Id =-350A, Iq =
100A. Other operating points near the main operating points were also considered,
since currents do not remain constant. The rotor angle sweeps over 0 < 6, < 27
for a total of 200 Electrical Cycles for i) and 400 Electrical Cycles for ii) . For
the studied operating point, the mechanical speed was set to 1000 rpm and 6000
rpm. The imported abc-frame quantities were transformed into the synchronous
dg-frame using the Park transformation. For example, the implemented expressions
for current are

) 2 2 2T
lg = 3(zacose —i—zbcos(G —3) —i—zccos(G + 3 )) (5.1)
. 2 2 2T
zq:—?)(zasme —i—zbsm(@ —3) —i—zcsm(G + 5 )) (5.2)

and similar transformation is done for vy, 1,, vd and vq. After interpolation over
the rotor-angle grid, the ROM maps for 14, 1,, T, were stored in mat file. Also,

g OYa Oa O%g OYq 3%
Dig Dier 0.0 Dig Di and were computed using numerical gradients.

5.1.1.1 Plant Model used in Simulink
The standard PMSM voltage equations in the rotating dgq frame are

dipg
= Rstqg + — 7 — Wy (5.3)
vy = Rsig + ;iq + Wy (5.4)

where the flux linkages 14 and v, are treated as nonlinear functions of current and
electrical angle

Ya = Yalia, ig, Oe) (5.5)
% = wq(idy Z‘qa 96) (56)

Since 1)q and 9, are functions of ¢4, 7,, and 0. their time derivatives must be computed
using the chain rule given by

da _ OYa. n . oy Otha
At Big ¢ 9y 1 06,

Similarly

dipy _ Og: Oy Oy
= g+ Werm
a0,

a ot di,
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Substituting (5.7) into (5.3) gives

. O Oy oL
vg = Rgtg + %Zd + Tiqu + We 20, — weZ/Jq (59)
Rearranging gives
Mg Oy : g
— — iy = Ug — — We—— 1
Bi 1q + an lg = Vg Rgig + we¢q We a0, (5 0)
Now substituting (5.8) into (5.4) gives
o 0Y,. Oy o
Vg = Rslq + 87,526[ + aT,:Zq + weTé + wed)d (511)
Rearranging gives
awq : awq awq
— 12
o, iq + 7, lg = Vg — Ryig — wethg — we 2. (5.12)

Equations (5.10) and (5.12) can be written in matrix form as

0 0
Wa O] . vd—Rsid—l—wel/Jq—wad)d

Dig  0Oig | U ©00,
= ¢ 5.13
0y Oty i U—Ri—ww—waq’% o
aid 8zq q q slq e¥d e aee
N—————
M
Therefore 5
id Vg — Rsid + we'wq - weﬂ
=M D0 (5.14)
: , O,
lq Vg — Rslq - Wewd — We 90

Equation(5.14) is used as our Plant Model in Simulink

5.1.1.2 Linearisation

A nonlinear model describes the motor accurately but it is difficult to use it directly
in controllers such as LQR or LQI that require a linear state-space model. So to
make it work, instead of studying the whole nonlinear system everywhere, we study
how the system behaves very close to one particular operating point. Near that
operating point a nonlinear system can often be approximated by a linear one [30].
If the motor operates at the following point

14 = 4o, g = 1q0,
with corresponding input voltages
Vg = Vdo, Vg = Vg0
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then since the motor is angle dependent the operating point must also include the
electrical angle

98 = 9@0
So the full operating point is
(l’o, Ug, 960)
where
Ldo Vdo
o = ] Ug =
ZqO ’qu

This operating point is the one around which the system will be approximated.
After that, the actual states and inputs are written as the operating point values
plus small deviations

T =x0+ 0z (5.15)
u = up+ du (5.16)
Here,
5i
dx = Zd
i

represents small changes in the currents, and

)
ou = v

dvg

represents small changes in the voltages.
Linearisation assumes that these deviations are not large.

Now the nonlinear system is given by
&= f(z,u,0)
Now if we substitute
xr=x9+0x u = ug + ou

Then we get
T = f(xo+ 0z, up+ du, )

Now we approximate this non linear function near the operating point. The main
idea of linearisation is that a smooth nonlinear function can be approximated near
one point by its first-order taylor series expansion [30].

So near the operating point we can get a linear form of the non linear model given
by

fxo 4+ 6z, ug + du, Oe0) = f(xo,u0,0e0) + Adx + Bdu (5.17)
where A and B represent the matrices containing the first order taylor series expan-
sion terms, also called as Jacobians. These matrices tells us how the state derivative
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changes when the states or inputs are changed slightly around the operating point.

So from (5.17) the linearised model becomes
0t = Adx + Bou (5.18)

where the matrix A is the Jacobian of the nonlinear function f with respect to the
state vector z and the matrix B is the Jacobian of the nonlinear function f with
respect to the input vector u evaluated at the operating point:

= gf (5.19)
xr (z0,u0,0¢0)
g 9f (5.20)
du (z0,10,0c0)
If o - 7
T f1<x>ua960)
s 766
xr = :L:2 ) f(x7u79€0>: fQ(:Cu 0)
| Zn | _fn(% u, ‘980)_
then
on oh o
8:161 6372 6$n
Of 0f = Of
0. o, ol
_61'1 81'2 axn— (z0,u0,00)
and
[0fi Of - ON]
8u1 8u2 6un
on of  of
Ofn Ofn  Ofn
_aul 8u2 aun— (z0,u0,0e0)

We can see from the above matrices that the entries of A can be found directly by
taking the partial derivative of the nonlinear function f with respect to the states.
Now we find each entry by using the central differencing scheme.

For a scalar function f(z), the derivative at zo can be approximated by

f(xo+h)— f(xog—h)
2h

[ (o) =~ (5.23)
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where h is a small perturbation.

The same idea extends to vector functions as well. The first column of A is ob-

tained by perturbing only iy while keeping the other variables fixed

fiao + R, igo, Vao, Vg0, e0) — fido — R, g0, Vdos Vg0, Beo)
2h

Similarly, the second column of A is obtained by perturbing only i,

A(:,l) ~

fidos iq0 + Ry Vao, Vg0, Be0) — f(idos iq0 — Ry Vo, Vg0, Oeo)
2h

These can be substituted into our A matrix and we get,

A(:72) ~

ig(iq + hyig) —ig(iqg — hyig)  ia(ia,ig +h) —ig(ia,ig — h)

A 2h 2h
ig(ig + hyig) — ig(ia — hyig)  ig(ig,iq + h) — i4(ia,iq — h)
2h 2h (20,u0,0e0)
or

o Oh
Oig 01

A _ q
s 0fs
Oig 0Oty (20 110.000)

where f; =iy and f, = iq

Now to get B, we first simplify Eq(5.14)

; _Rsid + wewq - c‘-)e%
1d . M_l Vd I 8‘96
iq Yq _Rsiq - wewd — We ?;gq

appears directly inside the brackets multiplied by M !

(5.24)

(5.25)

(5.26)

(5.27)

(5.28)

Therefore, when the derivative of the state equation is taken with respect to the

input vector u we directly get

B=M"!
So at operating point we get
Ha Oal\™
Jiqg 01
B = .
0%y Oy
Oiq 01 (20110,000)
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Now, the PMSM model depends on electrical angle 6.. This means the local linear
model changes with angle. So the linearisation was not carried out at one angle
only, instead it was repeated over all angles

9617 9827 ey eeN
At each angle, a local linear model was obtained
di = A(Ocr) 0z + B(ber) 0u

So, many local linear models were obtained along the electrical cycle over the elec-
trical angles.

Since controller design is easier with one constant linear model than many, the
angle-dependent matrices were averaged

1 N

Aug = 5 30 A(0) (5.31)
k=1
1 N

Bug = 1 > Bl) (5.32)
k=1

This gives us one final linear approximation
0% = Aavg 07 + By 0u (5.33)

This average model represents the motor behavior near the chosen operating point
over all angles. And it was found that a particular linearised model for any one
specific operating point worked well for a range of other operating points around
the chosen operating point.

5.1.1.3 Role of Feedforward Voltages

The feedforward voltages are used to compensate for the known voltage requirements
of the motor at the operating point. These voltage requirements are

« the stator resistance drops Rsiq and R,

« the cross coupling terms —w.1), and +w.1q

« the angle-dependent flux variation terms like w, 2%4

90,

If these terms are not provided directly then the feedback controller would have
to generate them by itself. Using LQI and PI controllers without any feedforward
terms would make the currents oscillate about the chosen operating point because
the LQI and PI controllers cannot generate all the required voltages. So the currents
will no longer be stable and will not be able to track the reference currents.

By using feedforward voltages the predictable part of the required voltage is sup-
plied directly while the feedback controller only needs to generate the additional
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correction required to remove small errors. So the total applied voltage is written
as

U4 = Vg, g + Ud (5.34)
Vg = Vgi + Uyq (5.35)

where u4 and u, are the outputs of the feedback controller.

To derive the feedforward voltages the motor is assumed to be at the chosen oper-
ating point so that the current derivatives are zero

ig=0  i,=0

Substituting it into (5.9) and (5.11) which are the general (partial derivative terms
included) dq axis voltage equations gives the feedforward voltages

Ia

Vg = Rgig + Wepp Wetq (5.36)
)
Vot = Ryig + wea‘gq + wethy (5.37)
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5.2 Design of Components of the Field Oriented
Controller

5.2.1 Sampling and Delays

The LQI controller and the Kalman Filter was implemented in discrete time with
a sampling frequency of 10 kHz. Since the controller and estimator are digital, the
control signal is updated only at discrete sampling instants and is held constant
between the sampling instants. So a zero-order hold (ZOH) model was used at the
controller input and the estimator input.

In addition a delay of T, was included in the controller output path as well as the
feedforward output path. This was done to represent the effective delay introduced
by PWM Update and computation effects in a digital drive system.

5.2.2 LQI Controller

The current controller was implemented as a discrete-time linear quadratic integral
(LQI) regulator based on the averaged linearized PMSM current model. The con-
troller is designed to regulate the d and q axis currents around the chosen operating
point while reducing steady-state tracking error or bias.

Starting from the averaged continuous-time model

#(t) = Aug(t) + Bavgu(?) (5.38)
with
(Sid (S’Ud
T = , u =
0ig 0y,

the model was converted to discrete time using zero-order hold (ZOH) with controller
sampling period T,. This gives us the discrete plant

z[k + 1] = Agz|k] + Baulk] (5.39)
In order to reduce steady-state tracking error in both d and ¢ currents the system

was augmented with integral states corresponding to the current tracking errors.
The current error vector is given as

elk] = | (5.40)
and the integral states are given as

E[k + 1] = E[k] + Tselk] (5.41)
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So the augmented state vector becomes

5.42
§[K] -

Iaug[k] =

Now if our outputs are the states themselves (not the integral state) then the output
matrix is simply given by
C=1,

Then augmented discrete-time system using Eq(5.39) and Eq(5.41) is

Ag 0 B,]
Tauelk + 1] = Toue | k| + ulk 5.43
glk +1] e I glk] 0 [£] (5.43)
where _
Ag 0 B
Aaug = ! ) Baug = !
T.C 1 0

The discrete LQI gain was obtained by solving the infinite-horizon discrete-time

quadratic optimal control problem for the augmented system. For the cost function
[30]

J =3 (Tanglk)" Quaug[k] + ulk]” Ru[k]) (5.44)
k=0
the optimal state-feedback gain [30] is given by
Kuug = (R4 BhyPBuug)  BhyPAug (5.45)

where P is the positive semi-definite solution of the discrete algebraic Riccati equa-
tion

P = AL, PAwg — AL PBoy (R4 BlyPBug)  BhyPAwg +Q  (5.46)
and @ and R are the matrices which represent weights/penalties on states and inputs
respectively [30]. If @ is increased relative to R the controller gives more importance
to reduce state deviations than to limit control effort. So the controller reacts more
aggressively and generates larger input commands in order to drive the states to
their desired values more quickly. Alternatively if R is increased relative to @) the
controller gives more importance to limit the control effort. So in that case the
controller becomes less aggressive resulting in smaller input commands and slower
convergence of the states.

The resulting gain matrix is given by

Kaug = {Km KZ} (5.47)

100



5. Controller Design and Implementation

where K, acts on the current error and K; acts on the integral states.

So the discrete LQI control law becomes
Aulk] = —Kelk] — Ki{[k] (5.48)

The LQI controller was however not used alone. It was combined with the feedfor-
ward voltages obtained from the ROM based PMSM model. The total commanded
voltage is then given by

Vg K] Vg1t K]

Voltage saturation and anti-windup Since the inverter can only supply a lim-
ited voltage magnitude, saturation was introduced on the commanded dq voltage
magnitude. The voltage magnitude was constrained such that its magnitude does
not exceed the maximum allowable voltage.

In addition anti-windup was also included. This is necessary because, during satura-
tion the controller may demand more voltage than can actually be applied. Without
anti-windup the integral states would continue to grow even though the actuator is
saturated which may lead to poor transient response or overshoot once the satu-
ration is removed. So an anti-windup term was included in the integrator update.
This term is based on the difference between the saturated and unsaturated voltage
commands and it acts to reduce the growth of the integral states during saturation.

5.2.3 Cycle to Cycle Torque Ripple Optimizer

In this thesis, a cycle to cycle torque ripple optimizer was implemented for reduction
of torque ripple in Electric Machines according to user’s demands. The optimizer
injects specific current harmonics into the d and ¢ current references to cancel out
the machine’s natural harmonics (mainly the ripple created due to flux harmonics
in the air gap) that give rise to the torque ripple. The main current harmonics
that the optimizer generates are 12 harmonics in d-axis, 12" harmonics in g-axis,
6! harmonics in d-axis and 6"* harmonics in g-axis. It was found that for both
PMaSynRM and Spoke Type PMSMs, the 12" order harmonics dominated the
torque ripple and 6 harmonics only played a minor role. Higher order harmonics
like 18" or 24** had smaller amplitude and it was decided not to deal with them as
firstly they had low contribution to torque ripple and secondly inverter switching
frequencies will not allow current harmonics (which are injected) to be generated at
such high frequencies especially at high rotor speeds (this problem exacerbates with
higher number of pole pairs).

5.2.3.1 One Cycle Delay Structure

In this thesis, since sampling delays were considered, it was important to consider
the fact that measurement, computation and generation of harmonics does not hap-
pen instantly unlike in cases of previous theses where sampling delays and discrete

101



5. Controller Design and Implementation

systems were not considered. In an ideal case the following takes place: when ky,
cycle ends and (k + 1), cycle just begins, the ripple parameters from the ky, cycle
are computed, then it is determined if the ripple has decreased or not and then the
optimizer decides and generates (through inverter) new harmonics all in one instant
with zero delay. Unfortunately, the digital controllers or processors have delays and
cannot complete these tasks instantly. This is why it was decided to add one com-
plete cycle delay in order to account for measurement, computation and generation
delays as shown in Fig 5.1.

Injection of

[ ky, cycle starts Harmonics

[ Injection Cycle I

[ (k+1), cycle starts ]

Measure Torque W
Ripple Parameters
from the ky, cycle
during (k+1), cycle J ( Compute and
Generate Current

Harmonics to inject in
(k+2)y, cycle

Injection of New
[ JH::lrmcunics (k+2), cycle starts ]

Figure 5.1: One Cycle Delay Structure in the Cycle to Cycle Torque Ripple Opti-
mizer

The one cycle delay structure as shown in Fig 5.1 is as follows:

1.Measure cycle: the currently active coefficients of the harmonics are applied
to the machine.

2.Compute/Hold cycle: during the following cycle, the previous coefficient set
is held constant while the ripple metrics from the earlier cycle are processed and a

new candidate coeflicient vector of the harmonics is selected.

3.Injection: the newly selected coefficients are injected only at the next cycle
boundary.

Now it could be asked why the optimizer is waiting for a whole cycle before in-
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jecting harmonics, or why it is not possible to inject harmonics immediately after
the small delay instead of waiting for one cycle. The answer is that if the harmonics
are injected midway during the cycle, then the measured torque ripple parameters
could be slightly wrong. It is recommended that injected harmonics act over a full
cycle rather than arbitrarily acting midway during the cycle. Otherwise, this could
lead to a slightly wrong phase of the injected harmonics which can reinforce the
torque ripple instead of reducing it.

5.2.3.2 Optimization Search Strategy

The cycle-to-cycle optimizer minimizes the following cost function:

J(k) = ﬂms(k> + W<Tmean<k> - Tmean,baseline) (550)

where w is the penalty weight, T},can is the average torque after injection of harmon-
ics, Tinean baseline 1S the average torque for the case when no harmonics are injected,
Tims is the RMS value of Torque Ripple.

The injected d and ¢ current references including their harmonics can be written as:

iq(k) = ig0 + ag2 cos<1296(k)> + bg12 sin<1296(k)) + @46 COS (69€(k)> + bys sin(69€(k))
(5.51)
ia(k) = igo+aqo cos(lQ@e(k)) +bg12 sin(lQHe(k)) +4-aqg cOs (69€(k)) +bge sin (69€(k)>
(5.52)
The optimization method is a constrained coordinate wise search where it performs
coordinate wise directional search on the harmonic coefficient vector given by:

T
c= |:aq12 bq12 agi2  baiz Qg6 qu Adp bdﬁ] (553)
and updates one coefficient at a time.

The 12" and 6" harmonic amplitude and phase for both d and q axes can be
found from the above coefficients as follows (an example of q axis 6th harmonic
only, the rest follow the same equations but with their own variables):

Aq6 = 14/ 0’26 + bgﬁ

¢q6 = atan2(—bq6, aqﬁ)

The Optimization basically starts from zero coefficients (zero harmonics) and grad-
ually builds up harmonics to reduce torque ripple as shown in Fig 5.2. This has the
advantage that it does not require any pre-computed Harmonic LUTs to aid it. As
a result, this optimizer can work with any kind of delays, temperature changes, dif-
ferent operating points, and even different PMSM machines if pole pair information
is provided.
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[ ChangeorPeturb ag 2 ]
il with a small step

[ Has Cost Function Decreased ? ]
|

Continue changing a_zinthe Change a_yzin the ocpposite
same direction direction

[ Has Cost Function Decreased ? ]
|

|' Continue changing ayzin the Change or Peturb I::-_1-
l zame direction with a small step

U

Repeat the above process for
Baiz 8s12. Barz, 8z, Bos 180z, Bas

U

If Cost Function does not
decreasethen make the step
size smaller and repeat the
above process again from agz
till the user specified target is
reached

Figure 5.2: Optimization Algorithm Flow

The Optimization Process can be understood from the flowchart shown in Fig 5.2.
At first, the optimizer peturbs aq2 in one direction. If cost function decreases, the
optimizer keeps moving in the same direction. If the cost function increases, the
optimizer moves in the opposite direction. If cost function increases in both direc-
tions, then optimizer works with b,12 and follows the same process as it did for a, 2.
This process is then repeated for agia, bai2, ag6, bgs, @as, bas. At the end of the full
coordinate pass, if the target ripple reduction is still not reached then it decreases
the step size to get optimum coefficients for minimum cost function until the target
ripple reduction is reached.

The Optimizer also considers the inverter limits. The inverter is assumed to have a

switching frequency of f,, = 25000 Hz. By the rule of thumb, the maximum cur-
rent harmonic frequency should not exceed fy,,/10 = 2500 Hz as it will have exactly
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10 samples per harmonic cycle and if it has less than 10 samples, then it becomes
difficult for the controller to reconstruct the harmonic wave and there could be a
loss of control. Also, Nyquist limit could be reached if the number of samples is too
small. During analysis of the electric machines it is found that the 12** harmonics
could be injected only upto 3125 RPM and 6! harmonics could be injected only
upto 6250 RPM for 4 pole pairs.

5.2.4 Flux Estimation using a time varying linear KF and
Torque Dilemma in Steady State

The dq voltage equations for a general PMSM are given by:

&d = vg — Ryiqg + wewq (554)
"bq =Vq — Rsiq - Wewd (555)

where R; is the DC resistance of the Stator Winding, 14 and 1, are the flux link-
ages in d and ¢ coordinates, v4,v, and 44,7, are the voltages and currents in d and ¢
coordinates.

It is considered that voltages, currents and rotor speed (and rotor position by inte-
grating rotor speed) are measured using sensors, so they are known quantities. Since
only g4, ¥, and R, are unknown, the voltage-flux equations still remain linear in
nature. Since there is no non-linearity, it was decided to use a discrete time linear
time varying Kalman Filter instead of an Extended Kalman Filter.

The linear time-varying Kalman filter was initially designed to estimate the aug-
mented state

v=[o v, R] (5.56)

However at a steady operating point with constant ¢4, 7, and constant nonzero w,
the augmented state is not uniquely identifiable from (5.54) and (5.55).

We show why the quantities 14, 1¥,, and Rs cannot be uniquely separated at a fixed
operating point as follows:

Consider two candidate solutions of the dg voltage-flux equations:
(a,vq ) and (g, Uy, )
Now the errors between these 2 solutions are given by
51ba = ha — a 0by = by — g SR, = R, — R, (5.57)

For each candidate solution, we get 2 dg voltage equations. So we subtract the dg
voltage equations of one candidate with another to get:

01)g = —ig O Ry + we 01, (5.58)
01y = —ig ORy — we 0g (5.59)
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We now consider the case when the errors defined above are constant. Since the
errors are constant, their derivatives will be zero if the operating point (ig. iy, we)
is fixed:

0pg =0 6y=0 (5.60)

Substituting (5.60) in (5.58) and (5.59) gives,

0= —ig0Rs +w. 0, = Oty = Li SR, (5.61)
0= —iy0Ry —we 0thy = Othy = —:Tq SR, (5.62)

Therefore, for any resistance error § R, there exists a corresponding constant flux
error

Sty = —;i SR, o0y = L 4R, (5.63)

we

that produces exactly the same electrical dynamics. This proves that at a fixed
operating point, the effect of an error in R, can be exactly compensated by constant
errors in 94 and 1,. So the three quantities cannot be uniquely identified from the
voltage-flux equations alone. Adding current harmonics does not necessarily solve
the problem because the flux states can absorb part of the additional excitation in-
stead of forcing Ry to its true value. So it was considered that R, is known through
a previous transient state of the motor.

As a general information to the reader or whoever wants to extend this thesis further:
Ry is usually identified accurately at standstill using self commisioning methods. At
standstill, just when the driver starts the EV, the inverter gives a strong DC pulse or
injection to the stator windings whereby R, is identified accurately and this value is
used further to estimate Rg when the operating conditions change. During transient
period, it becomes possible to identify R, and this value is used during the steady
state. However, if temperature changes during steady state, then this R, is adjusted
using a thermal model of resistance. If at all it is needed to estimate Ry without any
initial condition in steady state, then 2 operating points are run at the same time
(can be done in simulation) to remove the ambiguity of R,. In transient conditions,
it is necessary to add the mechanical dynamics equation to the Kalman Filter to be
able to identify R, [31].

5.2.4.1 Torque Ripple in Steady State

In the present work, the only available signals are vg, v4, 14, i¢, w. and the stator
resistance Ry is assumed known. The machine is analyzed at an imposed constant
speed, and no direct torque sensor, torque map, flux map, or finite-element torque
model is used inside the Kalman Filter.

Electromagnetic torque in this thesis is computed using

T, = 2p (Vaiq — hqia) - (5.64)

106



5. Controller Design and Implementation

where p is the number of pole pairs

However, the total electromagnetic torque is more generally given by
Tactual = Te + Tres (565)

where, T,.s consists of contribution cogging torque and other non-linearities

The measured signals together with R do not uniquely reveal the residual term
Ties in (5.65). Hence, in the present case, the estimator can reconstruct only the
torque ripple contained in the dg flux harmonics.

This limitation mainly arises because the rotor speed is imposed and kept constant
(steady state). So the mechanical dynamics

Ji=T.— T, — Bw (5.66)

do not provide additional information for identifying full torque ripple. If the speed
were free to vary then torque ripple can affect the mechanical response and this
response can provide extra information.

So even when the estimated fluxes and their harmonics match well, the reconstructed
torque ripple from (5.64) may still underestimate the true torque ripple and may
not reproduce its phase exactly.

The Torque Ripple identified during transient period is also not fully accurate. This
might seem trivial at first but even small errors in the phase of estimated torque
ripple can reduce the effectiveness of the Torque Ripple Optimizer. This is why it
was preferred in this thesis to use the Torque Ripple Information from an LUT for
use in the Torque Ripple Optimizer.

5.2.4.2 Kalman Filter Design

A discrete-time Kalman filter is a recursive state estimator [30] for systems of the
form

Try1 = Az + Brug + wy (567)
Yr = Crrg + Dyug + vy (5.68)

where z;, is the state vector, uy is the known input, ¥, is the measured output, wy
is the process noise, vy is the measurement noise and wy, v, are uncorrelated

The filter consists of two steps.

5.2.4.2.1 Prediction step

-1 = Ap—1Zx—1jp—1 + Br_1ug—1 (5.69)
Pjr—1 = Ap—1Piyjp-1Af_; + Qr1 (5.70)
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Here, the state for time step k is predicted at time step k-1. P is the error covariance
matrix which is also predicted (tells us how error is propagated) for time step k at
time step k -1. Note that in this prediction step, we are still in k-1 time step and
not reached time step k.

5.2.4.2.2 Correction step The innovation is

Vi = Y — gk, (571)

where
Gk = CiZipe—1 + Dyuy (5.72)

The innovation indicates how much the true measurements y; vary from ¢, which
are estimates [30].

The innovation covariance is
S = C’kPk‘k,lC,? + Ry (573)

This shows how the error is propagated through the measurements

and the Kalman gain [30] is

Ky = Py CES;! (5.74)
Then the corrected state estimate [30] is given by

Bak = Bueot + K (5.75)

Now, once we get the state estimate at current time step k using the Kalman Gain,
we need to update the covariance error matrix which is done using

Py = (I = KiCr) Pagio—s (5.76)

5.2.4.2.3 Chosen States and Process Model In this thesis, it was decided
to use the Kalman Filter to estimate the mean, 6'* order harmonics and 12" order
harmonics of the fluxes and then combine them to reconstruct the flux estimate
rather than trying to estimate the fluxes directly as it did not give good results. It
was possible to estimate even the 18 or 24" order harmonics but analysis of the
fluxes showed that the mean, 6'* and 12" order harmonics were the most dominant
in the electric machines.

The state vector used in the Kalman Filter is given by
T
T = |Ya0 Vg0 ads bis Gg6 bgs aqgi2 baiz aqiz bgiz (5.77)

The quantities 149 and 14 represent the mean flux components, while the remain-
ing coeflicients define the 6th- and 12th-order harmonic content which are used to
reconstruct the flux estimates given by:
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&d(k) = Y40 + Qg6 COS (696(k)) + bas sin(69€(kz)) + agi2 cos(lQHe(k)) + b2 sin(lQGe(k))
(5.78)

@qu(k) = g0 + Qg6 COS (606(14:)) + bye sin (606(k‘)) + aqi2 cos(lZ@e(k)> + bgi12 sin(lZ@e(k))
(5.79)

Note that R, is known here

In this thesis, it was decided to go with a random walk state model as the pro-
cess model. Unlike other states like stator currents or rotor speed, the chosen states
do not have a simple deterministic state evolution model of the form

Try1 = f(2r, ur) (5.80)

There is no simple physical model available that tells us exactly how each harmonic
coefficient should change from one time step to the next.

For this reason, a random-walk state model is used. In a random-walk model, the
prediction of the next state is simply the current state plus a small random change:

Tyl = T —+ Wi (581)

where wy, is the process noise. This means that the states are assumed to vary only
slowly from one sample to another, but deviations are allowed. Since deviations are
allowed, this makes our estimator more robust if the operating point or the operat-
ing conditions change.

In standard state space form, this can be written as
Tpy1 = Axg + wy, A=1 (582)

where [ is the identity matrix.

The mean and harmonic flux coefficients remain close to their previous values over
one sample. However, they are not perfectly constant. Any small variation or mod-
eling mismatch is absorbed into the process noise term wy,.

This choice of random walk model is good for our thesis because it avoids a compli-
cated deterministic state evolution model. If an inaccurate dynamic state model was
considered for the harmonic coefficients, then the Kalman filter would give incorrect
estimates. The random walk model is therefore a good and robust choice. It does
not know the exact state dynamics but it still allows the states to move gradually
if the measurements tell that they should.

Another important advantage is that it is computationally cheap. Since the state
transition matrix A is just the identity matrix, the prediction step becomes very
simple as can be seen below:
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Pk = P + Qx (5.84)
where (), is the process-noise covariance matrix.
Since the equations for prediction are so simple, it is computationally faster and

cheap. The process-noise covariance matrix )y determines how freely each state is
allowed to vary.

5.2.4.2.4 Measurement Model The measured outputs available to the Kalman
Filter are the dq voltages

vg(k
Uy = (k) (5.85)
g(k)
The corresponding predicted output is
gk
Ok = Ad( ) (5.86)
Bg(k)

where 94 and 9, are voltages obtained by using the state estimates

Since the stator resistance R, is considered as known, and the currents 7, and 7, are
measured, the resistive voltage drops Ryiq, RRsi, are also known at each sample. So
we can move these known terms to the left hand side of the dg voltage equations.
This does not change the physics but it only simplifies the measurement equation
by removing known quantities. So instead of working directly with ¥, a modified
measurement vector is introduced

Uk = , (5.87)

From the PMSM dq voltage equations,

vg = Ryig + g — Welq (5.88)
vy = Rgig + ¢q + Wty (5.89)

the modified equations becomes

Vg — Ryiqg = g — Welq (5.90)
Vg — Rtq = ¢q + wetha (5.91)

To make things simple and easy to read we define

Cg = COS (696(k)) s¢ = sin (606(k)) C12 = COS (1296(k)) S12 = sin (1296(k))
(5.92)
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Then the reconstructed flux estimate equations can be written as

&d(k) = de + ageCe + bd636 + agi2C12 + bd12512 (593)
q(k) = g0 + agsCs + bysSe + agiaciz + byrasia (5.94)

Taking the derivatives of the above equations gives
@d(k') = —6wead656 -+ 6webd606 — 12w6ad12512 + 12webd12012 (595)
@Eq(lf) = —6weaq636 + 6webq606 — 12&)6&(112312 + 12w6bq12012 (596)

Substituting these expressions (5.95) and (5.96) into the modified voltage equations
(5.90) and (5.91) gives us the measurement equations

Vg — Rsid =0- de - we¢q0 — 6weS6 ags + 6weCo bdﬁ — WeCp Qg6 — WeSe bqﬁ

— 12w, 812 agiz + 12wec12 bz — weci2 Qg12 — WeS12 bq12 (5-97)
and

Vg — Rsiq = wede +0- Q/JqO + WeCp Agp + WeSe bd6 - 6w686 Qg6 + 6wecﬁ bq6

+ WeC12 Ag12 + WeS12 bd12 - 12&)6812 Qq12 + 12(,08612 bq12 (598)

Now we know that the state vector is

T
T = |Ya0 Y0 @ds bis Gg6 bgs aar2 baiz aqiz bgio (5.99)

Then combining Eq(5.97), Eq(5.98) and Eq(5.99) gives us the following Kalman
Filter Measurement Equation

where
o 0 —we —0wesg bBweCsg —WeCs —WeSe —12weS12 12WeC12  —WeClza  —WeS12
k:
we O WeCe WeSg —bweSg  bwecg WeC12 WeS12 —12wes12 12wecio
(5.101)

So, the predicted measurement that we use in innovation is
Uk = Cltn (5.102)
The innovation used in the Kalman filter is therefore

Ve = Uk — Uk (5.103)

5.2.4.3 Leaky dq Voltage Flux Observer Design

In addition to the Kalman filter, a simpler flux estimator was also implemented in
the form of a leaky dq voltage-model flux observer. The purpose of this observer is
to estimate the instantaneous dq flux linkages directly from the measured voltages
and currents when the stator resistance is known.
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5.2.4.3.1 Equations used: We use the dq voltage equation of PMSM:

¢d =Vq — Rsid + wewq (5104)
¢q = Vg — Rsiq - wewd (5105)

These equations show that if vg, vy, 14, iq, we, and R, are known, then the fluxes
can be found out by integrating the flux derivatives.

5.2.4.3.2 Pure voltage model observer A direct observer can be written as

a = va — Ryiag + wed, (5.106)

thy = vy — Ryl — wetdy (5.107)

This is called a voltage-model observer because it is obtained directly from the
voltage equations. However the pure voltage-model observer is sensitive to small
errors. Since the observer integrates the flux derivatives over time even a small
persistent error can accumulate and cause drift in the estimated fluxes.

5.2.4.3.3 Leaky Observer To reduce this drift, a leakage term is added. In
the implemented observer, the estimated fluxes are pulled toward trusted initial flux
values. The observer equations used in this thesis are

Ya = vg — Ryiq + weqjjq - /\@d — wd,init) (5.108)

Vg = Vg — Ryig — weqﬁd - )\(Qﬂq - wq,init> (5.109)

where ¥g it and 1gni¢ are the initial flux values and A is the leakage term.

The purpose of the leakage term is only to suppress drift. If the estimated flux
drifts too far away the leakage term pulls it back. Because of this reason the ob-
server is called a leaky voltage model observer.

5.2.4.3.4 Forward Euler discretization Although the observer equations are
written in continuous time, the implementation is in discrete time. To dicretise the
observer equations, forward euler discretisation is used.

For a simple differential equation
#(t) = f(x(t), u(t)) (5.110)
Forward Euler Discretistaion gives the discrete time form
xlk + 1] = x[k] + Ts f (x[k], u[k]) (5.111)

where T is the sampling time.
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Applying this to the leaky flux observer gives

A~ A~

Dull + 1) = Balb] + T, (valk] = Ratalk] + el ki k] = X(Dalk] — Yaim))  (5.112)
Dulk +1] = Gylk] + T2 (walk] = Ratolk] = weldalk] = X(Dlk] = Ygim))  (5:113)

The main disadvantage of this leaky observer is that the leakage term introduces
a bias toward the initial flux values. So the observer will work well only when the
operating point is fixed and when the initial flux values are chosen accurately. The
leakage term is necessary because without it, the flux waveforms do not match. The
leakage term depends on the operating point and changes with it which is another
disadvantage.

5.2.5 Overall control framework

The overall control framework has LQI Current Controller, Torque Ripple Opti-
mizer, linear time-varying Kalman Filter, Feedforward Compensation and the Map-
Based ROM Plant in a single unit structure as shown in Fig 5.3.

Feed forward

ig, ig, We

Vg, Vg, gy igeW b g
EM plant ROM —2 0 & @' ¢ ivkE et

ig, ig, Te

iﬂ!init’ iqim‘t
Ri

pple Optimizer

idreff iqref

Figure 5.3: Overall control framework with LQI current control, feedforward com-
pensation, ripple control, and linear KF-based estimation

Reference currents %' and igef with ripple compensation terms generates the cur-

rent commands which is processed by LQI controller to generate the feedback voltage
command. In parallel, feedforward block gives model-based voltage compensation
to improve current tracking and eliminate the coupling effect. Feedback and feed-
forward voltages are summed and applied (after undergoing a sampling delay) to
the electromagnetic plant ROM, which is a non linear model. Based on the out-
put torque, torque ripple optimizer generates current harmonics to suppress the
dominant torque ripple harmonics. To maintain the accuracy for flux estimation,
a discrete time linear time varying Kalman Filter is implemented. In this way, the
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overall framework supports accurate current regulation, reduction of torque ripple,
and robustness over the operating range.
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5.3 Results of the Control System and Torque
Optimizer

This section presents the performance of the current controller and torque ripple
optimizer at two selected operating conditions. The results are evaluated at two
motor speeds, namely 1000 rpm and 6000 rpm, and at two corresponding current
operating points: (iq,%,) = (—100 A,200 A) and (i4,%,) = (—350 A,100 A). The
1000 rpm case is evaluated only at (—100 A,200 A), while the 6000 rpm case is
evaluated only at (=350 A, 100 A).

The current controller and harmonic-based torque ripple optimizer are applied to
the hybrid-magnet PMaSynRM and the ferrite Spoke PMSM only. The operating
point (—100 A,200 A) was selected for the low-speed case because it represents
an intermediate loaded condition suitable for torque ripple analysis. At 6000 rpm,
however, this current point is no longer feasible because the voltage ellipse becomes
significantly smaller at high speed, causing the point to fall outside the voltage limit.
Therefore, the field-weakening operating point (—350 A, 100 A) was selected for the
high-speed evaluation.

In order to represent the behaviour of a practical digital current controller, the
simulations include a one-sample computational delay and zero-order hold (ZOH)
effects. These effects are included when evaluating the tracking performance of the
current controller as well as the torque ripple reduction achieved by the harmonic
optimizer.

5.3.1 Current Control and Torque Ripple Optimization at
1000 rpm

This section presents the current controller and torque ripple optimizer results
for the electric machines at 1000 rpm. The selected operating point is (iq,%,) =
(—100 A,200 A). First, the controller and observer performance are evaluated with-
out harmonic injection. Then, the effect of the harmonic current injection on current
tracking and torque ripple reduction is presented.

5.3.1.1 PMaSynRM Behaviour

Figure 5.4 shows the d and g-axis currents before harmonic injection.
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Figure 5.4: Current response of the PMaSynRM at 1000 rpm before harmonic
injection.

The controller is able to regulate the currents close to their reference values. Only
small periodic oscillations are visible around the commanded operating point, which
are mainly caused by the discrete-time control implementation which include delays
and ZOH. This confirms that the current controller provides a suitable baseline op-
erating condition before the torque ripple optimizer is activated.

The flux estimation performance before harmonic injection is shown in Fig. 5.5.
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Figure 5.5: Comparison between true and estimated flux linkages for the
PMaSynRM at 1000 rpm before harmonic injection.

The true and estimated d-axis flux linkages show good agreement after the initial
transient. A similar behaviour is observed for the g-axis flux linkage. This indicates
that the Kalman Filter is able to reconstruct the flux behaviour at this operating
point.
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Figure 5.6 compares the true torque and the estimated torque before harmonic
injection.
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Figure 5.6: Comparison between true and estimated torque for the PMaSynRM
at 1000 rpm before harmonic injection.

The true torque contains a significant periodic ripple component, while the estimated
torque mainly follows the mean torque level and captures only a reduced part of the
torque oscillation. This is expected because the estimated torque is reconstructed
from the estimated flux linkages and currents, and does not fully include all torque
ripple contributions such as slotting, cogging, and other spatial harmonic effects.

After the baseline case is evaluated, harmonic current injection is applied to reduce
the torque ripple. The resulting d and ¢-axis currents are shown in Fig. 5.7.
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Figure 5.7: Current response of the PMaSynRM at 1000 rpm after harmonic
injection.

Compared with the no-injection case, clear harmonic components are now visible in
both current components. These current harmonics are intentionally introduced by
the optimizer in order to counteract the dominant torque ripple components. The
g-axis current shows a larger harmonic variation than the d-axis current, indicating
that the optimizer mainly uses the torque-producing current component for ripple
compensation at this operating point.

The convergence of the torque ripple optimizer is shown in Fig. 5.8.
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Figure 5.8: Torque ripple reduction percentage for the PMaSynRM at 1000 rpm.

The ripple reduction initially increases rapidly as the harmonic injection terms are
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updated. After the initial convergence period, the reduction settles to approximately
73%. This shows that the selected harmonic injection method is effective for this
operating condition.

The final torque comparison before and after harmonic injection is shown in Fig. 5.9.
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Figure 5.9: Torque response of the PMaSynRM at 1000 rpm before and after
harmonic injection.

The original torque contains a large periodic ripple around the mean torque value.
After harmonic injection, the torque ripple amplitude is significantly reduced, while
the mean torque level remains approximately in the same range. Therefore, injected
current harmonics are able to reduce a large part of the torque ripple without caus-
ing a major change in the average torque production.

Figure 5.10 shows the torque harmonic amplitude spectrum before and after har-
monic injection for the PMaSynRM at 1000 rpm. Before harmonic injection, the
torque ripple is mainly dominated by the 12th torque harmonic, followed by the 6th
and 24th harmonics. The 18th and 30th harmonics are almost negligible, while the
36th harmonic has only a small contribution.
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Figure 5.10: Torque harmonic amplitude spectrum of the PMaSynRM at 1000
rpm before and after harmonic injection.

After harmonic injection, the amplitudes of the dominant 6th and 12th torque har-
monics are significantly reduced. This confirms that the harmonic current injection
is effective in suppressing the main torque ripple components. However, the 24th
harmonic becomes the largest remaining component after injection. This indicates
that although the dominant low-order harmonics are strongly reduced, some higher-
order harmonic content remains in the torque waveform. Therefore, the total torque
ripple is reduced considerably, but it is not completely eliminated.

The flux linkages and estimated torque are not plotted after harmonic injection
because the final post-injection performance is evaluated using the true machine
response. The Kalman Filter is mainly used to estimate the mean fluxes and mean
torque as it is not able estimate the mean fluxes after current harmonic injection.
The mean values of the relevant quantities are included in Table 5.1.

Table 5.1: Comparison of mean quantities and losses for the PMaSynRM at 1000
rpm before and after harmonic injection.

Quantity(Mean)  Before Injection  After Injection  Unit

14 -99.8 -100.6 A
iq 200.1 198.2 A
T. (Actual) 227.7 229.5 Nm
T. (KF) 229 228.2 Nm
Copper loss 874.78 1003.65 W
Core loss 264.92 350.24 W

From Table 5.1, it can be observed that the harmonic injection does not significantly
shift the mean operating point of the machine.
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The mean actual torque increases slightly from 227.7 Nm to 229.5 Nm. The Kalman
Filter torque estimate also remains close to the actual mean torque, although it does
not fully reconstruct the instantaneous torque ripple waveform.

However, the improvement in torque ripple comes at the cost of increased losses.
The copper loss increases from 874.78 W to 1003.65 W due to the additional har-
monic current components. The core loss also increases from 264.92 W to 350.24 W,
which is expected because harmonic injection introduces additional time-varying flux
components in the machine. Therefore, for the PMaSynRM at 1000 rpm, the opti-
mizer achieves torque ripple reduction while maintaining the mean operating point,
but with a noticeable increase in copper and core losses.

5.3.1.2 Ferrite Spoke Behaviour

Since the same controller and optimizer structure is used as in the PMaSynRM case,
the discussion is kept shorter and focuses mainly on the differences observed in the
current response, flux estimation and torque ripple reduction.

Figure 5.11 shows the d and g¢-axis currents before harmonic injection.
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Figure 5.11: Current response of the Ferrite Spoke PMSM at 1000 rpm before
harmonic injection.

The currents remain close to their reference values, with only small periodic oscilla-
tions around the mean operating point.

The flux estimation results before harmonic injection are shown in Fig. 5.12.
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Figure 5.12: Comparison between true and estimated flux linkages for the Ferrite
Spoke PMSM at 1000 rpm before harmonic injection.

After a short initial transient, the estimated d and g-axis flux linkages follow the
corresponding true flux linkages reasonably well.

Figure 5.13 compares the true and estimated torque before harmonic injection.
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Figure 5.13: Comparison between true and estimated torque for the Ferrite Spoke
PMSM at 1000 rpm before harmonic injection.

The true torque contains a significant ripple component, while the estimated torque
mainly follows the mean torque level and captures only part of the oscillatory be-
haviour.
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After harmonic injection, the resulting d and g-axis currents are shown in Fig. 5.14.
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Figure 5.14: Current response of the Ferrite Spoke PMSM at 1000 rpm after
harmonic injection.

The injected harmonic components are clearly visible in both current components.
These additional current harmonics are introduced by the optimizer to compensate
the dominant torque ripple components.

The evolution of the torque ripple reduction is shown in Fig. 5.15.
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Figure 5.15: Torque ripple reduction percentage for the Ferrite Spoke PMSM at
1000 rpm.

The ripple reduction increases gradually during the optimization process and finally
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settles at approximately 50%. Compared with the PMaSynRM case, the final ripple
reduction is lower, which indicates that the torque ripple components of the Spoke
PMSM are more difficult to compensate using harmonic injection terms.

The torque response before and after harmonic injection is shown in Fig. 5.16.
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Figure 5.16: Torque response of the Ferrite Spoke PMSM at 1000 rpm before and
after harmonic injection.

The original torque contains a large periodic ripple around the mean torque level.
After harmonic injection, the torque ripple amplitude is reduced, although notice-
able ripple remains in the optimized torque waveform.

Figure 5.17 shows the torque harmonic amplitude spectrum before and after har-
monic injection for the Ferrite Spoke PMSM at 1000 rpm. Before harmonic injection,
the torque ripple is mainly dominated by the 12th torque harmonic, followed by the
24th and 6th harmonics.
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Figure 5.17: Torque harmonic amplitude spectrum of the Ferrite Spoke PMSM at
1000 rpm before and after harmonic injection.

After harmonic injection, the 6th and 12th torque harmonics are strongly reduced.
In particular, the 12th harmonic, which was the dominant component before in-
jection, is significantly suppressed. However, the 24th harmonic remains relatively
large and becomes the dominant remaining harmonic after injection. This explains
why the total torque ripple is reduced, but not eliminated completely. The result
also shows that the selected harmonic injection strategy is effective mainly for re-
ducing the targeted lower-order harmonics, while higher-order torque harmonics still
remain in the machine torque response.

As in the previous case, the post-injection flux linkages and estimated torque are
not plotted separately. The final performance after harmonic injection is evaluated
using the true machine torque response. The mean values of the relevant quantities
are summarised in Table 5.2.

Table 5.2: Comparison of mean quantities and losses for the Ferrite Spoke PMSM
at 1000 rpm before and after harmonic injection.

Quantity(Mean)  Before Injection  After Injection  Unit

1d -99.7 -100.1 A
iq 200.1 199.6 A
T. (Actual) 222 221.8 Nm
T, (KF) 223.4 221.3 Nm
Copper loss 658.95 777.41 W
Core loss 402.03 440.60 W

From Table 5.2, it can be observed that the harmonic injection does not significantly
change the mean current operating point of the Ferrite Spoke PMSM.
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The mean actual torque remains almost unchanged, decreasing only slightly from
222 Nm to 221.8 Nm. This shows that the torque ripple reduction is achieved with-
out causing a noticeable loss in average torque production.

The main penalty of harmonic injection is the increase in losses. The copper loss
increases from 658.95 W to 777.41 W due to the additional harmonic current com-
ponents. The core loss also increases from 402.03 W to 440.60 W, which indicates
that the injected harmonics introduce additional flux dynamics in the machine.

5.3.2 Current Control and Torque Ripple Optimization at
6000 rpm

This section presents the current controller and torque ripple optimizer results
for the electric machines at 6000 rpm. The selected operating point is (igq,%,) =
(—350 A, 100 A). First, the controller and observer performance are evaluated with-

out harmonic injection. Then, the effect of the harmonic current injection on current
tracking and torque ripple reduction is presented.

5.3.2.1 PMaSynRM behaviour

At 6000 rpm, the available voltage margin is much smaller, and the controller has
less freedom to track additional harmonic current components.

Figure 5.18 shows the d and g¢-axis currents before harmonic injection.
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Figure 5.18: Current response of the PMaSynRM at 6000 rpm before harmonic

injection.

The currents remain close to the intended high-speed operating region, although the
waveforms contain noticeable oscillations. Compared with the 1000 rpm case, the
current response is more affected by the high-speed operating condition and voltage
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limitation.

The flux estimation results before harmonic injection are shown in Fig. 5.19.
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Figure 5.19: Comparison between true and estimated flux linkages for the
PMaSynRM at 6000 rpm before harmonic injection.

The estimated flux linkages follow the general trend of the true flux linkages, but
the agreement is not as close as in the 1000 rpm case. This is expected because the
high-speed case contains stronger effects of delays and a more severe voltage-limited
operating condition. The estimated fluxes still provide useful information about the
flux variation before harmonic injection.

The flux estimation performance at 6000 rpm was also evaluated using a much
smaller simulation sampling time. In the previous high-speed case, a sampling time
of 1 x 107* s was used, whereas in this case the sampling time was reduced to
1 x107% s. Figure 5.20 shows the comparison between the true and estimated d and
g-axis flux linkages for the PMaSynRM at 6000 rpm for the new sampling time.
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Figure 5.20: Comparison between true and estimated flux linkages for the
PMaSynRM at 6000 rpm using a smaller simulation sampling time of 1 x 1078 s.

Compared with the previous result, the agreement between the true and estimated
flux linkages is significantly improved. After a short initial transient, the estimated
flux linkages closely follow the true flux waveforms in both axes. This indicates that
the mismatch observed previously was partly caused by the larger sampling time
and the associated discretization effects.

The result therefore shows that the Kalman Filter is capable of accurately recon-
structing the flux linkage harmonics when the sampling resolution is sufficiently
high. However, in a practical digital controller, the achievable sampling frequency

is limited by the computational capability of the controller hardware.

Figure 5.21 compares the true and estimated torque before harmonic injection.
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Figure 5.21: Comparison between true and estimated torque for the PMaSynRM
at 6000 rpm before harmonic injection.

The true torque contains large high-frequency oscillations, while the estimated
torque mainly follows the average torque trend and captures only a limited part
of the ripple.

Figure 5.22 shows the d and g-axis currents after harmonic injection.
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Figure 5.22: Current response of the PMaSynRM at 6000 rpm after harmonic

injection.

Compared with the low-speed case, the mean current values and oscillatory com-
ponents are more strongly affected. This is expected in field-weakening operation,
where the available voltage margin for additional harmonic current tracking is lim-

129



5. Controller Design and Implementation

ited.

In this high-speed case, an initial transient was observed in the torque response.
Therefore, harmonic injection was not enabled from the beginning of the simula-
tion. Instead, the optimizer was activated only after approximately 0.6 s, once the
torque response had reached a more suitable steady-state condition. This avoids
optimizing the harmonic currents based on transient torque behaviour.

The evolution of the torque ripple reduction is shown in Fig. 5.23.
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Figure 5.23: Torque ripple reduction percentage for the PMaSynRM at 6000 rpm.

The ripple reduction remains zero until the harmonic injection is activated after
approximately 0.6 s. After activation, the optimizer initially shows some oscillatory
behaviour before settling. The final ripple reduction is approximately 12%, which is
considerably lower than the reduction achieved at 1000 rpm. This happens because
the 12th harmonic currents could not be injected due to inverter switching limits.

The torque response before and after harmonic injection is shown in Fig. 5.24.
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Figure 5.24: Torque response of the PMaSynRM at 6000 rpm before and after
harmonic injection.

The torque ripple remains large after injection, although a small reduction can be
observed. The injected harmonic currents are therefore able to reduce the ripple to
some extent, but they cannot suppress the dominant torque oscillations as effectively
as in the 1000 rpm case.

Figure 5.25 shows the torque harmonic amplitude spectrum before and after har-
monic injection for the PMaSynRM at 6000 rpm. Before harmonic injection, the
torque ripple is dominated by the 12th torque harmonic. The 6th harmonic is also
significant, while the 24th harmonic has a smaller contribution. The remaining
higher-order components are comparatively small.
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Figure 5.25: Torque harmonic amplitude spectrum of the PMaSynRM at 6000
rpm before and after harmonic injection.

After harmonic injection, the 6th harmonic is reduced considerably, while the 12th
harmonic is only slightly reduced. This explains why the total torque ripple reduc-
tion at 6000 rpm is much lower than in the 1000 rpm case. At high speed, the 12th
harmonic of currents are not injected. As a result, the optimizer is able to reduce
part of the torque ripple, especially the 6th harmonic contribution, but it cannot
fully suppress the dominant 12th harmonic component.

As in the previous cases, the post-injection flux linkages and estimated torque are
not plotted separately. The final post-injection performance is evaluated using the
true machine torque response. The mean values of the relevant quantities and the
corresponding losses are summarised in Table 5.3.

Table 5.3: Comparison of mean quantities and losses for the PMaSynRM at 6000
rpm before and after harmonic injection.

Quantity(Mean)  Before Injection  After Injection  Unit

14 -351.1 -325.4 A
iq 101.6 126.4 A
T. (Actual) 195 219.5 Nm
T, (KF) 207.9 215 Nm
Copper loss 910.73 978.39 W
Core loss 1560.04 1632.28 W

From Table 5.3, it can be observed that the harmonic injection causes a noticeable
shift in the mean current operating point at 6000 rpm. This indicates that, unlike
the 1000 rpm case, the controller is not able to maintain the original current oper-
ating point exactly after harmonic injection.
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The mean actual torque increases from 195 Nm to 219.5 Nm after harmonic injec-
tion. This increase is mainly caused by the shift in the mean current components,
especially the increase in 4.

The losses also increase after harmonic injection. The copper loss increases from
910.73 W to 978.39 W due to the additional harmonic current components. The
core loss increases from 1560.04 W to 1632.28 W, which is expected at high speed
because additional harmonic flux variations are introduced. But this increase in
losses is much lesser than 1000 rpm case. This is because the 12th harmonics of
current were not injected.

5.3.2.2 Ferrite Spoke PMSM behaviour

Figure 5.26 shows the d and g-axis current responses before harmonic injection.

Current (A)
Current (A)

Time (s) %103

(a) d-axis current (b) g-axis current

Figure 5.26: Current response of the Ferrite Spoke PMSM at 6000 rpm before
harmonic injection.

The currents remain around the selected high-speed operating point, but noticeable
oscillations are present.

The flux estimation results before harmonic injection are shown in Fig. 5.27.
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Figure 5.27: Comparison between true and estimated flux linkages for the Ferrite
Spoke PMSM at 6000 rpm before harmonic injection.

The estimated flux linkages follow the general variation of the true flux linkages,
although the agreement is not as close as in the 1000 rpm case. Nevertheless, the
Kalman Filter still captures the main trend of the flux variation before harmonic
injection.

Figure 5.28 compares the true and estimated torque before harmonic injection.
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Figure 5.28: Comparison between true and estimated torque for the Ferrite Spoke
PMSM at 6000 rpm before harmonic injection.

The true torque contains a large ripple component, while the estimated torque
mainly follows the average torque level and captures only a limited part of the
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oscillatory behaviour.

After harmonic injection, the resulting d and g-axis currents are shown in Fig. 5.29.
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Figure 5.29: Current response of the Ferrite Spoke PMSM at 6000 rpm after
harmonic injection.

The harmonic components are clearly visible in both current waveforms. Compared
with the low-speed case, the current oscillations are larger and the mean current
values are more affected by the high-speed operating condition.

The evolution of the torque ripple reduction is shown in Fig. 5.30.
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Figure 5.30: Torque ripple reduction percentage for the Ferrite Spoke PMSM at
6000 rpm.
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Since the initial transient is relatively brief, the optimizer begins improving the rip-
ple reduction much earlier than in the PMaSynRM high-speed case. The ripple
reduction increases gradually and reaches approximately 12.5%.

The torque response before and after harmonic injection is shown in Fig. 5.31.
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Figure 5.31: Torque response of the Ferrite Spoke PMSM at 6000 rpm before and
after harmonic injection.

The original torque contains a large ripple component, and the optimized torque
shows only a moderate reduction in ripple amplitude.

Figure 5.32 shows the torque harmonic amplitude spectrum before and after har-
monic injection for the Ferrite Spoke PMSM at 6000 rpm. Before harmonic injection,
the torque ripple is mainly dominated by the 12th torque harmonic. The 24th har-
monic is also significant, while the 6th harmonic has a moderate contribution. The
remaining higher-order harmonics are comparatively small.
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Figure 5.32: Torque harmonic amplitude spectrum of the Ferrite Spoke PMSM at
6000 rpm before and after harmonic injection.

After harmonic injection, the 6th harmonic is reduced considerably. However, the
12th harmonic remains the dominant component and is only slightly reduced. The
24th harmonic also remains relatively large after injection. This explains why the
total torque ripple reduction at 6000 rpm is limited compared with the 1000 rpm
case.

As in the previous high-speed case, the post-injection flux linkages and estimated
torque are not plotted separately. The final performance after harmonic injection is
evaluated using the true torque response of the machine model. The mean values of
the main quantities and the corresponding losses are summarised in Table 5.4.

Table 5.4: Comparison of mean quantities and losses for the Ferrite Spoke PMSM
at 6000 rpm before and after harmonic injection.

Quantity(Mean)  Before Injection  After Injection  Unit

id -355 -339.6 A
iq 102.1 106.8 A
T. (Actual) 150.2 155.7 Nm
T. (KF) 149.7 158 Nm
Copper loss 478.48 670.61 W
Core loss 3306.03 3592.45 W

From Table 5.4, it can be observed that the harmonic injection causes a moderate
shift in the mean current operating point of the Ferrite Spoke PMSM at 6000 rpm.

The mean actual torque increases from 150.2 Nm to 155.7 Nm after harmonic in-
jection. This increase is mainly due to the change in the mean current components,
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especially the reduction in negative ¢y and the slight increase in i,.

The losses increase noticeably after harmonic injection. The copper loss increases
from 478.48 W to 670.61 W, which indicates that the injected harmonic current
components significantly increase the RMS current content. The core loss also in-
creases from 3306.03 W to 3592.45 W. The increase in core loss is, however, much
less.
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Conclusion

6.1 Results from present work

The motor design and analysis carried out in this thesis show that all three machine
topologies are capable of satisfying the required traction performance. However, they
achieve this performance through different electromagnetic, material and packaging
trade-offs. The NdFeB VPMSM provides a strong reference design with high torque
density, the lowest active volume and good torque-producing capability, but it relies
heavily on rare-earth magnet material and exhibits the highest local magnetic flux.
The hybrid PMaSynRM reduces the amount of NdFeB material while maintaining
competitive torque-speed performance and high drive-cycle efficiency. This reduc-
tion in rare-earth magnet usage, however, comes with a higher copper-loss. The
ferrite spoke PMSM demonstrates that a rare-earth-free design can achieve compa-
rable traction capability by using a larger rotor diameter and a flux-concentrating
rotor structure, but this leads to higher core losses, larger machine mass and a heav-
ier overall design.

Among the three machines, the hybrid PMaSynRM provides the most balanced
performance in this study. It achieves the lowest drive-cycle energy losses and
the highest average electromagnetic efficiency in both the city and highway driv-
ing cycles, while also reducing NdFeB magnet usage compared with the reference
V-PMSM. The ferrite spoke PMSM remains attractive from a rare-earth-free and
low-cost perspective, but its higher hysteresis and eddy-current losses, especially at
higher speeds, reduce its overall efficiency. The sustainability assessment further
shows that the VPMSM has the lowest mass and embodied CO,, but the highest
cost and strongest NdFeB dependency. The spoke PMSM has the highest mass and
emissions, but the lowest cost and no rare-earth magnet dependency. Therefore,
considering electromagnetic performance, drive-cycle efficiency, material usage, cost
and sustainability together, the hybrid PMaSynRM offers the best overall compro-
mise for the considered traction motor application.

It is shown that a Map Based ROM Model can be a good replacement of an actual
2D FEA Model. Using ROM, saves a lot of time and computational resources with-
out degrading the quality of simulation. The LQI Controller and the Torque Ripple
Optimizer performed well even when sampling delays and Zero Order Hold was in-
troduced. Moreover, the controller stabilises the currents in case of any disturbance
or changes in the operating condition. The Torque Ripple Optimizer is able to re-
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duce the torque ripple (respecting inverter switching limits) by upto 70-80% for any
user command. Injecting Current harmonics does not make the mean currents and
mean torque drift at low speed which indicates its robustness, but it drifts moder-
ately at high speed. The copper losses and core losses increase by approximately
20-30% when harmonics are injected.

It was found that at steady state, a Kalman Filter is not able to estimate the
torque ripple fully due to factors other than flux harmonics such as cogging torque.
However, it predicts the fluxes and mean torque very accurately which can be useful
for driving cycle analysis of the EV but not useful for NVH purposes like torque
ripple reduction.

6.2 Future Work

In the current thesis, the current controller depends on feedforward voltages to
stabilise the currents at the operating point. In the future, a Robust Non-Linear
Model Predictive Controller could be developed which is a very powerful controller
and might not need feedforward voltages at all. However, from a thesis point of
view, it is a very advanced form of controller and needs a lot of in-depth controls
knowledge, so one must be cautious before taking it up.

Alternatively AI-ML Models could be used to replace the controller and the es-
timator. These can be very accurate if they are modeled correctly. However Pure
Neural Network Models lack the knowledge of physics and controls, so it cannot
be trusted. Instead, one can use Physics Informed Neural Networks that could be
reliable.

This thesis can be further extended to implement a control system in a real digital
controller and processors like Digital Signal Processors (DSP) and Field-Programmable
Gate Arrays (FPGA) which are widely used in Electric Vehicles. However Steady
State + Transient Periods + Temperature Effects 4 all operating points + Regen-
eration are necessary to be modeled unlike the current thesis.

Inverter dynamics and Inverter Effects for the most part have not been fully consid-
ered in this thesis. It could be interesting to see how inverter dynamics affects the
current controller. In the present thesis, the torque ripple is solely produced due to
the electromagnetic nature of the motor. Inverter Dynamics will bring in their own
harmonics that could increase the torque ripple. It would be interesting to see how
the torque ripple optimizer deals with it.

In the present thesis, a speed controller was not developed as the thesis was limited
to steady state torque ripple reduction. Adding a speed controller would bring in

the mechanical dynamics which would help surface a lot of information that was
hidden in steady state.

For the PMaSynRM and Spoke Type PMSM, different rotor designs can be ex-
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plored. Additionally a full thermal analysis and a mechanical analysis could be
performed using Ansys Workbench and Ansys Fluent.
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Appendix A

A.1 Gradient Plots of the Drive Cycle

The road gradient profiles used for the city and highway driving cycles are shown

in Fig. A.1. These profiles were applied as external road-grade inputs in the vehicle
simulation.
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Figure A.1: Road gradient profiles used in the vehicle simulations.

A.2 Gear Selection Plots during Drive Cycle

The overall gear-ratio profiles used for the city and highway driving cycles are shown
in Fig. A.2. The lower gear ratio of 14.2 was used during most of the cycle, while

the higher gear ratio of 22 was selected during specific operating intervals depending
on the driving condition.
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Figure A.2: Gear Selection during vehicle simulations.

A.3 Short-Circuit Currents

The d and g-axis current responses of PMaSynRM during the short-circuit simu-
lation are shown in Fig. A.3. The currents exhibit a damped oscillatory response
after the short-circuit is applied, with the largest positive and negative current peaks
occurring shortly after the fault initiation.
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Figure A.3: Damped d- and ¢-axis current response during the short-circuit simu-
lation of PMaSynRM. The markers indicate the maximum and minimum values of
iqg and 4.
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A.4 Mechanical Transmitted Power Maps

The mechanical transmitted power maps of the three optimized machines are shown
in Fig. A.4. The black curve represents the torque-speed operating envelope, while

the contour lines indicate the transmitted mechanical power levels over the speed-
torque plane.
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Figure A.4: Mechanical transmitted power maps of the three optimized machines.
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