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Electromagnetic Modeling based Life Cycle Assessment of Rare-
Earth-Free Propulsion Electric Machines for Vehicles

MENG-JU HSIEH
Department of Electrical Engineering
Chalmers University of Technology

Abstract

This work evaluates representative automotive electric traction machines (e-
machines) that do not rely on rare-earth elements (REEs) using finite ele-
ment method (FEM) simulations and life cycle assessment (LCA) to compare
their technical and environmental performance against PMSMs with REE-
based magnets. The alternative machine types considered are the induction
machine (IM), synchronous reluctance machine (SynRM), and electrically ex-
cited synchronous machine (EESM). Specifically, three IM configurations, two
SynRM configurations, and two EESM configurations were analyzed, incor-
porating different combinations of conductor materials, aluminum (Al) and
copper (Cu).

The analysis reveals that Cu-based configurations generally exhibit lower
greenhouse gas (GHG) emissions due to superior efficiency and power den-
sity, while Al-based machines demonstrate reduced environmental impacts in
categories such as toxicity and acidification. Notably, EESM and IM, both
utilizing full copper conductors, emerge as promising alternatives to the Ref.
PMSM in terms of global warming potential for high- or low-GHG electricity
scenarios.

Beyond baseline comparisons, the study explores strategies for further GHG
reduction, including the use of green virgin aluminum and improved material
utilization during the punching process of electrical steel sheets, collectively
referred to as “green manufacturing.” A sensitivity analysis on magnet pro-
duction further suggests that, under favorable conditions, REE-free machines
with Al conductors may achieve a lower carbon footprint than for the Ref.
PMSM.

This work underscores the environmental trade-offs inherent in e-machine
selection for EVs and highlights the critical importance of sustainable mate-
rials and manufacturing practices in future e-machine design, in addition to



high efficiency and power density.
Keywords: Life cycle assessment (LCA), Electric vehicle, Electric traction

machine, rare-earth-element-free, Induction machine (IM), Synchronous reluc-
tance machine (SynRM), Electrically excited synchronous machine (EESM)
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CHAPTER 1

Introduction

1.1 Background

To mitigate emissions, including greenhouse gas (GHG) from the transporta-
tion sector, a transition to electric vehicles (EVs) is being strongly advocated
by actors such as IPCC and IEA [1], [2]. In response, EV manufacturers
are prioritizing improvements in charging time and driving range, two crit-
ical factors that influence consumer adoption [3]. This has led to a focus
on enhancing the energy efficiency and cost-effectiveness of powertrain com-
ponents, including electric traction machines (e-machines) with high power
density (measured in W/kg and W/L) and energy efficiency. Among these,
permanent magnet synchronous machines (PMSMs) using rare-earth elements
(REEs) like neodymium (Nd) and dysprosium (Dy) have become the domi-
nant choice [4].

The uncertain global supply of REEs is driven by geopolitical factors, pri-
marily since China is responsible for producing more than 95% of the world’s
REEs, as well as the surge in EV demand [5], which underscores the im-
portance of evaluating REE-free alternatives. Popular alternatives are ei-
ther REE-free magnets or magnet-free topologies. Magnet-free alternatives
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comprise the induction machine (IM), the synchronous reluctance machine
(SynRM), and the electrically excited synchronous machine (EESM).

While these alternatives eliminate dependence on REEs, they often suf-
fer from reduced technical performance, such as lower power density or effi-
ciency. Advanced electromagnetic finite element method (FEM) simulations
have become essential tools for estimating the performance of e-machines dur-
ing the design phase across a wide range of speed and torque conditions. Al-
though these simulations provide accurate technical estimates, the trade-offs
between performance, material selection, and environmental impact remain
insufficiently understood.

The performance prediction of the e-machines during the use phase is of
high importance. Among all investigated e-machine types in this study, IMs
present greater complexity, as multiple slip rate configurations can yield the
same torque and speed output. Additionally, due to the presence of windings
in both the stator and rotor, the computational effort for simulating a single
operating point in IMs is significantly higher than that for other synchronous
machines. Thus, it would be beneficial to have an improved modeling efficiency
for this type of machine.

When environmental sustainability is considered in e-machine design, the
trade-offs between performance, cost, and environmental impact become in-
creasingly complex. For example, high-performance materials such as copper
(Cu) hairpin windings and cobalt-alloyed electrical steels can improve effi-
ciency but also increase production costs and environmental burdens. Simi-
larly, optimizing for energy efficiency may reduce emissions during operation
but require advanced cooling systems or specialized materials, which can offset
the environmental benefits.

To identify the key factors of these challenges, Life Cycle Assessment (LCA)
is introduced as a comprehensive tool for quantifying environmental impacts.
LCA evaluates each stage of a product’s life cycle, including raw material
extraction, manufacturing, operation, maintenance, and end-of-life disposal.
This systematic approach helps identify environmental hotspots and assess
the cumulative effects of design decisions, supporting the development of e-
machines that are both technically and environmentally viable.
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1.2 Previous work

To reduce the computational cost of FEM-based performance prediction for
IMs, equivalent circuit models are widely used. Conventional parameter iden-
tification via no-load and locked-rotor tests [6] provides values at rated con-
ditions but has limitations. The locked-rotor test requires a reduced stator
frequency to mitigate skin effects, yet must remain high enough for induction.
A recommended 25% of rated frequency still exceeds typical rotor operating
levels. Moreover, stator and rotor leakage inductances cannot be separated,
relying on assumed ratios [7].

To improve control-oriented design, several FEM-based studies have pre-
dicted IM parameters while accounting for saturation effects [8]-[11]. Magne-
tostatic solvers offer faster simulations [8], but are less accurate for deep-bar
rotors [12]. Time-harmonic models incorporating saturation and deep-bar ef-
fects show good agreement with transient FEA [11], though experimental vali-
dation is pending. Transient solvers are used for torque prediction in nonlinear
models [13], and in parameter extraction via inverter-fed tests [9]. Molsa et al.
[10] proposed a dynamic model validated through standstill commissioning,
though tests were limited to low rotor frequencies and lacked torque validation.

This work introduces a FEM-based procedure to extract dynamic equiva-
lent circuit parameters as functions of magnetizing current, for the IM. Using
transient simulations under load and no-load conditions, the method captures
saturation and deep-bar effects for the IM. Parameters are derived from cur-
rent and flux linkage phasors, and torque prediction accuracy is verified. The
approach enables precise control and operating point optimization with min-
imal simulation effort.

Although LCA studies on e-machines are highly relevant, the literature
remains limited in scope and detail, especially for automotive applications
and performance-integrated assessments.

Several studies compare machine topologies. For example, Schillingmann
et al. [14] analyzed four 100kW machines: PMSM, IM, SynRM, and EESM.
SynRM was found to be the most sustainable due to minimal Cu and REE use.
However, the study excluded the use phase and lacked detailed performance
comparisons. Similarly, Cassoret et al. [15] compared IMs with aluminum (Al)
and Cu rotors. While Al variants had lower manufacturing impacts, reduced
efficiency during operation led to a higher overall environmental burden.
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Performance-driven comparisons include Rassolkin et al. [16], who evaluated
IMs, SynRMs, and PMa-SynRMs. PMa-SynRM was the most energy-efficient
and environmentally favorable despite its higher cost. de Souza et al. [17]
assessed IM (IE3), SynRM, and PMSM (IE5) for 11kW industrial motors,
showing that PMSMs and SynRMs offer higher efficiency and lower lifetime
energy use, though PMSMs have greater manufacturing impacts due to REE.
In consumer products, Wrobel et al. [18] examined three PMSMs in cordless
drills. Motorl used ferrite magnets (budget), Motor2 REE magnets (mid-
range), and Motor3 REE magnets (premium). Motor2 was most favorable,
balancing material use and life-cycle efficiency.

Component-level studies include Antonacci et al. [19], who performed a
cradle-to-gate LCA of an IM for a standby hydraulic pump. Raw material
extraction and manufacturing were major impact sources, but the narrow
industrial context limits relevance to automotive applications.

Zhang et al. [20] assessed carbon emissions of four 30kW, 1500rpm ma-
chines: WFSM, IM, and two REE-based PMSMs. High-carbon materials
like REE magnets, Al, and Cu were key contributors. WFSMs were most
material-efficient but may have higher operational emissions. IMs were lighter
but emitted more due to Al use. PMSMs had the highest embedded emissions
but performed best over the lifetime due to superior efficiency.

Recent studies focus more directly on automotive applications. Mafrici et
al. [21] compared an SRM and baseline PMSM for similar vehicles. Use-
phase impacts depended on motor efficiency and vehicle matching. The Cu-
wound SRM had comparable resource use but slightly higher climate impact
due to oversizing. Replacing Cu with Al in the SRM stator reduced energy
demand and material intensity. The study highlighted SRM’s benefits: lower
cost, durability, and REE-free design. It also noted that as renewable energy
adoption increases, production impacts become more significant.

Complementing this, Mafrici et al. [22] conducted a comparative LCA of the
Nissan Leaf’s PMSM across EV platforms and manufacturing locations. While
the use phase dominates climate and fossil resource impacts, manufacturing
becomes increasingly important with greener electricity mixes.

These findings align with Nordelof et al. [23], who assessed three traction
machines with different magnet configurations. The Nd(Dy)FeB PMSM had
the lowest weight and highest power density, but also the highest toxicity and
climate impacts due to drive-cycle losses. The PMa-SynRM traded power
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density for efficiency, resulting in better overall environmental performance.
Major impact contributors included Cu windings, Al housings, and electrical
steel sheets, with virgin Cu extraction and high steel loss rates as key hotspots.

Schreiber et al. [24] reviewed LCA studies on REO extraction and produc-
tion, noting GHG emissions per kg of REO vary by a factor of five depending
on ore type. Nordelof and Bongards [25] applied economic allocations to two
REO supply routes in a cradle-to-gate LCA of PMSM in EVs. The supply
route choice accounted for 11%--13% of total production emissions, under-
scoring the importance of magnet supply chain data.

Overall, despite significant variation in REO data, cradle-to-gate assess-
ments consistently show that REE magnets, electrical steel, and housings are
the primary contributors to environmental impact [14], [19], [20]. When the
use phase is included without low-GHG electricity scenarios, efficiency be-
comes the dominant factor [15]-[18], [20], [22]. Two studies [18], [21] demon-
strate that overrating machines increases environmental burden in both pro-
duction and operation, emphasizing the importance of appropriate sizing.
Malfrici et al. [22] and Nordelof et al. [23] present comprehensive LCAs with de-
tailed designs and strong rating rationale, concluding that while the use phase
remains dominant, production impacts gain relevance as electricity sources be-
come cleaner. However, no existing study includes EESM, IM, and SynRM
topologies with detailed designs and rating considerations tailored to EV ap-
plications.

This work conducts an attributional LCA, which builds on the research
from Nordelof et al. [23] by expanding the scope to include magnet-free e-
machine alternatives (EESM, IM, and SynRM) designed particularly for EV
application within the same boundary conditions. Furthermore, this work
also integrates manufacturing-induced iron loss by a factor of 1.7 to better
represent the loss of e-machines, and performs a sensitivity analysis on magnet
supply chain data to identify how sensitive the result is to the magnet data.

1.3 Aim

The primary aim of this study is to assess whether REE-free alternatives can
effectively replace PMSMs that use REE magnets, in terms of both technical
and environmental performance for EV propulsion systems. When it comes
to the IM, the aim was to improve the modelling to ensure the correct mag-
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netization level when determining the efficiency over the operating points.
A key objective is to support stakeholders involved in the development and

manufacturing of electric traction technologies, as well as companies seeking
to procure such systems. The insights gained from this research can help
balance component-level requirements and guide the selection of suitable e-
machine types at the powertrain level. Additionally, the findings are relevant
to governmental agencies and academic institutions focused on evaluating the

environmental impact of emerging automotive technologies.

1.4 Contributions

The specific contribution of this work are listed below.

Proposed and validated methods to extract IM circuit parameters from
FEM evaluations for circuit model implementations.

Defined the design and electromagnetic performance of three e-machine
types with harmonized specifications.

Expanded previous life cycle inventory (LCI) models to also include IMs,
EESM, and SynRMs.

Conducted an LCA comparison of a reference PMSM with three REE-
free machine types: IMs, SynRMs, and EESMs, each with varying Cu
and Al conductor combinations, based on electromagnetic finite element
modeling.

Quantified the effect of selected GHG reduction strategies, including the
use of green virgin Al and improved material utilization during electrical
steel sheet punching (“green manufacturing”).

Performed a sensitivity analysis on magnet production, indicating that
REE-free machines with Al conductors may achieve lower carbon foot-
prints under favorable conditions.



CHAPTER 2

Theory

The primary function of e-machines is to facilitate the conversion between
electrical and mechanical power through the interaction of magnetic fields.
The stator of the e-machine includes electrically insulated windings that carry
alternating currents, providing a rotating magnetic field. A laminated iron
core leads this field and crosses an airgap to interact with a magnetic flux
from the rotor. The origin of the rotor flux differs in representative machine
types, which will be elaborated on further in the following sections.

Propulsion in EVs places high demands on e-machines, which must operate
efficiently and precisely across a broad range of torques and speeds. To meet
acceleration requirements, high maximum torque is needed, even at elevated
speeds. At the same time, maximizing efficiency is essential to extend driving
range and overall vehicle performance.
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2.1 Operating principles and control of traction
e-machines

Modern EV drives rely on high-performance torque control, such as field-
oriented control (FOC), which is the most widely adopted strategy [26]. FOC
decouples torque and flux in a rotating reference frame, enabling precise con-
trol, smooth torque, and high efficiency.

In Figure 2.1, the EV drive system implementing FOC is illustrated. The
driver perceives car speed (v.q,-) through the console and demands positive or
negative acceleration through the pedal or brake. This demand is perceived
as the torque reference (Tt ref) for the FOC reference current generator.
Together with the e-machine rotor speed (w;), they are subsequently trans-
lated into current references in the synchronous d-q plane (igﬂ,e 5 and ig;r ef)
depending on the e-machine types.

v{'ﬂ‘i’

v

oy

‘H\ Battery Pack
!
mref
FOC

Upp
TBI ul Duty v
d — d sref o |
u > cycles

is,re_,l’___ siref o dq -
Ll L b Ll
reference ; Current u Uy of > PWM > Power
current sref gl Pl controller STE gy abc generator Converter
C (-
enerator Ug,
B D, sref > -
A A A A 0, _t ud b s
Wy il
id d . Lg
w 3 q -4
r ib
4 - :
Ls abc .
< is
A
0, a—
f Speed and position o Position Electric
measurment/estimation | feedback Machine

Figure 2.1: Block diagram of a variable speed control architecture for e-machine
drive [27].

The inner loop employs PI controllers again for the d- and g-axis cur-

rents. These controllers generate voltage references (ug’re pand ul ) in the

10
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synchronous frame, which are then transformed into three-phase quantities
(U2 yogr U pep» and ug . ) via an inverse Park transformation. The resulting
voltages are modulated through a Pulse Width Modulation (PWM) generator
to produce duty cycles for the power converter.

Additionally, successfully implementing the control strategy requires precise
feedback on currents, voltages, and rotor position, which can be obtained
through sensors in the case of synchronous machines or a combination of
sensors and estimators in the case of IMs. Sensorless control is also possible
for PMSM, but it is not commonly used for EVs.

In FOC method, the rotor flux %mtor is aligned with the d-axis, while the
stator current phasor i, is regulated at an angle 0; 4, in the d—¢ plane by
adjusting the stator voltage phasor u,, as illustrated in Figure 2.2.

q

1=
L)N .

Qi,dq Erotor

d
Figure 2.2: Conceptual diagram of stator current phasor, stator voltage phasor,
and rotor flux phasor on d-g plane.

Moreover, to fully exploit machine capabilities, FOC is often combined with
maximum torque per ampere control (MTPA) [28]. A specific torque-speed
operating point can be achieved through multiple stator current phasors, each
associated with different stator current magnitudes I and angles 0; 44, as illus-
trated in Figure 2.3. For example, the stator current phasor 7., can generate
the same torque as i, but with a lower ohmic loss in the stator windings,
since it has a lower magnitude.

To address this, the MTPA strategy is implemented. Its objective is to
achieve the highest possible electromagnetic torque for a given stator current
by selecting the optimal current vector that minimizes I, thereby reducing
stator ohmic losses. However, due to inverter current and battery pack voltage
constraints as well as the inherent characteristics of the e-machine, different
operating limitations apply across a range of speeds.

11
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Torque contour

Current contour

d
Figure 2.3: Conceptual diagram for stator current phasors of the PMSM on d-gq

plane.

In the low-speed region, the only active constraint is the stator current limit.
The optimal operating points correspond to the maximum torque achievable
for a given current magnitude, which defines the MTPA region.

At a certain level of torque and speed, the DC bus voltage and current
limits are reached, and the field-weakening (FW) strategy is applied to enable
the highest torque possible at a higher speed. This requires reducing the
rotor flux W, as frequency increases to keep the stator phase voltage within
its permissible range. The adjustment is achieved by increasing the stator
current angle 6; 4, in the d-g plane.

As the rotor speed and injected frequency continue to rise, 6; 4, reaches
the breakdown torque point, marking the onset of the maximum torque per
voltage (MTPV) region. In this region, each boundary speed curve has a
maximum torque point where the stator current is below its maximum limit
due to the need to weaken the field further, making the DC bus voltage the
sole factor restricting torque production.

2.1.1 Permanent magnet synchronous machine (PMSM)

In the case of PMSMs, the rotor’s magnetic flux is generated by permanent
magnets embedded within the rotor structure. This design means that the
strength and stability of the rotor’s magnetic field are inherently dependent
on the properties and configuration of the magnets. These magnets provide
a constant magnetic field, eliminating the need for rotor excitation currents,
which contributes to higher efficiency and power density compared to other
motor types.

12



2.1 Operating principles and control of traction e-machines

Furthermore, synchronous machines, such as PMSMs, exhibit a more straight-
forward decoupling of the d-axis and g-axis components in the rotor reference
frame. This decoupling simplifies control strategies, allowing for more precise
torque and flux regulation. The absence of rotor current dynamics in PMSMs
also simplifies modeling and control. The equivalent circuit model for the
control template used in this study is illustrated in Figure 2.4 [29].

Figure 2.4: Dynamic model of PMSMs.

Lq and L, are d-axis and g-axis equivalent stator winding inductances, R, is
the equivalent stator winding resistance, respectively, ¢ pys is the flux linkage
due to the permanent magnets, and wyg = 27 f; is the electrical synchronous
speed in rad/s and fj is the supplied frequency in H z.

The equivalent d-axis and g-axis flux linkages can be expressed by

& =1ppar + La i
Then the electromagnetic torque can be stated as [29], [30]
3 q g «d
Tem = 5Ny [Wpar il 4 (Lg — Lq)id i) (2.2)

where N, represents the number of pole pairs.
Since the L, is typically smaller than L, for PMSM, the current trajectory
of MTPA for PMSM is located in the second quadrant as Figure 2.5.

13
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) Torque contour
Current contour
—  MTPA line
— FWline
——  MTPV line

Max current
Ve

d
Figure 2.5: Conceptual diagram of current trajection on d-g plane for MTPA of

the PMSM.

Moreover, the stator phase voltage quantities at the d-q plane of PMSM
can be stated as

-d

! — Ryt + L, %

(2.3)
= Rsi% + Lqilt + wo(pr + Ldl )

2.1.2 Induction machine (IM)

In an IM, the rotor voltage, current, and magnetic field are induced by the
magnetic field generated in the stator. Consequently, the energy sustaining
the rotor magnetic field ultimately originates from the electrical supply of the
stator windings, making the decoupling of the d-axis and g-axis components
more complicated than for synchronous machines. When the IM is subjected
to a mechanical load, the rotor speed decreases slightly below the synchronous
speed, creating the necessary slip that enables torque production to drive the
load.

The FOC scheme based on the inverse I'-form model (IGFM) is employed
as the control framework for IMs in this work. The dynamic representation
of the IGFM is shown in Figure 2.6 [31].

In this model, u, and 7, denote the stator voltage and current phasors,
R, and Rp represent the stator and transformed rotor resistances, i,, and
ip are the transformed magnetizing and rotor current phasors, and %, and
up correspond to the transformed rotor flux and induced voltage phasors
The parameters L, and Lj; are the transformed leakage and magnetizing
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Ry g L, iR Rp
i
+ + =

Z]\/j\/ \

AN
L§ A,

/

|2

Figure 2.6: Dynamic inverse ['-form model of IMs.

inductances, and wy is the rotor electrical speed, which can be expressed as
W1 = Wo — W2 (24)

where wyq is the synchronous electrical speed provided by stator windings, and
wa is the slip electrical speed (Slip = wa/wy).

The rotor flux linkage R 1S aligned with the d-axis and the d-quantity wﬁl%
equals the amplitude of ¢ R 38 shown in Figure 2.2. The amplitude of the
magnetizing and the rotor current is equal to ¢ and %, respectively.

Yl =%
ling| = 18 = Lscos (i aq) (2.5)
lig| =il = Issjn(gi,dq)
Accordingly, the d-axis rotor flux linkage, electromagnetic torque T,,,, and
electrical slip speed wy can be expressed as [30]

Y% = Ly i¢ (2.6)
3 3

Tem = 5Ny Y il = 5N Lt i 4 (2.7)
Rri? Rp

wo = 7 = mmn(ei,dq) (2.8)

The parameters Rp, Ly, and wjl% are therefore essential for predicting op-
erating points.
Equation (2.7) can also be rewritten as
3

Tem = 3 Np L 12 5in(20; 44) (2.9)
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where the maximum torque occurs at 6; 4, = 45° if L) remains constant.
However, due to iron core saturation, typical the value of L,; decreases with
increasing d-axis current. Figure 2.7 illustrates the optimal stator current
trajectory for MTPA for IMs. The blue, red, and green curves represent the
trajectories in the MTPA, FW, and MTPV regions, respectively.
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>/

Figure 2.7: Conceptual diagram of current trajection on d-q plane for MTPA of
the IM.
Finally, the stator phase voltage components in the d-g plane are given by

Ud: (R +RR)id+L dlg —wOL iq—&wd
s s s o dt obs LM R

(2.10)
q _ g dlg -d d
ul = (Rs + Rp)id + Lg—dt + wo Ly + w19

Insert (2.6) into (2.10), the stator phase voltage components in the d-g plane
can also be expressed as

d d di? .
ud = Rgif + Lgd—ts —woLs1?
(2.11)

) di? d
ul = Rgi? + L"d_ts + wo(Ly + L)

2.1.3 Synchronous reluctance machine (SynRM)

The rotor of a SynRM consists of laminated iron sheets with flux barriers
that create anisotropic magnetic properties. This design results in different
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2.1 Operating principles and control of traction e-machines

inductances along the d-axis and g-axis, enabling torque generation through
magnetic reluctance. Flux barriers are aligned along the g-axis to form high-
reluctance paths, while the d-axis contains flux-conducting regions that create
low-reluctance paths. When the stator produces a rotating magnetic field, the
rotor aligns its low-reluctance axis with the stator field, allowing synchronous
operation without permanent magnets or rotor windings.

The absence of magnets and rotor windings reduces material costs and elim-
inates the associated losses [32]. Compared to PMSMs, SynRMs do not gen-
erate back electromotive force (EMF) under no-load conditions, eliminating
no-load iron losses caused by permanent magnet flux. Moreover, unlike IMs
and EESMs, the SynRM rotor carries no currents, meaning no rotor ohmic
losses, which makes SynRM competitive in terms of efficiency. However, with-
out the contribution of permanent magnets or rotor windings, SynRMs require
a larger iron core to achieve a similar torque level, resulting in lower torque and
power density. Additionally, torque production relies solely on rotor saliency,
making it more sensitive to magnetic saturation and slot harmonics, which
leads to higher torque ripple compared to PMSMs.

The control equivalent circuit for SynRM is shown in Figure 2.8 [29].

Figure 2.8: Dynamic model of SynRMs.

The flux linkages in the d-¢g frame are expressed as

Vi = Lg il
{deLd d (2.12)
S S
The electromagnetic torque of SynRM is given by
3 g - 3 .
Tem = 5Np(La — L) i i? = 1N (La = Lo) I? 5in(20;.44) (2.13)

17



Chapter 2 Theory

From (2.13), torque depends on the saliency difference (Lgs — L,) and the
product of i% and 9. Therefore, torque can be increased by optimizing rotor
geometry and adding multiple flux barriers to increase the saliency ratio Ly/ L,
[32]. It can also be observed that MTPA will operate in the first quadrant for
SynRM starts with 6; 4, = 45°. Additionally, since Ly and L, decrease with
increasing current due to core saturation, the stator current trajectory on the
d-q plane resembles that shown in Figure 2.7.

The stator voltage equations in the d-q frame are the same as for the PMSM
but with ¢¥ppr = 0 giving

i o od di? .
Ug = RSZS + Ld% — WOLqZS
(2.14)
yq
ul = Ryl + Lq% + wo Lgid

2.1.4 Electric excited synchronous machine (EESM)

EESMs operate on the principle of synchronism between the rotor and sta-
tor magnetic fields. Unlike PMSMs, EESMs employ an electromagnetically
excited rotor, where a controllable direct current is supplied to the field wind-
ings. This excitation generates a magnetic field that interacts with the stator’s
rotating magnetic field to produce torque.

A key advantage of EESMs is the ability to dynamically adjust the excita-
tion current Iy, enabling optimization of machine performance under varying
load conditions [33]. For example, reducing I at low torque or no-load de-
creases the back electromotive force, thereby lowering iron losses compared to
PMSMs. In this way, a thermal balance between rotor and stator can also be
achieved, if needed. However, this benefit comes at the cost of rotor ohmic
losses due to the presence of field windings, which makes EESMs less efficient
than PMSMs at medium to heavy load when both stator and field currents
become high. Additionally, exciting and controlling the rotor field requires
extra power electronics and a slip ring or rotating transformer, which makes
EESMs more costly and less robust when compared to IMs.

The dynamic control equivalent circuit for EESM is shown in Figure 2.9
[34], where uys, Ir, Ry, and Ly denote the field voltage, current, resistance,
and inductance, respectively.
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2.1 Operating principles and control of traction e-machines

Figure 2.9: Dynamic model of EESM.

The flux linkages in the d-¢ frame and the field flux vy are expressed as

1/13 = Lq Zg
d =y + Ly il (2.15)
Yyp= Ly Iy

The electromagnetic torque is given by

3 . - 3 . g -
Tom = SNy [y i+ (La — Lo)i% i8] = SN, [Ly Iy i2 + (La — L)id i
(2.16)

Apart from d-g current components, the field current I provides an addi-
tional degree of freedom for torque control. A desired operating point can be
achieved through various combinations of d-¢-f currents. To determine the
optimal combination, MTPA is also applied to the field circuit by minimizing
the ohmic loss P,pmic in both stator Pypmic, s and rotor Popmic,r

3
Pohmic = Lohmic,s + Pohmic,r - iRSIE + RfI]% (217>

The MTPA lines of the EESM for different field current levels from 0 to
1.2 p.u. are shown in Figure 2.10a, and the corresponding maximum torque
envelopes versus rotor speed are presented in Figure 2.10b. As seen in Fig-
ure 2.10a, the MTPA line without field current resembles that of a SynRM,
while increasing Iy shifts the trajectory toward that of a PMSM, located in
the second quadrant. It is also observed that the trajectories for Iy = 1.0 p.u.
and 1.2p.u. overlap due to saturation of ¢y with respect to Iy, which also
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Figure 2.10: Different field current levels of EESMs.

explains the diminishing torque increment at higher excitation levels. Addi-
tionally, in Figure 2.10b, when the Iy = 1.0 p.u. and 1.2 p.u. the maximum
torque drop from rotor speed equal 0.8 p.u. and 0.6 p.u., respectively due to
reaching their MTPYV region, which can be observed in the equations of stator
voltage in the d-q frame in

di®

ug = Ryif + La-g* — woLqil

(2.18)
. di y
ul = Ryl + Lg—* + wo(L sl + Lgil)

2.2 Environmental assessment by LCA

Environmental challenges associated with industrial activities, product devel-
opment, and infrastructure projects have led to the growing need for com-
prehensive tools to evaluate and mitigate environmental impacts. Traditional
environmental assessments often focus on localized and immediate effects,
such as emissions, land use, and ecological disruption during specific project
phases. While valuable, these assessments may overlook broader, systemic
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2.2 Environmental assessment by LCA

impacts that occur throughout the entire life span of a product or system or
a service.

To address their limitations, Life cycle assessment (LCA) has emerged as a
robust and standardized methodology for environmental assessment across all
stages of a product’s life cycle, from raw material extraction and manufactur-
ing to use and end-of-life disposal. This cradle-to-grave perspective enables
more informed decision-making in design, production, and policy, supporting
the transition toward more sustainable systems.

In this context, environmental assessment by LCA represents a shift from
reactive, site-specific evaluations to proactive, system-wide sustainability anal-
ysis.

2.2.1 Framework

The methodological framework of LCA is defined by the ISO 14040 and ISO
14044 standards. ISO 14040 outlines the principles and structure of LCA illus-
trated in Figure 2.11, while ISO 14044 specifies the requirements and guide-
lines for conducting LCA studies [35], [36]. According to these standards, an
LCA study should consist of the four main phases shown in Figure 2.11. How-
ever, the work process is likely to be iterative rather than linear, as indicated
by the dual directional arrows.

Goal and scope ’
definition —
Inventory ’ .
: Interpretation
analysis — P
Impact —
assessment ‘

Figure 2.11: LCA framework outlined by ISO 14040 [35].
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2.2.2 Goal and Scope Definition

The goal and scope definition is the foundational phase of an LCA. It es-
tablishes the purpose of the study, the intended audience, and the specific
product or system under investigation. This phase is critical because it di-
rectly influences the methodological choices and the interpretation of results
throughout the assessment.

The goal of an LCA must be clearly stated at the outset. It includes the
reason for conducting the study, the intended application of the results, and
the target audience. As an example in the LCA study [23], the goal was to
compare the environmental impacts of PMSMs with different magnet types
for EV applications to guide decisions by manufacturers and policymakers.

The scope defines the boundaries and level of detail of the study. Key
elements include:

¢ Functional Unit: This is the reference unit used to quantify inputs
and outputs and should be common for all objects under the LCA study.
For an e-machine in EV applications, the primary function is to provide
propulsion. Therefore, one option for the functional unit could be the
driven distance of a specified EV driving a certain operating profile, typi-
cally expressed in kilometer (km). This allows for consistent comparison
of environmental impacts per unit of mobility delivered.

e System Boundaries: These determine which life cycle stages are in-
cluded in the analysis. Common boundary types include cradle-to-gate,
gate-to-gate, and cradle-to-grave, as shown in Figure 2.12. For an e-
machine in EV, a cradle-to-gate boundary would encompass raw mate-
rial extraction and manufacturing, such as REE extraction and magnet
production, e.g. in China, and transport to the European e-machine
factory for assembly, e.g. in Europe. A cradle-to-grave boundary would
additionally include the operation phase (i.e., driving the EV) and end-
of-life treatment (i.e., recycling of the e-machine along with the EV).

e« Impact Categories: These specify the types of environmental impact
to be assessed. Common categories include global warming potential,
energy use, resource depletion, and toxicity. The selection of impact cat-
egories should reflect the environmental concerns relevant to the product
under study and its application.
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e Data Quality Requirements: These define the resolution and relia-
bility of the data used, including whether site-specific or average data
are applied.

Raw material S
—

i, Rawmaterial : ~7 acquisition B Rawmaterial |
acquisition T acquisition
v
v —> Process —i v
Process —i> —> Process —

Cradle-to-gate —

M v
v —» Transportation —i» "
— Transportation > P —— Transportation —
Gate-to-gate—|

v
* . X
RN 5 -, —> Production ~ —~ i, Production -
Cradle-to-gate PleldETa ' L
Use > i Use i — Use
' A — '
Waste . Waste |, . Waste |,
~ " management management management
(a) Cradle-to-gate. (b) Gate-to-gate. (¢) Cradle-to-grave.

Figure 2.12: System Boundaries.

A clearly defined goal and scope ensures that the LCA results are meaning-
ful, transparent, and applicable to the intended decision-making context. In
the case of e-machines for EVs, using driven distance as the functional unit
aligns the environmental assessment with the product’s core function, thereby
enhancing the relevance and interpretability of the results.

2.2.3 Life Cycle Inventory (LCI)

The life cycle inventory (LCI) phase is the second major component of an LCA
study and involves collecting and quantifying data on energy and material
inputs, as well as environmental releases such as emissions and waste, across
all processes within the defined system boundaries.

A flow model is constructed to represent the product or system life cycle,
typically consisting of interconnected unit processes with defined inputs and
outputs. Data requirements include raw materials, energy use, transportation,
manufacturing, use-phase activities, and end-of-life treatments.

Data quality is critical for reliable results. Primary data can be obtained
from direct measurements or company records, while secondary data often
comes from databases or literature. Consistency in data collection and docu-
mentation of assumptions, allocation rules, and data gaps is essential.
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The outcome of the LCI phase is a dataset of elementary flows, such as
kilograms of COy emitted or kWh of electricity consumed, as illustrated in
Figure 2.13. These results serve as inputs for the LCIA phase.

Raw material

acquisition
v
— Process —
Resources: Emissions and waste:
A4
electricity, _,  Transportation —» co2,
gas, ' SO2,
land, — Production — Nox,
water...etc v heavy metal...etc
— Use —
v
Waste
management

Figure 2.13: LCI flowchart illustrating resource inputs and emissions across all life
cycle stages.

To facilitate LCI, software tools such as OpenLCA are widely used. In
this study, OpenLCA is employed to construct process models by linking unit
processes through input-output relationships. Each process specifies mate-
rial, energy, emission, and waste flows, and integrates background data from
databases such as ecoinvent (used in this study), Agribalyse, and ELCD.
The software supports the system boundaries defining allocaton of flows, and
scaling of results to the functional unit, ensuring consistency and transparency.

2.2.4 Life Cycle Impact Assessment (LCIA)

The life cycle impact assessment (LCIA) phase translates inventory data into
potential environmental impact using LCA software. It evaluates how emis-
sions and resource use contribute to various environmental consequences, for
example global warming, acidification, or human toxicity.

The process includes:

o Classification: Group inventory flows into impact categories (e.g., cli-
mate change, acidification).

e Characterization: Convert flows into common units using equivalency
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factors (e.g., methane’s higher global warming potential 28-36 times than
CO3). Results are expressed as indicators like kg COq-Eq for global
warming potential or kg SOo-Eq for acidification.

Normalization (optional): Compare impacts to reference values to
provide context. For endpoint indicators, results may be expressed in
units like DALYs, representing years of healthy human life lost.

Weighting (optional): Assign relative importance to impact cate-
gories based on stakeholder values, enabling aggregation into a single
score for easier interpretation.

Common LCIA methods include CML, ReCiPe, TRACI, and IMPACT
World+. This study uses ReCiPe, illustrated in Figure 2.14.
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Figure 2.14: LCIA method using ReCiPe. Adapted from [37].

As shown in Figure 2.14, flows like CO5, SO5, and NOy are classified into
midpoint categories and characterized into indicators.

These propagate to
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endpoint areas: human health, ecosystem quality, and resource availability.
Optional weighting aggregates results for decision-making. OpenLCA auto-
mates this process and supports multiple LCIA methods.

2.2.5 Midpoint vs. Endpoint Indicators in LCA

Midpoint indicators reflect impacts at an intermediate stage, such as CO4
emissions. They are closely tied to inventory data, making them easier to
calculate and compare across studies. However, they may not fully capture
broader consequences and often require multiple indicators.

Endpoint indicators represent final outcomes, such as damage on ecosystem
in species.yr, meaning natural species loss in one year. They offer a larger
degree of integrated view and are useful for policy and communication, but
involve more assumptions and uncertainty.

The choice between providing midpoint or endpoint related LCA results
depends on the study’s goals and audience. Midpoints support detailed anal-
ysis, while endpoints aid strategic decisions. In this study where different
e-machines are compared, endpoint results guide which midpoint categories
are most relevant for e-machine applications in EVs, while conclusions are
drawn from midpoint results to evaluate technical options.
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Reference case

3.1 Objects of LCA study and functional unit

This LCA compares eight different e-machine configurations: (1) a PMSM
with distributed (dist.) Cu stator windings and Nd(Dy)FeB magnets (Ref.
PMSM), as described in [23]; (2) an IM with Cu stator dist. windings and
Cu rotor bars (IM1); (3) an IM with Cu stator dist. windings and aluminum
(Al) rotor bars (IM2); (4) an IM using Al for both stator dist. windings and
rotor bars (IM1); (5) a SynRM with Cu stator dist. windings (SynRM1); (6)
a SynRM with Al stator dist. windings (SynRM2); (7) an EESM using Cu
for both stator dist. and rotor concentrated windings (EESM1); and (8) an
EESM with Al in both stator dist. and rotor concentrated windings (EESM?2).

All machines are assumed to include a cooling circuit integrated into the
housing and liquid coolant for thermal management. The energy demand for
stator cooling is excluded since it is considered identical across all machine
types. In contrast, IMs and EESMs require additional rotor cooling, and the
corresponding power consumption is estimated and added to the use-phase
energy demand. The boundary conditions for e-machine design are listed
in Table 3.1, which are applied to all technical options. All eight traction e-
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Table 3.1: Boundary conditions for e-machine design

Parameters Value
Total driven distance 200,000 km
Battery pack peak voltage 430 V
Maximum converter RMS current 260 A
Stator core outer diameter 200 mm
Minimum requirement for maximum torque at low speed 239 Nm
Maximum rotor speed 12,000 rpm

machines were designed to provide a minimum torque of 239 Nm at low speeds
up to the base speed. Beyond the base speed, the maximum torque differs
among the designs, which results in variations in high-speed acceleration per-
formance. The energy consumption during the use phase was evaluated using
the "Worldwide harmonized light-duty driving test cycle" (WLTC), as illus-
trated in Figure 3.1. Each e-machine configuration is required to meet the
operating points defined by the WLTC. The functional unit is defined as
one driven kilometer, consistent with common practice in LCA studies of

EVs [38].
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Figure 3.1: Worldwide harmonized light-duty driving test cycle.
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3.2 Type of LCA and system boundaries

This study applies an attributional LCA approach, consistent with previous
research [23]. The assessment follows a cradle-to-grave perspective, encom-
passing all life cycle stages from mineral extraction to the end-of-life (EoL)
of the e-machine. For the EoL stage, the cut-off approach was adopted [39].
Under this approach, all waste separation and treatment processes are fully
included, while recycling flows are only traced until they align with the up-
stream input of secondary raw materials.

During the use phase, each e-machine configuration was evaluated for a
single vehicle type and a representative driving cycle (WLTC, as presented in
Figure 3.1). The background system, representing the technical context of the
studied options, was modeled using version 3.9.1 of the Ecoinvent database
[40], [41]. This database was used to represent inputs to the e-machine fac-
tory, the magnet supply chain, the use phase, and EoL processes. Global
averages were applied for materials, sub-components, and processing chem-
icals whenever available; otherwise, European averages were used. For the
magnet supply chain, Chinese national data was applied for energy supply, as
the production of rare-earth magnets predominantly occurs in China, which
accounts for more than 95% of global rare-earth element production [42]. To
assess the influence of magnet production on the overall carbon footprint, a
sensitivity analysis was also conducted.

Two electricity supply scenarios were considered for the foreground system:
the current Norwegian supply mix and the European average mix. These
scenarios were applied to e-machine production, EV charging, and the initial
post-use separation process in EoL. Since global electricity GHG intensity
is decreasing [43], these two scenarios were chosen to represent a low and
a high GHG-intensity mix, respectively. No additional temporal changes in
electricity GHG intensity were modeled, as the two scenarios are assumed to
capture this variability despite being based on geographical differences rather
than time. Combined with the four technical e-machine configurations, these
two electricity scenarios result in eight baseline study cases, prior to exploring
green manufacturing strategies and sensitivity to magnet supply chain data.

The design and inventory data used in this study are expected to remain
relevant for at least the next decade. This estimate extends beyond the 5-7
year validity suggested for the reference PMSM in Nordelof et al. [23], as the
continued dominance of this design indicates its long-term relevance.
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For LCIA, the ReCiPe 2016 v1.03 method [37], widely recognized in LCA
practice [44], was applied using both midpoint and endpoint indicators. End-
point results were used to identify the most significant midpoint categories
from an e-machine life cycle perspective. To incorporate the latest global
warming characterization factors, the IPCC 2021 midpoint method [45] was
also included. Additionally, the crustal scarcity indicator (CSI) 2020 method
[46] was employed to assess resource use impacts, replacing the short-term
mineral resource indicator in ReCiPe, as long-term resource availability is
considered a critical sustainability aspect [47].

3.3 EV powertrain modeling

Figure 3.2, adapted from a previous study [48], presents a schematic repre-
sentation of an EV powertrain architecture, which is meant to represent the
most sold battery electric vehicle models at the time of the fist study (Nisan
Leaf and Volkswagen e-Golf) [23], emphasizing the energy flow and associated
conversion efficiencies throughout the system.
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Figure 3.2: Schematic representation of the electric vehicle powertrain architecture
[48].

The charging system, with efficiency 7cnar, supplies electrical energy to
the onboard battery. The battery, operating at efficiency 7,4+, serves as the
EV’s energy storage unit. It interfaces with the converter, which functions
with efficiency 7eonv, and either receives or delivers energy depending on the
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operating mode of the e-machine. The e-machine then drives or brakes the
wheels via a single-speed gear system, which operates at efficiency ngear-

Energy flow within the EV powertrain is bidirectional. The e-machine oper-
ates in two distinct modes: motor and generator, with efficiency dependent on
the torque-speed operating point, best represented by a loss map but typically
illustrated by an efficiency map ("Eff. map") at the system level. In motor
mode, electrical energy flows from the battery through the converter to the
stator windings of the e-machine. This energy is converted into mechanical
energy via magnetic fields and transmitted to the rotor, propelling the vehi-
cle. In generator mode, commonly activated during regenerative braking, the
e-machine converts mechanical energy back into electrical energy. This energy
is routed through the converter and returned to the battery, i.e., a direction
of reverse energy flow compared to motoring mode.

To evaluate the propulsion behavior and energy consumption of the vehicle
under realistic driving conditions, a simplified vehicle dynamics model is em-
ployed, which is inherited from previous work presented in [23]. It represents
a small passenger car equipped with a single electric machine functioning as
the traction unit. For vehicle dynamics evaluation, the vehicle is approxi-
mated as a rigid body, a valid assumption when the primary objective is to
analyze energy levels within the propulsion drivetrain, as discussed in [49].
The vehicle’s motion is simplified to a single spatial dimension, specifically
the longitudinal direction, assuming dynamic stability throughout operation.
Under these conditions, the motion of the vehicle is described by Newton’s
second law,

AVegr(t

%() - Ftractive(t) - Fresistive (t> (31>
where M.y, is the total vehicle mass in kg, v.q is the vehicle speed in
m/$, Firactive 1S the tractive force provided by the EV powertrain in N, and
Fresistive 1s the sum of resistive forces in N, which includes aerodynamic drag
Firag(t), rolling resistance F;(t), and grading force F,qqe(t):

Fresistive(t) - Fdrag (t) + F’r‘oll (t) + Fgrade (t> (32>

mcar

These resistive forces are defined as:

Fdrag (t) - %paierAfront [Uca’r’ (t) — Vwind (t)]2

Frou(t) = Crmearg cos a(t) (3.3)
Fyrade(t) = Meqrgsino(t)
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where Cy is the aerodynamic drag coefficient, pq;,. is the air density in kg/m3,
Afront is the EV’s frontal area in m?2, vyinq(t) is the wind speed in m/s, and
a(t) is the road inclination angle. In this study, vyinq(t) and «a(t) are set to
zero, as road grade and wind effects are not considered.

The tractive force thus becomes:

Ftractive(t) = Mear + FdTag( ) + Froll(t> (34)

Using the gear ratio kgeqr, wheel radlus Twheel, and gear efficiency ngeqr,
the torque in motor and generator modes (T, mot(t) and Tep, gen(t) in Nm),
and the rotor speed n,(t) in rpm of the traction e-machine are calculated as:

(Tem,mot(t> - km% (mcar dvcar(t) + Fdrag(t) + Froll(t)>

gearTlgear

Tem,gen(t) — Twheellgear <mcar dvm(t) + deg< )+ Fm”(t)) (3.5)

kgear

k eanr
(1 (t) = 2= Veqr (1) %

Twheel

The power provided by the e-machine in motor mode Pey, mot(t) in W, and
the required battery input power Pyut mot(t) in W, are given by:

(3.6)

{Pem,mot (t> = Tem,mot (t)nr<t)

o Pem,mot (t)‘l’PenL,loss(t)
Pbat m0t<t) - MNconvNbat

where Py, 10ss(t) is the total loss of the e-machine.
In generator mode, the mechanical input power Pe,, gen(t) in W and the
regenerated battery power Pygt gen(t) in W are

{Pem,gen (t) == Tem gen(t)nr(t> (37>
Pbat,gen (t) [Pem gen (t) em loss( ))]nconvnbat

Then, the total energy consumption from the battery Epg¢ net is estimated
as

Ebat,net - /Pbat,mot(t)dt - /Pbat,gen(t)dt (38>

Consistent with the previous study [23], to focus on the impact of the e-
machine, only the energy consumption due to the e-machine Epqt pet,due—to—EM
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3.4 Reference PMSM with Nd(Dy)FeB magnet (Ref. PMSM) modeling

is included, and it can be expressed as
Ebat,net,due—tO—EM = Ebat,net - Ebat,net,ideal—EM (39>

where Epgt pet,ideal—EMm 1S excluded Pey, 10ss Mmeaning no energy loss from e-
machine, and the weight of e-machine is 0 (m.,, = 0). Finally, the energy
consumption from the grid due to e-machine can be expressed as

Ebat,net,due—to—EM (3 10)

Egrid,due—to—EM -
Tlchar

The corresponding parameters are listed in Table 3.2.

Table 3.2: EV powertrain model parameters [23]

Parameters Value
Gravity constant, g 9.81 m/s?
Curb and driver weight of the EV, m.,, | 1,575 kg
Aerodynamic drag coefficient, Cy 0.28

Mass density of air, pg;, 1.225 kg/m?
Front cross-sectional area of EV, Af.on: | 2.2 m?
Rolling resistance coefficient, C, 0.009
Wheel radius, ryheel 0.316 m
Gear ratio, kgeqr 9.747
Gear efficiency, ngear 97 %
Converter efficiency, 7cone 97 %
Battery efficiency, npq; 929 %
Charging system efficiency, 7cnar 85 %

3.4 Reference PMSM with Nd(Dy)FeB magnet
(Ref. PMSM) modeling

3.4.1 Energy loss model

The cross-section of Ref. PMSM is depicted in Figure 3.3, and its design
parameters are in Table 3.3.
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Figure 3.3: Cross-section of Ref. PMSM.

Table 3.3: Design summary of Ref. PMSM.

Machines Ref. PMSM
Number of poles 8
Conductor and magnet materials in stator/rotor Cu/Nd(Dy)FeB
Stack length [mm] 127
Number of stator slots 48
Number of turns of stator winding per slot 14
Winding layers per slot 2
Number of stator winding parallel branches 4
Stator outer diameter, dso [mm] 200
Stator inner diameter, dsi [mm] 135

Air gap length, [, [mm] 0.75
Maximum RMS current density [A/mm?] 20
Stator winding temperature [°C]| 120
Magnet temperature [°C] 70
Material loss rate during punching used in LCI [%)] 48
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3.4 Reference PMSM with Nd(Dy)FeB magnet (Ref. PMSM) modeling

Apart from the ohmic loss, iron loss, and magnet loss, which were obtained
from FEM simulation, the bearing friction loss is the same one in the previous
study [50] and can be concluded in

dBeNBeTem 27an
dro 60

Pfriction = (311>
where Ppriction is bearing friction loss in W, dp. is the bearing bore diameter
which is 40 mm, ppe is the bearing friction coefficient which is set to be
0.0015, d,, is the outer diameter of rotor can be calculated by

dyo = dg; — 21, (3.12)

A key addition in this study, compared to previous work, is the inclusion
of an iron-loss factor of 1.7, which accounts for additional core loss effects not
captured in earlier models. This refinement enhances the accuracy of the loss
estimation and is reflected in the updated efficiency and loss maps.

The bearing friction loss map is shown in Figure 3.4.
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Figure 3.4: The bearing friction loss of Ref. PMSM.

Furthermore, the efficiency map with the operating points from WLTC and
loss map of Ref. PMSM are shown in Figure 3.5 and 3.6.
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Figure 3.5: The efficiency map with the operating points from WLTC of Ref.
PMSM.
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Figure 3.6: The loss map with the operating points of WLTC of Ref. PMSM.
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3.4 Reference PMSM with Nd(Dy)FeB magnet (Ref. PMSM) modeling

3.4.2 Life cycle inventory (LCI) model

The general exploded-view of a PMSM is shown in Figure 3.7 [23], highlighting
its principal components and their spatial arrangement, and also illustrates
the parts included in the LCI.

Housing body with channels

Resolver
for liquid cooling

Terminal block with
connection points

Passive rotor core
with magnets

Rotor endplate

Housing
endbell with
cover plate

Stator core with

distributed windings
oy ‘ Splined

shaft
Bearing

Housing endbell

Figure 3.7: General exploded-view drawings of a PMSM.

The stator, equipped with distributed windings, forms the stationary part
of the machine and is responsible for generating the rotating magnetic field.
The rotor, which contains embedded permanent magnets, interacts with this
field to produce torque in a synchronous manner. The splined shaft transmits
mechanical power to the load, while the bearings provide radial and axial
support, ensuring smooth and stable rotation. The housing body incorporates
channels for liquid cooling, which is essential for maintaining thermal stability
under high-load conditions. Additionally, the resolver is integrated to provide
accurate rotor position feedback, enabling precise control strategies such as
field-oriented control. The terminal block facilitates electrical connections for
both power and signal transmission.

A system overview of the life cycle up to the production stage of the Ref.
PMSM is presented in Figure 3.8. As shown, most of the data originates
from the PMSM LCI model developed by Nordelof et al. in a series of pub-
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lications [51]-[53], while the remaining data is sourced from a previous study
[23]. The diagram is organized into three hierarchical sections: (1) Ecoinvent
representation of production efforts, (2) Magnet factory, and (3) E-machine
factory.

The upper section represents upstream processes such as injection mold-
ing, extrusion, hot rolling, wire drawing, and zinc coating, which collectively
produce intermediate components, including Cu parts, steel parts, and elec-
trical steel sheets. To model these processes, version 3.9.1 of the Ecoinvent
database [40], [41], one of the most widely recognized and comprehensive LCI
databases, was employed to capture representative activities.

The central section focuses on the magnet production chain, where rare
earth oxides (REOs) and iron-based materials undergo transformation pro-
cesses, including die casting, to produce pre-magnetized Nd(Dy)FeB magnets.
This stage is particularly significant due to the high environmental and eco-
nomic implications associated with the processing of rare earth elements. The
magnet production chain is modeled as located in China, which accounts for
over 95% of global rare-earth element production [42]. As a result, the Chi-
nese electricity mix is used in the life cycle assessment, which has notable
implications for the overall environmental impact due to its relatively high
carbon intensity compared to other regions.

The lower section illustrates the PMSM assembly phase, which integrates
inputs from both upstream material preparation and magnet manufacturing
to produce the final PMSM unit. Further details of this assembly process are
provided in Figure 3.9, based on the PMSM LCI model in [51].

Figure 3.10 is the weight share for Ref. PMSM reworked from Nordelof et
al. [23].

3.5 Electricity production and supply

Building on a similar setup as in the previous study [23], the model of electric-
ity supply was formed with Ecoinvent version 3.9 data [40], where electricity
used for production is assumed to be medium voltage (1-24kV [40]) and charg-
ing batteries is considered low voltage (below 1kV [40]).
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23], [51]-[53].
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Figure 3.10: Weight share of Ref. PMSM. Reworked from Nordelof et al. [23].

3.5.1 High greenhouse gas (GHG) intensity electricity
(European country’s average)

In this study, the average electricity mix of European countries (EU mix) is
used to represent a high GHG intensity scenario, with an emission factor of
356 g CO2-Eq/kWh. According to the Ecoinvent Knowledge Base for the
energy sector [55], the electricity supply mix data in Ecoinvent version 3.9
is based on information provided by the IEA for the year 2021. Table 3.4
presents the electricity production mix for European countries as reported by
the IEA [54], which is the foundational dataset for the electricity supply mix
in Ecoinvent 3.9.

3.5.2 Low GHG intensity electricity (Norway)

The low GHG intensity electricity scenario in this study is set to be the elec-
tricity mix in Norway, of which data is also primarily from IEA [55]. Table 3.5
displays the electricity generation mix for Norway, as reported by the IEA [56]
for 2021, which forms the basis for the electricity supply mix used in Ecoinvent
3.9. This resulted in an emission of 34 g CO5-Eq/kWh from the electricity
mix of Norway in 2021.
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Table 3.4: The European countries’ electricity production mix as reported by IEA
[54] for 2021, the overarching data source for the electricity generation
data in Ecoinvent used in this LCA study.

Production facility type | Amount | Share
Biomass-fired 196 TWh 5.0%
Coal-fired 663 TWh | 16.7%
Natural gas 896 TWh | 22.6%
Oil-fired 52 TWh 1.3%
Waste incineration 53 TWh 1.3%
Nuclear power 889 TWh | 22.4%
Hydropower 679 TWh | 17.1%
Wind power 500 TWh | 12.6%
Solar 206 TWh 5.2%
Geothermal 23 TWh 0.6%
Other sources 8 TWh 0.2%

Table 3.5: The Norwegian electricity production mix as reported by IEA [56] for
2021, the overarching data source for the electricity generation data in
Ecoinvent used in this LCA study.
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Production facility type | Amount | Share
Coal-fired 192 GWh 0.1%
Natural gas 305 GWh 0.2%
Oil-fired 400 GWh 0.3%
Waste incineration 363 TWh 0.2%
Hydropower 144 TWh | 91.6%
Wind power 12 TWh 7.5%
Solar 108 GWh 0.1%
Other sources 412 GWh 0.2%




3.6 Transport and end-of-life (EoL)

3.5.3 Electricity to produce Nd(Dy)FeB magnet (China)

The electricity scenario to manufacture the Nd(Dy)FeB magnet is the elec-
tricity mix in China in 2020, the data of which is mainly derived from IEA as
well [55]. It resulted in an emission of 845 g CO2-Eq/kWh from the Chinese
electricity mix.

Table 3.6: The Chinese electricity production mix as reported by IEA [57] for 2020,
the overarching data source for the electricity generation data in Ecoin-
vent used in this LCA study.

Production facility type Amount | Share
Biomass-fired 164 TWh 1.9%
Coal-fired 5431 TWh | 64.1%
Natural gas 291 TWh | 3.4%
Oil-fired 12 TWh 0.1%
Waste incineration 7 TWh 0.1%
Nuclear power 408 TWh 4.8%
Hydropower 1339 TWh | 15.8%
Wind power 656 TWh 7.7%
Solar 329 TWh 3.9%
Other sources 210 GWh 0.0%

3.6 Transport and end-of-life (EolL)

In Figure 3.11, four transport models: T1-T4, are depicted between different
stages of the life cycle, where T1 represents the transport of magnets from
China to the e-machine factory in Europe, T2 represents the average transport
of different subparts to the e-machine factory to and within Europe, T3 is the
transport of scrap from the e-machine factory to the recycling center within
Europe, and T4 is the transport for collection of Eol. e-machine to recycling
centers.
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44



3.6 Transport and end-of-life (EoL)

3.6.1 Transports for productions

Inherited from the previous work [23], this study incorporated the transporta-
tion of materials and subparts for each technical option, employing a simple
approach based on estimated geographical distances, both on land and along
typical oceanic routes as stated in Table 3.7-3.10.

T1 is the transportation model of delivering REEs-magnets from China to
Europe described in Table 3.7 and its transported weight is in Table 3.8. It
was assumed that magnets and magnetic materials are transported by train
through China, starting from the mine and raw material processing in Bayan
Obo, Inner Mongolia, to further processing at a magnet factory in Baotou,
and finally to the port. Subsequently, the materials are shipped by boat to
Europe via the shortest available route. Any additional transport of magnets
within Europe was disregarded.

Table 3.7: Estimations made for the distance and mode in the transportation of
magnets produced in China, measured per 1 ton-km, to Europe. Euro-
pean mainland transportation was neglected (T1).

Route Type | Distance | Linked flow Location

In mainland China | Train | 1000 km Transport, freight train | China

Transport, freight, sea,

. . Global
container ship

China to Europe Ship 21000 km

Table 3.8: Estimations made of masses transported to and from the magnet pro-
duction site in China, and to the e-machine assembly in Europe (T1).

Route Type | Nd(Dy)FeB magnets
In mainland China | Train | 2 kg
China to Europe Ship 1.26 kg

For transportation of all other subparts modelled in T2 and its transported
distances and masses are stated in Table 3.9-3.10., it was assumed that they
would arrive at the e-machine factory with an average transportation load
equivalent to 1000 km by truck within Europe.
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Table 3.9: Estimations made for the average total distance and mode in the trans-
portation of all other e-machine subparts, from material production via
subpart manufacturing to the e-machine factory, measured per 1 ton-
km, to and within Europe (T2).

Route Type | Distance | Linked flow Location

Transport, freight, lorry >32

In Europe | Truck | 1000 km metric ton, EURO6

Europe

Table 3.10: Estimations made of masses transported to the e-machine assembly to
and within Europe (T2).

Transported mass [kg]

Route | Type Ref. Syn- | Syn- | EE- | EE-
PMSM IML | IM2 ) IM3 RM1 | RM2 | SM1 | SM2

To or
within | Truck 61.0 84.5 | 89.4 | 104 | 131.3 | 154.7 | 77.5 86
Europe

3.6.2 Transports for EoL

Table 3.11 declares the transportation data to deliver manufacturing scrap
from the e-machine factory to the recycling center based on the average trans-
port of steel scrap from Ecoinvent for the European market of steel scrap.
These values are, in turn, approximated from global market processes, based
on original data derived from expert judgment. It is assumed that manufac-
turing scrap is treated in the same region as the e-machine is produced, where
regional market activities are, in this case, adequate; thus, the distance be-
tween the two facilities is rather close, within 20 km. The transported masses
from manufacturing scrap are listed in Table 3.12, mainly from the process of
punching electrical steel sheets, which could be observed in Table 3.15.

The transportation data in Table 3.13 is based on the Ecoinvent average
transportation of iron scrap for the global market from sorting to secondary
steel production. In this study, this data was used to represent the transport
of the collections of Eol. e-machines to the recycling centers globally. Their
distances and the transport types are rather scattered, from 20 km to 211 km
by train, ship, or lorry. It is assumed that the collection points of EoLL EVs and
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Table 3.11: Estimations made for the average total distance and mode in the trans-

portation of manufacturing scrap from the e-machine factory to the

recycling center, measured per 1 ton-km, within Europe (T3).

Route Type | Distance | Linked flow Location
In Europe | Train | 11.2 km Transport, freight train | Europe
T freight, 1
In Europe | Truck | 19.32 km ransp.o rt, freight, lorry, Europe
unspecified

Table 3.12: Estimations made for masses of manufacturing scrap transported from

the e-machine factory to the recycling center (T3)

Transported mass [kg]
Route | Type Ref. Syn- | Syn- | EE- | EE-
PMSM IML | IM2 ) IM3 RM1 | RM2 | SM1 | SM2
Within | Train
Europe | and 20.6 25 27 | 329 | 48.1 | 579 | 244 | 31.1
Truck

recycling centers have distances that are less than 220 km. The transported
masses of the four technical options are listed in Table 3.14, which are the
masses of their full products’ weights.

Table 3.13: Estimations made for the average total distance and mode in the trans-

portation of Eol. e-machines, from collection points to the recycling

centers, measured per 1 ton-km, from and within Europe (T4).

Route | Type | Distance | Linked flow Location
Global | Train | 112 km Transport, freight train Europe
Global | Ship 19.9 km Transport, freight, inland Europe
waterways, barge
Transport, freight, lorry,
Global | Truck | 193.2 km ) Europe
unspecified
T freigh
Global | Ship | 211.5 km | —-onsport, freight, sea, | o by
container ship
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Table 3.14: Estimations made for the masses of EoL e-machines from collection
points to the recycling centers from and within Europe (T4).

Transported mass [kg]

Route | Type Ref. Syn- | Syn- | EE- | EE-
PMSM IMI | M2 IM3 RM1 | RM2 | SM1 | SM2

From | Train,

and oship 0 hos | 620 | 712 | 832 | 96.8 | 521 | 549

within and

Europe | truck

3.6.3 EoL

In this study, only part of EoL included in the model is the shredding process,
which is the standard method used by most recycling centers for the e-machine
recycling [58]. As illustrated in Figure 3.11, scrap from the e-machine factory,
along with EoLL e-machines, is assumed to be transported to recycling centers
for processing. The masses of different scrap are listed in Table 3.15.
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Table 3.15: Mass of main scraps from the e-machine factory.

) Scraps of steel sheet | Scraps of Al and Cu
E-machines
[kg] [7%] [kg] [7]
Ref. PMSM 19.7 30% 0.9 1%
IM1 21.8 26% 3.2 4%
IM2 25.8 29% 1.2 1%
IM3 31.6 30% 1.2 1%
SynRM1 46.9 36% 1.3 1%
SynRM?2 56.6 37% 1.3 1%
EESM1 23.3 29% 1.1 1%
EESM2 30.1 36% 1.1 1%




CHAPTER 4

Induction machine modeling

In this chapter, a method for identifying IM parameters is presented first.
Next, built on the proposed method, three induction machines were designed
and examined:

1. IM with dist. Cu stator windings and Cu rotor bars (IM1).

2. IM with dist. Cu stator windings and Al rotor bars (IM2).

3. IM with dist. Al stator windings and Al rotor bars (IM3).
Their electromagnetic FEM models are built to resemble their energy loss
models. Thirdly, the LCI models of IMs are constructed and presented. Fi-
nally, in this chapter, their LCA results are benchmarked against those of the

Ref PMSM in Chapter 3.
The design summary of three IMs is listed in Table 4.1.

4.1 IM Parameter ldentification

Accurate parameter estimation is essential in early design stages to reduce
prototyping and enable precise performance evaluation. Traditional methods,
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Table 4.1: Design summary of investigated IMs.

Machines IM1 | IM2 | IM3
Number of poles 4
Sf;il‘gi‘/’ioﬁte“als Cu/Cu | Cu/Al | Al/Al
Stack length [, [mm] 158 178 218
Number of stator /rotor slots S48 / R60

Number of winding turns 13 6 5
in stator N,

Number of stator winding 4 5
parallel branches Ny,

Stator outer diameter [mm)] 200

Stator inner diameter [mm] 127.3 133.3

Air gap length [mm] 0.5

Maximum RMS current

density [A/mm?] 20 16.7
Stator winding temperature [°C]| 120

Rotor winding temperature [°C]| 150

Material loss rate during A7 46
punching used in LCI [%]

50



4.1 IM Parameter Identification

such as no-load and locked-rotor tests [6], are limited by fixed flux levels and
inseparable leakage inductances.

Advanced techniques [59]-[61] utlize load tests, online estimation, and flux-
decay analysis, but they rarely integrate with FEM for early-stage design.
FEM-based approaches [8]-[11] address saturation and deep-bar effects using
equivalent circuit models like the T-form (TFM) and inverse I'-form (IGFM).
However, many remain unvalidated or restricted to standstill conditions.

This work introduces a FEM-based method to extract dynamic equivalent
circuit parameters as functions of magnetizing current, accounting for iron
saturation and deep-bar effects. Parameters for both TFM and IGFM are de-
rived from current and flux linkage phasors under no-load and load conditions
using a transient solver. The approach enhances torque prediction accuracy
compared to conventional tests and supports optimal operating point selection
with minimal FEM effort. Experimental validation demonstrates its effective-
ness against traditional and proposed methods.

4.1.1 Equivalent Model

~
<

~
<
|

Figure 4.1: Steady-state T-form model of IMs.

The classical steady-state TFM in the a- stationary frame with amplitude-
invariant scaling is shown in Figure 4.1. The current relationship is

i = i+ i, (4.1)
Stator and rotor flux linkages are
Y, = Lsig+ Lini,, ¥ = Ly, + L, (4.2)

where Ly = L,, + Ls\ and L, = L,,, + L,), both varying with magnetizing
current [,, due to saturation. FEM simulations provide currents and flux
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linkages, enabling estimation of L,,, Ls, L,, and i,, via (4.1-4.2). Rotor
resistance R, is computed from torque 7., and rotor current I,

_ 2T emwr S

.= : 4.
& 312 1—s (43)

Req + ]Xeq

Figure 4.2: Steady-state inverse I'-form model of TMs.

The IGFM, shown in Figure 4.2, is widely used in control due to reduced
parameterization [30]. Its parameters are obtained from TFM as

L, \> L2
RR:<L ) R., Ly=-=-" L,=Ls— Ly (4.4)

and rotor flux linkage

br =10, (4.5)

Under Park transformation and PFOC, 9  aligns with the d-axis, yielding

Rpil
Wo = — = (46)
Vi
3 4
Tern = 3 Yyl (4.7)

Accurate prediction of Rg, Ly, and % ensures precise torque estimation
from i¢ and 4.
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4.1 IM Parameter Identification

4.1.2 Rotor-Fixed u-v Coordinate System

Using a FEM tool such as Ansys/Maxwell, the induced voltage, current, and
flux linkage in individual rotor bars can be computed. Following [13], a tran-
sient solver is preferred over a time-harmonic solver to capture saturation and
deep-bar effects; thus, it is adopted in this work. To aggregate variables from
multiple bars into one pole, a rotor-fixed u-v coordinate system is introduced,
where u and v represent the real and imaginary axes, respectively.

Figure 4.3 illustrates the coordinate systems in the cross-section of a six-
pole 15 kW IM FEM model. On the stator side, the a-axis aligns with the flux
linkage of phase A, while the S-axis lags by /2. On the rotor side, the u-axis
and v-axis correspond to electrical angles m (Bar07) and 37/2, respectively.
The rotor flux linkage 1 defines the d-axis orientation.

Figure 4.3: Coordinate systems in the 15 kW IM FEM model.

For a rotor segment, time-varying quantities in different bars share the
same amplitude and frequency ws, with a phase shift of (27N,)/Q, between
adjacent bars [62]. Thus, in the u-v plane

k—1)2mN, -
Thar (1) = Xpg,. cOS (wzt - (Q#) , k=1,2,..., 2% (4.8)
r P

where x € {u,i,v} and X € {U,I,V}.
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Projecting these variables onto the rotor-fixed axes gives

Qr /2N,
u uv 27Ny
¥ (t) = k§_1 zp. () cos <7r — (k- 0.5)T>

QT/ENP 27N
)= % aih) sin(w— (k —0.5) g;)

(4.9)

From % and v} at t = 0, the initial electrical angle between -/ and d-gq
frames is

Or o = w0 + 0370 (4.10)

where 0, ¢ is the u-axis angle in - and 6" is the rotor flux angle in u-v.

Rotor quantities can be referred to the stator side as

ON,qski N rCs
= S e g Qs _ pu (4.11)

\IJT — ZnT . L. A\ ‘thar
Cs 6Nsqsk1 N b

4.1.3 Conventional Method

—{ Step1: No-load tests with current sweeps

v
L,(I,) ‘ Step2: Locked-rotor test with % of rated frequency

Y
‘ Step3: Load tests with voltage sweeps

i Es,ind ’ is
ﬁ Step4: Identifications of parameters of TEM
Ly
R.,L,(I,), L.(L,), #
T m(m) r( m) yr v Lr)\
Steps: Calculations of parameters of IGFM R,

v

RRa LI\I(IJ\I)a La(IM)7 ¢%7 lcsl’ 7'3

Figure 4.4: Flowchart of the conventional method.

The IEEE standard method [6] estimates IM parameters at rated conditions
using no-load and locked-rotor tests. Since the locked-rotor test only provides
total leakage inductance Lgy + Ly, their ratio is assumed as Lgy/L,» = 1 per
[6]. The procedure (Figure 4.4) is implemented in Ansys/Maxwell
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4.1 IM Parameter Identification

e Step 1: Perform no-load tests at various stator currents to determine
Ls(Iy).

e Step 2: Conduct a locked-rotor test at 25% rated frequency to obtain
R, and Lg\ + L.

e Step 3: From load test phasors u, ;,, and i,, compute

S,1n

U
w —u. = jwobes, i =i 4 —Sm 4.12
YU Us ind — JW0oLisA - - R, +]W0Lr>\ ( )

Then derive Ly, (Iim), Ly(Im), and ¢ using (4.2).

o« Step 4: Apply (4.4)—(4.5) to compute Rr, Las(In), Lo(L), and 1.
Finally

wd
il = 1 il = /12 — (i9)2 (4.13)
Ly

4.1.4 Proposed Method

Step1: No-load tests with current sweeps ‘

Uy ,ind

v
L,(I,) ‘ Step2: Load tests with voltage sweeps

i

TE
Wy

U uv uv
Lss yw lbar.l ) ybar,l ) ybanl

|

|

I

I

Step3: Identification of parameters of TFM ‘ |
I

'Rﬂ Lm(Im)7 Lr(Im>7 Qr :
I

|

|

|

|

|

I

Step4: Calculations of parameters of IGFM

v

Ry, Ly (Iyy), Ly (Iy), %%, 0%, i

Figure 4.5: Flowchart of the proposed procedure.

The proposed method, illustrated in Figure 4.5, begins with a no-load test
to establish the L,,—I,, relationship. In the second step, stator phasors are
directly extracted from FEM results. To capture rotor branch information,
the induced voltage and current phasors of a rotor bar, wy,,.; and i, |, are
obtained from the end-connection in Ansys/Maxwell, which represents the
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end-rings in 2D FEA. The rotor bar flux linkage is then computed as

i () = [ o (0 de (414)
and referred to the stator side using (4.11), avoiding the locked-rotor test
approach.

With Lg(1,,) from Step 1 and phasors from Step 2, Step 3 determines
R,, L, (I,), L.(I,), and ¥, . Step 4 follows the same procedure as in the
conventional method to compute IGFM parameters.

4.1.5 Verification by FEM simulations for a 15 kW IM

Previous work [63] showed that the proposed method outperforms the IEEE
standard [6] under varying input voltages at constant speed (980 rpm). Here,
robustness is further tested for rotor speeds from 995 rpm to 950 rpm (slip
0.5%-5%) at constant voltage.

The investigated 15 kW IM design is summarized in Table 4.2, and its

cross-section is shown in Figure 4.3.
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Table 4.2: Design details of the 15 kW IM.

Parameter Value Unit
Rated output power 15 kW
Rated speed 980 rpm
Rated line-to-line voltage (RMS) 380/50 V/Hz
Pole pairs NV, 3 -
Core stack length 230 mm
Stator outer/inner diameter 291.2 / 190.2 mm
Rotor outer/inner diameter 189.3 / 55 mm
Rotor end-ring diameter 163.3 mm
Stator slots Qs / Rotor slots @, 36 /39 -
Turns per coil N 38 -
Stator conductor area 1.98 mm?
Parallel strands per turn 2 -
Parallel branches N, 3 -
Connection Y -
Stator/Rotor temperature 70 / 102 °C
Materials (Stator/Rotor/Iron) | Cu / Al / M700-50A -




4.1 IM Parameter Identification

To validate the proposed model, IGFM parameters are used to predict IM
performance and compared with FEM results. The electromagnetic torque is
given by (4.7). The equivalent impedance in Figure 4.2 is

W22 R_g
Hea = 8ot Y7,

Lo (£2)? ] (4.15)

Koy = + (R

The input voltage, active/reactive power, and power factor are

’
Us = I\ R2, + X2,
Py, =312
‘ 215 g (4.16)
Qin - %IgXeq
\pf - %Usls

Two IGFM parameter sets, obtained using the conventional and proposed
methods (see Figure 4.4 and Figure 4.5), are compared. The transformed
magnetizing inductance curves and key parameters are shown in Figure 4.6
and Table 4.3.
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Figure 4.6: Transformed magnetizing inductance curve.

Using these parameters, the d- and g-components of stator current (ig, i9)
are computed, and IM performance is predicted via (4.15-4.16). Comparative
results between FEM simulations and IGFM-based predictions are shown in
Figure 4.7a-4.8d. FEM results (blue solid lines with triangles) correspond
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Chapter 4 Induction machine modeling

Table 4.3: Transformed rotor resistance and leakage inductance.

Parameter | Unit | Conventional | Proposed
L, mH 4.38 3.89
Rpr (102°C) Q 0.199 0.215

to rated voltage and slip values from 0.5% to 5%. Predictions from the pro-
posed method are shown as red dashed lines with stars, while the conventional
method results are green dash-dotted lines with squares.

Both methods exhibit small deviations from FEM results, with phase volt-
age amplitude (Us) errors under 6% (Figure 4.7a). For electromagnetic torque
(Term), input active power (P;, ), reactive power (Q;,), and power factor (p.f.),
the proposed method generally provides closer agreement with FEM than the
conventional approach (Figure 4.7b—4.8d).
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Figure 4.7: Comparisons of various variables from the FEM model, and two

IGFMs.
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4.1.6 Verification by experimental results for a 15 kW IM

Experimental validation is performed on a 15 kW, 6-pole IM [64]. Five no-
load and three load tests with sinusoidal supply were conducted for four hours
to ensure thermal steady state. Figure 4.9 shows an example of ambient
temperature variation during tests. Stator and rotor conductor temperatures
were monitored using PT100 sensors.

26

Temperature[°C]
N N
i 3

N
w
!

22

0 40 80 120 160 200 240
Time[min.]

Figure 4.9: Example of ambient temperature fluctuations during tests.

The tested machine was an ABB MBT-180L (15 kW, 970 rpm, 380 V,
32 A), coupled to a DC drive (DMP 160-4S, 40.1 kW, 2470 rpm) powered by
a TYRAK S 120 A converter. Power was measured using a Siemens B4301
meter, and torque with a 500 Nm HBM sensor.

Figure 4.10 shows the IGFM updated with iron loss resistance Ry, ex-
tracted from no-load tests.

Figure 4.10: Inverse-I' model including iron loss resistance Ry..

60



4.1 IM Parameter Identification

No-Load Tests

Results of five no-load tests at 50 Hz are listed in Table 4.4.

Table 4.4: Experimental results of no-load tests.

Test, 1 2 3 4 5

Urr [V] 94.4 | 203.8 | 270.2 | 336 | 380.7
I [A] 4.2 8.1 10.8 14.1 16.9
Py, [kW] 0.296 | 0.494 | 0.701 | 0.953 | 1.178
Winding temp [°C] | 28.4 34.3 39.5 46.3 52.5

Figure 4.11 compares stator inductance vs. current from FEM and ex-
periments. The FEM model assumes an airgap of 0.45 mm. Discrepancies
decrease at higher currents. Causes include: (i) high sensitivity of L,, to air-
gap length (0.05 mm variation changes Ls by ~5 mH [59]), and (ii) omission
of end-winding leakage in 2D FEM.
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Figure 4.11: Stator inductance vs. stator current: FEM vs. experiment.

Since output power is zero in no-load tests, input power equals stator Cu
loss (Pstrand), core loss (Pge), and friction loss (Pfriction). Using Table 4.2
and winding temperature, Ry and Pstrqng are computed and subtracted. Fig-
ure 4.12 shows (Pfc + Pfriction) VS. Ug}r The y-intercept gives Prriction, listed
in Table 4.5.

To align FEM with reality, iron loss is scaled by a factor of 2 (per [65]) to
account for manufacturing effects [66]. Figure 4.12 compares adjusted FEM
and experimental results.
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Figure 4.12: Iron and friction loss vs. voltage squared: FEM vs. experiment.

Table 4.5: Extracted no-load loss parameters.

Parameter | Unit | Value
Rye Q 191.02
Prriction AW 240.29

Load Tests

Three load test results at 50 Hz are listed in Table 4.6. Output power and
torque are computed by subtracting losses (Pgstrana from Rg, Pge and Priction

from no-load tests).

Table 4.6: Experimental results of load tests.

Test 1 2 3

Urr [V] 385.1 | 380.2 | 378.7
I, [A] 195 | 24.8 | 32

P, [kW] 6.15 | 11.54 | 17.08
Speed [rpm] 990.9 | 980.2 | 964.9
Stator temp [°C] | 57.3 | 69.8 | 102.8
Rotor temp [°C] | 78.8 | 102.5 | 158.3
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4.1 IM Parameter Identification

Comparison with FEM and IGFM Predictions

Figures. 4.13a-4.14b compare experimental results with FEM and IGFM pre-
dictions (proposed vs. conventional). FEM predictions are closest overall, but
the proposed method provides the best torque estimates (Figure 4.13b). Dis-
crepancies in P;, (10-15%) arise mainly from underestimation of Uy, which
affects iron loss calculations in circuit-based models. Nevertheless, the pro-
posed method improves predictions of U, T,,,, and @;, compared to the
conventional approach.

4.1.7 Flux-Decay Tests

A flux-decay test was performed on the 15 kW IM to estimate rotor resistance,
as this method is particularly suited for that purpose. Since no standard exists
for this test, the procedure in [6] was used as a reference.

The test consists of two stages: (i) magnetizing the core under no-load
conditions, and (ii) disconnecting the supply, causing stator current to drop
to zero. After an initial voltage spike, the rotor flux decays to zero, reflected
in the stator voltage.

Several tests were conducted at different flux levels. The case presented
uses Ug; = 54 Vs and f = 20 Hz, producing I, =~ 10 A,,s. This setting
ensures moderate saturation and a relatively constant Lj; during the initial
decay.

Figure 4.15 shows the three-phase stator voltages and their envelope. The
step change at ¢ = 0 s is attributed to stator leakage inductance [61]. The
stator leakage inductance is estimated as

Usni — Us,Fpo
2r fols NI

where Us nr and I, n1 are the stator voltage and current amplitudes before

Ls)\ -

(4.17)

disconnection, U, rpo is the initial voltage amplitude after disconnection, and
fo is the supply frequency.
The voltage envelope is fitted by:

Us,rp(t) = Us,FDoe_t/TT (4.18)
where 7, is the rotor time constant
L,
"= (419
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Figure 4.13: Comparisons of various variables from experiments, the FEM model,
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Assuming L, = Ls)y, then L, = L, for this test.

Table 4.7 compares parameters from the flux-decay test and the conven-

tional method [59].

Table 4.7: Parameters from flux-decay and conventional methods (resistances at

20°C).
Parameter | Flux-decay | Conventional | Unit
Ly 46.56 47.55 mH
R, 0.168 0.190 Q
Lgx 2.38 2.55 mH
L.y 2.38 2.00 mH

Figure 4.17 compares R, estimates from three approaches: (i) locked-rotor
test at 10 Hz [59] (red dotted line), (ii) flux-decay test using 0.1 s intervals
assuming constant Lj; (blue dots), and (iii) full-period curve fitting (green
dashed line). The trend aligns with [61], though that work suggested reducing
R, by 20% to account for iron losses, which would yield unrealistically low
values compared to load test predictions.
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Figure 4.17: Comparison of rotor resistance estimates at 20°C from three methods.

4.2 Energy Loss Model

Figures. 4.18a and 4.18b show the cross-sections of IM1, IM2, and IM3 (IM2
and IM3 share the same geometry). A squirrel-cage rotor was selected as it
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4.2 Energy Loss Model

is the most common design for EV traction IMs [67], used in vehicles such as
Tesla Model S/X (2015), Audi e-Tron (2019), and Mercedes-Benz EQC (2020)
[12], [68].

The rotor consists of a laminated iron core with uniformly distributed slots,
rotor bars, and a shaft integrated into the core. The bars are short-circuited
by two end rings, forming a closed circuit. This configuration induces rotor
currents from the stator flux, generating electromagnetic torque.

Industrial IMs up to several hundred kilowatts typically use die-cast Al
rotors due to the cost-effectiveness and maturity of the pressure die-casting
process [67], [69]. However, the automotive sector’s demand for compact,
efficient machines has driven interest in Cu rotors, manufactured via die-
casting or mechanical methods such as laser welding or brazing [70]. Advances
in casting technology have enabled mass production of die-cast Cu rotors [15],
[71], [72].

The choice between Cu and Al involves trade-offs summarized in Table 4.8.
Al has a conductivity of 61% TACS, which means its conductivity is 39%
less than pure annealed Cu. Replacing the rotor bar material with Cu can
therefore enhance IM efficiency [15], [73]. However, Cu rotors have higher
inertia and cost due to material density and price [72]. Furthermore, Cu is
classified as a strategic raw material under the EU Critical Raw Materials
Act [42], while Al is abundant in the Earth’s crust [74]. This is reflected in
their crustal scarcity potential (CSP) [75], an indicator of long-term resource
availability. For comparison, Nd(Dy)FeB magnets exhibit extremely high CSP
values (Dy: 79 ton Si eq/kg, Nd: 14 ton Si eq/kg, B: 26 ton Si eq/kg),
highlighting their criticality.

Table 4.8: Properties of Cu and Al [67], [75]-]78].

Property Cu Al
Density [kg/m?] 8,890-8,940 | 2,700
Melting point [°C] 1083 660
Electrical conductivity [% TACS] 100 61
Avg. price (2023) [$USD/ton] 8,490 2,256
CSP [k Si eq/ke] 10,000 3.4
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Figure 4.18: Cross-section of IM for one pole pitch.
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4.2.1 Thermal Management and Cooling Losses

Thermal management is critical for e-machine performance and reliability.
Excessive heat can cause insulation degradation, failure, or magnet demagne-
tization (in PMSMs). Higher temperatures also increase conductor resistivity,
raising losses, and reducing PMSM magnet strength, requiring higher stator
currents for the same torque.

Due to high power density requirements, traction e-machines typically use
closed-loop liquid cooling, categorized as [79], [80]:

2. Direct cooling (oil):
1. Indirect cooling (water or oil):

a) Direct winding cooling
b) Fluid bath
¢) Fluid spray

a) Cooling jacket
b) Hollow shaft

Indirect cooling uses a coolant in indirect contact with heat sources (stator
and rotor conductors, laminated core). Direct cooling, where coolant contacts
the heat source, enables higher power density. Oil is often used for direct cool-
ing due to its high boiling point and insulation properties, though it increases
pumping losses and rotor friction in fluid-bath systems. Water-based indirect
cooling is common in EVs [79]. In this study, water-jacket and hollow-shaft
cooling are adopted.

4.2.1.1 Stator thermal design considerations

The water jacket circulates a water-glycol mixture through channels in the
stator frame, transferring heat to a heat exchanger. Water-glycol is preferred
for its high heat capacity, thermal conductivity, and freeze resistance.

All IMs share the same stator outer diameter and use the same cooling
jacket design as in [23], ensuring similar heat removal per mm (kW /mm).
Thus, the same winding temperature is assumed for all designs.

Ohmic loss depends on the conductor current and resistance. To achieve
equal stator Ohmic loss per mm:

o Cu-wound machines (Ref. PMSM, IM1, IM2): max current density =
20 A/mm?.

o IM3 (Al winding): reduced current density to match Ohmic loss per
min.
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IM1’s smaller rotor (due to Cu’s higher conductivity) allows more stator
turns and a shorter active length than IM2 while maintaining peak torque.
IM3 compensates for lower current density with a longer active length.

4.2.1.2 Extra loss due to rotor cooling

Rotor cooling is challenging due to the air gap limiting heat transfer. Hollow-
shaft cooling, as used in Tesla Model S/X (2015) and Audi e-Tron (2019),
addresses this by integrating a coolant path through the shaft [81]. The system
includes a hollow shaft, seals, and an Al pipe guiding coolant jets inside the
shaft.

However, integrated cooling systems increase energy consumption for pump-
ing and introduce friction losses from seals [82], [83]. These factors are in-
cluded in the life-cycle use-phase power loss estimation.

The additional friction loss due to shaft-bearing seals is estimated using the
SKF model [84]:

Ptriction = 1.05 x 107* x M x n, (4.20)

where Pfriction 1S bearing friction loss (W), M is total frictional moment
(Nmm)
M = Mye + Mgou (421)

My accounts for rolling, sliding, and drag losses, while M.,; is due to seals
(data from [85]). Thus, extra friction loss from seals is:

Pfriction,sealing = 1.05 x 10_4 X Mseal X Ny (422)

Figure 4.19 shows the friction loss map for IM1.
The Darcy-Weisbach equation estimates pressure losses in cooling channels

lcoo in 1
Ap = fow 77 x 2 pQ (4.23)
cooling

where fpw is the Darcy friction factor, lcooting and deooring are the length and
diameter of the cooling path (m), p is fluid density (kg/m?), and Q is coolant
flow rate (m/s).

Based on [82], for lcooting/dcooting = 10 (stationary) and 30 (rotating) with
() = 8 L/min, the pressure drops are

2
Ap, = (0.028n, + 434.5) l“l/ (;i - <%) (4.24)
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Figure 4.19: Extra friction loss due to hollow-shaft cooling seals (IM1).
2
lo/d
Ap, = (0.028n, + 660.6)% (%) (4.25)

where Apg and Ap,. are pressure drops in stationary and rotating paths (Pa),
n, is rotor speed (rpm), [, is active length (mm), and dg, d, are diameters of
stationary and rotating paths (mm).

The total pressure drop due to the cooling path can be denoted as

In Figures. 4.20a—4.20c, the pressure drop maps for IM1, IM2, and IM3 due
to the hollow-shaft cooling path are shown. The pressure drop increases with

rotor speed and, for a given speed, with active length, as a longer cooling path
adds resistance.

The additional power required by the cooling pump to circulate coolant
through the hollow shaft is

QAp

Poump = (4.27)
where Pp,yump is the extra pump power (W), Ap is the pressure drop from
Figure 4.20a~4.20c, @ is the coolant flow rate, and 7,ump is pump efficiency
(assumed 80%). Figures 4.21a—4.21c present the extra pump power maps for
IM1, IM2, and IM3. Figures 4.22a—4.22c¢ illustrate the efficiency maps with
WLTC operating points, while Figures 4.23a—4.23c¢ show the corresponding
loss maps for IM1, IM2, and IM3, respectively.
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Figure 4.20: Pressure drop maps of rotor hollow-shaft cooling systems.

72



4.2 Energy Loss Model

Torque [Nm]

Torque [Nm]

Torque [Nm]

b e e o
~
\\
~
~
200 \,\
\\\
~
150 - \\\\
5 5 TSel
o w
100 &G g
o ~~a
~~—e_
50 o &
wv o
2000 4000 6000 8000 10000 12000
Rotor speed [rpm]
(a) IM1.
-~ -
~
\\
~
200 - 22
\\
~
\\\
150 4 \\\
\\
% & ™~
* o ~ -
100 - & e~
-
~~~~~
50 - ® 5 W
o w
=
d
T T T l
2000 4000 6000 8000 10000 12000
Rotor speed [rpm]
(b) IM2.
250 4
e S T ---___—-v\
\\\
\\
200 4 <
\\\
~
150 Sso
\\\
-~
‘h-
100 & & & e
ps o 1<) S~q
) & T~
w o
50 N
w
N
o
T T T T T .
2000 4000 6000 8000 10000 12000

Rotor speed [rpm]
(c) IM3.

Figure 4.21: Extra pump power for rotor hollow-shaft cooling.
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Chapter 4 Induction machine modeling

4.3 LCI model

In Figure 4.24, the exploded-view drawings of a PMSM and an IM derived
from Nordelof et al. [23] are shown, where all updates from PMSM to IM are
highlighted in blue and bold fonts. The critical difference between PMSMs
and IMs is the rotor package and the rotor cooling system. Compared to a
PMSM, in IMs, the components of permanent magnets, the passive rotor core
to save mass of the rotor and venting air, and the endplates of the rotor
to fix magnets and rotor steel sheets can be removed, and instead, rotor
conductors are needed. Furthermore, a rotor hollow-shaft cooling system is
often implemented in traction IMs due to the higher losses in the rotor.

A system overview of the life cycle till the production stage of the three IM
options is provided in Figure 4.25. As the figure indicates, most of the data
is based on the work from the IPMSM LCI model reported by Nordelof et al.
in a series of publications [51]-[53]. The updated models are highlighted in
orange and explained in the section 4.3.1 and 4.3.2.

4.3.1 Die casting Al housing and rotor cooling parts

This study uses the same model to calculate the weight of the Al housing, as
the one presented in Nordelof et al. [51]. In addition to housing itself, the
water inner lance and coolant collector are assumed to be manufactured with
Al housing. The masses of die-casting parts are listed in Table 4.9, where
the masses for cooling parts are estimated by the geometries in the report by
Doerr et al. [81].

Table 4.9: Estimations made for the masses of Al housing and rotor cooling parts
of e-machines from the die casting foundry.

Mass [kg]
Parts Ref.
PMSM IM1 | IM2 | IM3
Housing body 9.4 12.5 | 14.5 | 18.6
One endbell 2.5
Coolant collector 0 0.75
Water inner lance | 0 0.05 | 0.06 | 0.07

The process of Al die-casting is similar to that described in Nordelof et al.
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4.8 LCI model

[51]. However, in Nordelof et al. [51], the energy carriers are natural gas for
melting Al and electricity for powering the die-casting machine. In this study,
the energy carrier is updated to be fully electrified, in line with current devel-
opments in Europe. Additionally, the data found in the accessible literature
utilized electric furnaces [71], [86], [87]. The data used in this study for the Al
die casting process are listed in Table 4.10 and S 4.11, where the emission of
volatile organic compounds (VOCs) came from the use of lubricating oil [88].

Table 4.10: Process input for the production of 1 kg die-cast Al housing and rotor
cooling parts.

Process input Amount Source | Linked flow Location

per kg
Al 1.06 kg [89] Al, primary, ingot
Electricity for Electricity, In line with
melting and 2.1 kWh [87] medium voltage electricity
holding Al scenario
Electricity for 9.6 KWh 189] Electcricity, electricity scenario
the rest medium voltage
Lubricating oil 20g [89] Lubricating oil

Table 4.11: Emissions from the production of 1 kg die-cast Al housing and rotor
cooling parts.

Emissions Amount Source | Linked flow Location
per kg
Al 04g [89] Al, unspecified In line with
VOC lg [88] NMVOC electricity scenario
Al scrap 0.06 kg [89] Al scrap for recycling

4.3.2 IM factory

The manufacturing processes of the three IM technical options are depicted
in Figure 4.26, updated from the PMSM LCI model in Nordel6f et al. [51].
The red-dotted lines in Figure 4.26 circle the updated processes. The needed
data were found in available scientific literature.
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4.3.2.1 Die casting rotor conductor bars

The process of die-casting Al rotor bars is almost the same as that of die-
casting Al housing listed in Tables S 4.12 and S 4.13, but without the electricity
required to maintain other necessary facilities, such as office heaters. Such
electricity has been included in the technical building services within the e-
machine factory, as described in Section 5.4.9 of the previous study [23]. The
data for the required energy and Cu ingot as input and Cu scrap as output
for die-casting Cu rotor bars are derived primarily from a comparative LCA
study by Cassoret et al. [15] and an LCA report by Schiesser et al. [87]. The
data on the needed lubricating oil is modified from the model of die-casting
Al rotor bars according to the ratio between the density of Al and Cu.

Table 4.12: Process input for the production of 1 kg die-casted Al bars in the rotor

core.
. Amount ] .
Process input Source | Linked flow Location
per kg
Al 1.06 kg [89] Al, primary, ingot
Electricity for Electricity, In line with
melting and 2.1 kWh [87] medium voltage electricity
holding Al scenario
Lubricating oil 20 g [89] Lubricating oil

Table 4.13: Emissions from the production of 1 kg die-casted Al bars in the rotor

core.
.. Amount . ]
Emissions Source | Linked flow Location
per kg
Al 04g [89] Al, unspecified In line with
VOC lg [88] NMVOC electricity scenario
Al scrap 0.06 kg [89] Al scrap for recycling
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Table 4.14: Process input for the production of 1 kg die-casted Cu bars in the rotor

core.

. Amount . .

Process input Source | Linked flow Location
per kg

Cu 1.52 kg [87] Cu, primary, ingot
Electricity for Electricity, In line with
melting and 1.325 kWh [87] medium voltage electricity
holding Cu scenario
Lubricating oil 6g [87], [89] | Lubricating oil

Table 4.15: Emissions from the production of 1 kg die-casted Cu bars in the rotor

core.
Emissions Amount Source | Linked flow | Location
per kg
VOC 03¢g [87], [88] | NMVOC In line with
Ct serap 0.52 ke 187] Cu scrap. electricity scenario
for recycling

4.3.2.2 Hollow shaft

In Nordelof et al. [51], a simple model to calculate the mass of the shaft is
applied by

2

20 4 0.07(Tas — 48 .
(20 +0.07( D1 (120 +1,) x 1079 x 7870 (4.28)

2

Mshaft =T

where mgpq ¢ is the mass of the shaft in kg, T},q, is the maximum torque in
Nm, and [, is the axial length of the iron core in mm. The model was derived
from the statistics of T},., and [, of eight e-machines and their shaft weights.

To examine if this model can be used to calculate the masses of hollow shafts,
another approach to estimate the shaft mass of two IMs in Audi e-Tron (2019)
by geometries in Doerr et al. [81] was also applied and compared with the ones
derived from (4.28) in Table 4.16. The results indicate a maximum difference
of 17% between the two estimation approaches, leading to the decision to use
the same shaft mass model in this study.

The process of pushpointing (process 8 in Figure 4.26) is chosen to make a
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Table 4.16: Estimated masses of hollow shafts for IMs of Audi e-Tron (2019) [81].

Max torque Shaft length Shaft weight mpq s
Stated in Estimated from Estimated from Calculated
Doerr et al. [81] the geometries the geometries by (4.28)
in Doerr et al. [81] | in Doerr et al. [81]
247 Nm 120 mm 2 kg 1.7 kg
314 Nm 210 mm 2.9 kg 3 kg

Table 4.17: Process input for the production of 1 hollow shaft.

P A t
] rocess moun Source | Linked flow Location
input per kg
Electricit In li ith
Electricity | 43.42 Wh | [90] eetricity, v e W .
medium voltage | electricity scenario

tapper shape on both ends of a steel tube [91]. The data for the energy con-
sumption of the pushpointing process is found in Dohi et al.[90] and presented
in Table 4.17.

Figure 4.27a - 4.27¢c are the weight share for IM1, IM2, and IM3 respectively.

4.4 Technical performance

Table 4.18 summarizes key technical performance and drive-cycle energy losses
of the investigated induction machines (IM1-IM3) compared to the Ref. PMSM.
All machines deliver similar maximum torque (239-242 Nm) and rated power
(100 kW), ensuring a fair basis for comparison. However, significant differences
appear in power density and weight distribution. The PMSM achieves the
highest volumetric and gravimetric power densities (25.1 kW /L and 2.2 kW /kg),
outperforming all IMs. Among the IMs, IM1 (full Cu conductors) is the light-
est and most compact, while IM3 (full Al conductors) is the heaviest, reflecting
the need for a longer active length to compensate for Al’s lower conductivity.
While these differences in power density and weight highlight important
design trade-offs, another critical aspect influencing overall efficiency and life-
cycle performance is the accurate estimation of iron losses, which remains a
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significant challenge during the design phase. This complexity arises because
iron loss depends on several interdependent factors:

e Applied magnetic field strength,

o Cross-sectional geometry of the electric machine,
o FElectrical steel sheet material properties,

o Pulse-width modulation (PWM) feeding,

e Manufacturing and processing parameters.

Although FEM simulations are widely used for iron loss prediction, they strug-
gle to capture the effects of PWM excitation and manufacturing-induced vari-
ations. Incorporating PWM into FEM significantly increases computational
effort, and uncertainties from processes such as stamping, annealing, and coat-
ing further complicate accurate modeling. To compensate for these unmod-
eled effects, a correction factor known as the iron loss factor (fse), typically
ranging from 1.7 to 2, is commonly applied [65], [92]. However, applying the
same factor across machine types could, in the worst case, distort efficiency
comparisons. For example, when f. is applied uniformly, the Ref. PMSM
appears less efficient than IM1 because iron losses cause more than 60% of
total energy consumption due to e-mahcine in the PMSM, compared to about
24% in IM1. This disproportionate impact highlights the relative advantage
of induction machines under realistic operating conditions.

4.5 Environmental Performance by LCIA

This section presents the results of the life cycle impact assessment (LCIA).
Subsection 4.5.1 examines endpoint impact categories related to ecosystem
quality and human health using the ReCiPe 2016 v1.03 method. The pri-
mary purpose of including endpoint analysis is to identify the categories that
contribute most significantly to the environmental burden of electric traction
machine manufacturing, thereby guiding the selection of key impact categories
for detailed discussion in subsequent sections.

Following this, results for selected midpoint indicators are presented. These
include climate change, reported as global warming potential over 100 years
(GWP100) based on IPCC 2020 [93], and crustal resource use, reported as
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Table 4.18: Key technical performances of investigated induction machines.

. Ref.
Machines PMSM IM1 IM2 IM3
General data
Maximum torque [Nm] 239 242 239 242
Maximum power [kW] 100 101 100 101
Base speed [rpm] 4000
Power density [kW /kg] 2.2 1.7 1.6 1.4
Power density [kW/L] 25.1 20.2 18.1 14.8
Weight
Stator core [kg] 11.8 17.6 18.3 22.4
Rotor core [kg] 7.2 8.8 10.8 13.2
Stator winding [kg] 4.8 5.8 6.1 2.0
Magnets/Rotor
conductors [ke] 1.3 4.1 3.6 2.0
Al housing and 14.6 19.2 21.8 27.0
cooling parts [kg]
Total weight [kg] 449 59.5 62.9 71.2
Drive cycle loss due to e-machine
Due to iron loss per 9.4 4.1 4.3 4.8
km [Wh/km] (fre =1) | 63.5%2 | 242%% | 23.9% | 248%¢°
Due to ohmic loss per 3.6 9.8 10.8 11.3
km [Wh/km] (ffe =1) | 24.6%% | 58.7%® | 59.8% | 58.3%¢
Due to other loss per 0.2 0.8 0.8 0.8
km [Wh/km] (ffe =1) 1.4%° 4.8%% 4.4%* 4.1%%
Due to road load per 1.5 2.1 2.2 2.5
km [Wh/km] (fre =1) | 105%9 | 12.3%@ 1299 12.8%2
Energy loss per
kmn [Wh/kam] (f0 = 1) 14.8 16.8 18.1 19.3
Life cycle energy [KWh] 2051 3354 3615 3870
(ffe = 1)
Energy loss per
kmn [Wh/km] (ff. = 1.7) 21.2 19.6 21 22
Life cycle loss [kih 4240 3914 4209 4530

(fre =1.7)

%percentage of total loss for respective e-machine
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crustal scarcity potential (CSP) according to Arvidsson et al. [75]. Addi-
tional midpoint indicators identified through the endpoint assessment are also
included, as defined in the ReCiPe 2016 v1.03 package [94], excluding its
internal versions of climate change and mineral resource indicators.

4.5.1 Endpoint Categories

The endpoint results are normalized per e-machine and derived from midpoint
impact categories, which quantify environmental and health-related damages
associated with the technical alternatives under study. These contributions
are illustrated in Figs. 4.28a and 4.28b.

Figure 4.28a shows that climate change is the dominant contributor to po-
tential ecosystem damage, followed by acidification and ecotoxicity, which
exhibit comparable contributions across both electricity scenarios. Other indi-
cators, such as eutrophication, water use, land use, and photochemical oxidant
formation, have relatively minor impacts, with some variation depending on
the scenario. For example, eutrophication is negligible under the low GHG-
intensity electricity scenario, whereas water use becomes more relevant in that
context.

Regarding human health impacts (Figure 4.28b), the primary contributors
are climate change, particulate matter formation, and non-carcinogenic human
toxicity. Other categories, including ozone depletion, photochemical oxidant
formation, and ionizing radiation, contribute negligibly.

Based on these findings, the subsequent analysis focuses on the impact
categories that consistently exhibit the highest contributions across scenar-
ios: climate change, acidification, particulate matter formation, and non-
carcinogenic human toxicity.

4.5.2 Midpoint Categories
4.5.2.1 Climate Change

Figure 4.29a presents the GWP100 results for the base case, assuming globally
averaged virgin Al production and one-piece electrical steel sheet punching
(with approximately 50% material loss). Consistent with previous findings
[23], under a high GHG-intensity electricity scenario, the use phase dominates
total emissions. Consequently, the most energy-efficient option, IM1, exhibits
the lowest emissions when accounting for the loss penalty (i.e., including a
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Figure 4.28: ReCiPe 1.03 endpoint results for ecosystem quality and human health.
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iron loss factor fr. = 1.7 to reflect manufacturing effects on electrical steel
sheets). Notably, Ref. PMSM and IM2 show similar use-phase emissions;
however, Ref. PMSM achieves lower total emissions due to its higher power
density. Under a low GHG-intensity electricity scenario, production-related
emissions become more significant, making Ref. PMSM the most favorable
option. Among production processes, Al housing and electrical steel sheet
manufacturing contribute the most, owing to their substantial mass shares.

12
1 B
£
<
o B8
w
o 6
Q
Qo
4
0 e e ew
Ref. PMSM M1 IM2 IM3 Ref. PMSM IM1 M2 IM3
High GHG intensity electricity Low GHG intensity electricity
(356 g CO,-Eq/kWh) (34 g CO,-Eq/kWh)
(a) Base case.
12
10 |
VB om B :
3 8 7.
o' 6
o
v
4
2 ! \L w‘ [ | [
o - s e
Ref. PMSM IM1 IM2 IM3 Ref. PMSM IM1 IM2 IM3
High GHG intensity electricity Low GHG intensity electricity
(356 g CO,-Eq/kWh) (34 g CO,-Eq/kWh)
B Use phase Use phase(lron loss penalty)
Aluminium housing production kI Electrical steel sheet production
& Conductor production ' Rest of production, transport, and EoL

0 Magnet production

(b) Green manufacturing.

Figure 4.29: IPCC 2021 results for global warming potential (GWP100).
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To mitigate emissions, a green manufacturing scenario was assessed, in-
volving segmented laminations and virgin Al sourced from EU countries and
produced using 100% hydropower. As shown in Figure 4.29b, all machine op-
tions benefit from green manufacturing, with IM3 showing the most significant
improvement under low GHG-intensity electricity conditions.

4.5.2.2 Crustal Scarcity Potential (CSP)

Figures 4.30a and 4.30b present CSP results for both base case and green
manufacturing scenarios. CSP is a resource-based LCA metric that quantifies
the environmental burden associated with the depletion of naturally occur-
ring elements in the Earth’s crust. It reflects material scarcity by considering
natural abundance and extraction rates, serving as an indicator of long-term
resource sustainability. Materials such as Cu, which are less abundant and
heavily utilized, exhibit higher CSP values. The results show that Cu con-
ductor production dominates CSP across all scenarios, making IM1 the least
favorable option in terms of resource scarcity.

4.5.2.3 Acidification: Terrestrial

Figures 4.31a and 4.31b illustrate terrestrial acidification potential results. Cu
production remains the primary contributor due to sulfur dioxide emissions
from sulfidic tailings during mining. IM3, which uses only Al conductors, has
the lowest impact in this category. Green manufacturing significantly reduces
impacts for all options, particularly in Al housing production, due to stricter
EU regulations on ore processing.

4.5.2.4 Non-Carcinogenic Human Toxicity Potential

Figures 4.32a and 4.32b show non-carcinogenic human toxicity potential re-
sults, which follow a similar trend to acidification. Primary Cu production
is the dominant contributor due to heavy metal emissions (e.g., arsenic, zinc,
Cu) from sulfidic tailings, significantly affecting ecotoxicity and human health.

4.5.2.5 Particulate Matter Formation

Figures 4.33a and 4.33b present particulate matter formation results. Cu
production again accounts for a significant share of emissions, while electri-
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cal steel and Al housing production also contribute. Green manufacturing
substantially improves IM3 performance in this category.
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4.5.3 Sensitivity Analysis: Magnet Production Impact

The LCI model for the magnet supply chain utilized in this study builds
upon the work of Nordelof et al. [23]. That model originally incorporated
Ecoinvent data for rare-earth oxide (REO) concentrate at 70% purity, and
included revisions to energy consumption and economic burden allocation for
Nd and Dy, based on REE price data from 2014 to 2016. In contrast to the 3.3
version used by Nordelof et al. [23], this study employs Ecoinvent version 3.9,
which results in a noticeable change in emissions, from 64 to 58 kg COs-eq
per e-machine.

Additionally, Nordeléf and Bongards [25] applied economic allocation us-
ing REE price data from 2021 to 2024 across two REO supply pathways in
a cradle-to-gate LCA of PMSMs for EVs. Depending on the selected sup-
ply route, emissions ranged from approximately 90 to 170 kg COs-eq per
e-machine, representing 22% to 35% of total e-machine production emissions.
These results underscore the substantial uncertainty linked to magnet manu-
facturing.

A review conducted by Schreiber et al. [24] highlights that several LCA
studies addressing REO extraction and production from raw ore were pub-
lished between 2016 and 2020. These studies exhibit significant variation in
greenhouse gas intensity per kilogram of pure REO, with differences across
ore types approaching a factor of five. The datasets forming the basis of
Ecoinvent for REEs tend to reflect the lower end of this spectrum [24]. When
economic value is used for allocation, these disparities are further magnified
[23]. This variability warrants an examination of how sensitive the results are
to the choice of magnet supply chain data.

This sensitivity analysis evaluates the effect of variations in the climate im-
pact of magnet production, which is subject to large discrepancies in reported
burdens for rare earth element extraction, as highlighted by Schreiber et al.
[24]. The baseline scenario uses the original dataset for magnet supply, and
two additional cases were modeled by increasing the GHG emissions from
magnet production by 100% and 200%, respectively. These variations were
combined with four scenarios for the Ref. PMSM option, considering high and
low GHG-intensity electricity supply, with and without green manufacturing.

As shown in Fig. 4.34, under high GHG-intensity electricity in the base case,
the magnet supply chain accounts for up to 8% of total GHG emissions for the
Ref. PMSM at the highest variation level. At this point, IM2 becomes com-
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Figure 4.34: Sensitivity analysis of magnet production impacts on GWP100 (IPCC

2021) for four scenarios.

parable to the Ref. PMSM. Furthermore, with green manufacturing, all IM
options approach parity with the Ref. PMSM. Under low GHG-intensity elec-
tricity, the relative contribution of magnet production increases significantly,
reaching nearly one-third of the total emissions for the Ref. PMSM at the
200% increase level. In this scenario, all IM options become competitive with
the PMSM. Notably, when green manufacturing is applied, all IM options
already outperform the Ref. PMSM at a 100% increase in magnet-related
emissions.
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CHAPTER b

Magnet-free synchronous machine modeling and LCA
results

In this chapter, four investigated magnet-free synchronous machines were ex-
amined:

—_

. SynRM with dist. Cu stator windings (SynRM1).
2. SynRM with dist. Al stator windings (SynRM2).

3. EESM with dist. Cu stator windings and concentrated Cu rotor wind-
ings (EESM1).

4. EESM with dist. Al stator windings and concentrated Al rotor windings
(EESM2).

Their design summary is listed in Table 5.1. Their energy loss models (mainly
based on electromagnetic FEM model) and LCI models are built and pre-
sented, and their LCA results are benchmarked against those of the Ref.
PMSM in Chapter 3.
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Table 5.1: Design summary of investigated synchronous machines.

Machines

SynRM1 | SynRM2

EESM1 | EESM2

Number of poles N,

6

8

Conductor materials
in stator /rotor

Cu /-

Al /-

Cu / Cu

Al / Al

Stack length [, [mm]

272

330

150

180

Number of stator slots

Number of winding turns
in stator/rotor Ns/Ny

13/90

11/78

Number of stator winding
parallel branches N,

Stator outer
diameter [mm|]

Stator inner
diameter [mm)]

Air gap length [mm)]

Maximum current
density [A/mm?]

20/-

16.7/11.3

Stator winding
temperature [°C]|

Rotor winding
temperature [°C]

Material loss

rate during punching [%]

98




5.1 Synchronous reluctance machine (SynRM)

5.1 Synchronous reluctance machine (SynRM)

From (2.13), the torque of the SynRM depends on the difference between Ly
and L,. Thus, many studies have demonstrated that the optimization of the
barrier patterns to make the ratio of L;/L, as big as possible can be found in
[95], [96].

As [95] has studied, the maximum torque envelope of a SynRM is affected
by the pattern of the support ribs, whose function is to maintain the mechani-
cal strength of the rotor. To achieve the requirement listed in Chapter 3, both
rib-less and magnetic rib rotor designs are modified from the rotor configu-
ration in [95]. Additionally, a rotor design with "added non-magnetic ribs",
whose material is stainless steel with relative permeability equal to 1 and
bulk conductivity equal to 1.1 x 10°S/m, is also implemented, inspired by
[97]. These added non-magnetic ribs are not formed as part of the punching
and stacking process of the iron core laminations; instead, they are separately
manufactured and attached to the rotor, whose purpose is to minimize the L,
and simultaneously maintain mechanical strength.

The comparative result of rib-less (solid blue line), magnetic ribs (green
dashed line), and added non-magnetic ribs designs (red dotted line) in maxi-
mum torque envelopes varying with rotor speed, and their cross-sections are
depicted in Figure 5.1. These three rotor designs share the same stator de-
sign but with increases in active lengths [, for magnetic ribs and added non-
magnetic ribs designs from the rib-less one. The increment in active lengths
is to compensate for the decrease in maximum torque due to the decline in
the ratio of Lg/L,.

As can be seen in Figure 5.1, with increased active lengths, two designs with
ribs can reach the same level of maximum torque around 250 Nm. However,
the maximum torque envelope of magnetic ribs design drops dramatically
after its base speed of 3000rpm. The added non-magnetic ribs design could
maintain a similar level of the maximum torque envelope over the range of
rotor speed. Therefore, the added non-magnetic ribs design is chosen to be
the technical option in this study to achieve the design boundaries of the
e-machine and attain a reasonable mechanical design.

5.1.1 Energy loss model

In Figure 5.2, the cross-section of SynRM1 and SynRM?2 is presented. The ef-
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Figure 5.2: Cross-section of SynRM.
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ficiency maps and loss maps of SynRM1 and SynRM2 are shown in Figure 5.3a
to 5.4b, where in the loss maps the operating points from the WLTC are also
presented, which show that the maximum torque envelopes of SynRM1 and
SynRM2 fulfill the demand of the WLTC.

5.1.2 LCI model

Figure 5.5 presents an overview of the life cycle up to the production stage
for the two SynRM options. As illustrated, most of the data is based on the
IPMSM LCI model developed by Nordelof et al., as documented in a series of
publications [51]—-[53], with the here updated models highlighted in orange.

The manufacturing processes for the two SynRM technical options are
shown in Figure 5.6, which is adapted from the PMSM LCI model by Nordel6f
et al. [51]. The updated processes are indicated by red-dotted lines in the
figure, where the magnet mounting is replaced by stainless support steel rib
mounting. The support ribs are installed with the same step as the rotor
electrical steel sheets stacking and are furtherly mounted with the rotor stack
and endplates at the two ends on the shaft. The aim of support ribs and rotor
endplates is to enhance the mechanical strength and prevent radial and axial
displacements of the SynRM rotor.

The masses of the stainless steel parts are listed in Table 5.2, where the
added non-magnetic ribs are calculated from their cross sectional shape and
active lengths (painted blue between the rotor barriers in Figure 5.2), whereas
the end plate model is inherited from [51].

Table 5.2: Estimations made for the masses of stainless steel ribs and rotor end-

plates.
Mass [kg]
P
arts SynRMI | SynRM?2
Support ribs 1.17 1.42
Rotor endplates 0.58

Figure 5.7a and 5.7b are the weight share for SynRM1 and SynRM2, re-
spectively.
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Ecoinvent representation for input and output flows
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5.2 Electric excited synchronous machine (EESM)

As mentioned in Section 2.1.4, one of the key advantages of the EESM is its
ability to regulate the rotor magnetic field strength through the control of the
field current, denoted as iy. This feature provides a significant operational
benefit over PMSMs, which rely on fixed magnetic flux from permanent mag-
nets. In low-load operating conditions, the magnetic flux in PMSMs remains
constant, leading to elevated core losses due to unnecessary magnetization.
In contrast, EESMs can dynamically adjust their excitation to maintain only
the necessary magnetic strength, thereby minimizing iron losses in the stator
core.

5.2.1 Energy loss model
The cross section of the investigated EESM1 and EESM2 is shown in figure 5.8.

[

Figure 5.8: Cross-section of EESM for one pole pitch.

The rotor winding is supplied with direct current to generate the magnetic
field required for synchronous operation. This excitation is typically deliv-
ered through a slip ring and brush assembly, which serves as the mechanical
interface between the stationary and rotating components of the machine, as
shown in Figure 5.9. While this configuration facilitates continuous excita-
tion, it introduces two primary sources of energy loss that can adversely affect
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the machine’s overall efficiency.

(a) Vitesco Technology[98]. (b) BMWI[99].
Figure 5.9: Example rotor excitors of vehicular EESMs.

One significant source of loss in the slip ring and brush assembly arises from
contact resistance. As current flows through the interface between the brush
and the slip ring, a voltage drop occurs due to the finite resistance at the
contact surface. The resulting ohmic loss can be expressed as [100], [101],

Pohmic,brush =2 Z?‘ Rbrushv (5]->

where Ryusn is the equivalent resistance of a single brush, calculated by:

Pbrush Abrush (52>

b

Rbrush = I

brush

with pprush denoting the resistivity of the brush material, and aprysh and lypush

representing the cross-sectional area and length of the conductive path, respec-
tively. The ohmic loss map due to the brushes is illustrated in Figure 5.10.

The mechanical interaction between the brushes and the rotating slip rings

also contributes to frictional losses. These losses manifest as heat and wear at

the contact interface, leading to energy dissipation and material degradation

over time. Frictional losses are influenced by the rotational speed, contact

pressure, and lubrication conditions, and can be quantified as [100], [101],

Pfriction,brush = 10 By Pprush Gbrush Uring (53>
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Figure 5.10: Ohmic loss map due to brushes of EESMs.

where pp, is the coefficient of friction between the brush and the slip ring,
Pyrush is the contact pressure, and vying is the peripheral speed of the slip ring,
given by

Uring = Wr T'ring,;

(5.4)

with w, representing the rotor angular velocity and 7.i,e the outer radius of
the slip ring. The distribution of frictional losses is presented in Figure 5.11.
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Figure 5.11: Friction loss map due to brushes in EESMs.

Furthermore, the efficiency maps with the operating points from the WLTC
and the loss maps of EESM1 and EESM2 are shown in Figure 5.12a to 5.13b.
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5.2.2 LCI model

Ecoinvent representation for input and output flows
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Figure 5.14 summarizes the life cycle up to production for both EESM options,
based largely on the IPMSM LCI model by Nordelof et al. [51]-[53], with
updates shown in orange. In the updated manufacturing processes for the two
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technical options, magnet mounting is replaced by rotor exciter mounting.
These processes are illustrated in Figure 5.15, which is adapted from the
PMSM LCI model by Nordelof et al. [51], with the modifications highlighted
using red-dotted lines.

Figure 5.16a and 5.16b are the weight share for EESM1 and EESM2, re-
spectively.

Coating and insulation
2.88%
Copper
0.182%

Coating and insulation
2.8%

Copper
16.8%

Aluminum
Total mass: 45.8%

Aluminum
34.9%

Electrical steel 54.9 kg
46.7%

Total mass:
52.1kg

Electrical steel
41.1% Low-alloy
medium

carbon Low-alloy medium
steel carbon steel
4.37% 4.52%
(a) EESM1. (b) EESM2.

Figure 5.16: Weight share of the two EESMs.

5.3 Technical performance

Table 5.3 summarizes the key technical performance metrics of four syn-
chronous electric machines benchmarked against the Ref. PMSM for EV ap-
plications. The maximum torque values across all configurations are closely
aligned, ranging from 239 Nm to 244 Nm, indicating similar mechanical out-
put capabilities. However, differences in base speed influence the maximum
power output.

Similarly with the comparison of IM options, when f. = 1.7 is applied
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Table 5.3: Key technical performances of investigated synchronous machines.

Machines Pi/lesf»‘i\/l SynRM1| SynRM2 EESM1 | EESM2
General data

Maximum torque [Nm] 239 242 244 239 239
Maximum power kW] 100 92 93 100 100
Base speed [rpm] 4000 3600 3600 4000 4000
Power density [kW /kg] 2.2 1.1 1.0 1.9 1.8
Power density kW /L] 25.1 10.8 9.0 21.3 17.7
Weight

Stator core [kg] 11.8 23.6 28.6 12.2 14.7
Rotor core [kg] 7.2 14.8 18.0 9.1 10.9
Stator winding [kg] 4.8 4.8 1.7 5.2 1.7
Magnets/Rotor

conductors [kg] L3 i 25 1.2
Al housing and 14.6 33.3 40.8 17.4 21.3
cooling parts [kg]

Total weight [kg] 44.9 83.2 96.8 52.1 54.9
Drive cycle energy loss due to e-machine

Due to iron loss per 9.4 3.3 3.5 3.4 3.6
km [Wh/km] (fre =1) | 63.5% | 20.3%¢ | 247%a | 20.1% | 18.6%@
Due to ohmic loss per 3.6 4.8 7.0 7.2 9.8
km [Wh/km]| (fe =1) 24.6%° 41.7%% 48.8%° 43.1%° 49.9%
Due to other loss per 0.2 0.2 0.2 4.4 4.3
km [Wh/km] (ffe = 1) 14%e | 1.6%° | 1.3% | 26.1%° | 22.2%°
Due to road load per 1.5 3.1 3.6 1.8 1.8
km [Wh/km] (fre =1) | 105%¢ | 27.4% | 253% | 10.6%¢ | 9.3%@
Energy loss per

o [Wh k] (5o = 1) 14.8 11.4 14.3 16.7 19.6
Life cycle energy [KWh] 2051 2984 2861 3335 3910
(ffe = 1)

Energy loss per

o [Wh/km] (o = 17) | 22 13.7 16.7 19 22
Life cycle loss [kWh] 4240 2745 3347 3797 4410
(ffe = 1-7)

%percentage of total loss for respective e-machine
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uniformly across the machine types, the Ref. PMSM exhibits lower efficiency
than the Cu-option of EESM. This discrepancy arises because iron losses con-
stitute over 60% of the total losses in the Ref. PMSM, whereas they account
for only about 20% in EESM1.

5.4 Environmental Performance by LCIA

This section presents the life cycle impact assessment (LCIA) results for
the five synchronous e-machine configurations benchmarked against the Ref.
PMSM. The structure and methodology follow the approach described in
Chapter 4.5, and similar trends are observed regarding the dominance of cer-
tain impact categories. Therefore, only key differences and new insights are
highlighted here to avoid repetition.

5.4.1 Endpoint Categories

Endpoint results, normalized per e-machine, are shown in Figs. 5.17a and
5.17b. As in the previous analysis, the subsequent midpoint analysis focuses
on the same key indicators identified earlier: climate change, acidification, par-
ticulate matter formation, and non-carcinogenic human toxicity. This ensures
comparability across both benchmark sets while emphasizing any deviations
introduced by the new machine designs.

5.4.2 Midpoint Categories

The midpoint analysis for the five synchronous e-machine configurations fol-
lows the same methodology as in Chapter 4.5. To avoid repetition, only key
differences and notable observations are highlighted here, while general trends,
such as the dominance of the use phase under high GHG-intensity electricity
and the significant contribution of Al housing and electrical steel production,
remain consistent with earlier findings.

5.4.2.1 Climate Change

Figure 5.18a presents the GWP100 results for the base case, assuming glob-
ally averaged virgin Al production and one-piece electrical steel punching (ap-
proximately 50% material loss). As in the previous analysis, the use phase
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Figure 5.17: ReCiPe 1.03 endpoint results for ecosystem quality and human health.
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dominates emissions under high GHG-intensity electricity. Consequently, the
least energy-efficient option, EESM2, exhibits the highest emissions. However,
when applying the iron loss penalty (adding 70% to account for manufacturing
effects), EESM2 becomes comparable to the Ref. PMSM, with a difference of
less than 0.5 g COq-eq/km. Under low GHG-intensity electricity, production
impacts dominate, making SynRM1 and SynRM2—the least power-dense de-
signs—the least favorable options. Among production processes, Al housing
and electrical steel sheet manufacturing remain the largest contributors.

Green manufacturing, using segmented laminations and EU-sourced Al pro-
duced with 100% hydropower, significantly reduces production-related emis-
sions for all options, with SynRM1 and SynRM2 benefiting the most under
low GHG-intensity electricity.

5.4.2.2 Crustal Scarcity Potential (CSP)

Figures 5.19a and 5.19b show the CSP results. As before, Cu production
dominates scarcity potential, making EESM1 the least favorable option in
this category. Machines with Al conductors (e.g., EESM2) perform better in
terms of resource sustainability, reinforcing the trade-off between efficiency
and material criticality observed in the previous chapter.

5.4.2.3 Acidification and Non-carcinogenic Human Toxicity

The trends for terrestrial acidification (Fig. 5.20a) and non-carcinogenic hu-
man toxicity (Fig. 5.21a) mirror those in Section 4.5.2, with primary Cu pro-
duction as the dominant contributor due to sulfur dioxide emissions and heavy
metal release from sulfidic tailings. Consequently, SynRM2 and EESM2 (Al
conductors) have the lowest impact in these categories. Green manufacturing
further reduces impacts, particularly for Al-intensive components.

5.4.2.4 Particulate Matter Formation

As shown in Figs. 5.22a and 5.22b, particulate matter formation is again
strongly linked to Cu production, but electrical steel and Al housing man-
ufacturing also contribute significantly. This explains why SynRM2, despite
lacking Cu, still shows a notable burden in this category. Green manufacturing
mitigates these impacts, particularly for SynRM2.
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Figure 5.18: IPCC 2021 results for global warming potential (GWP100).
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Figure 5.20: ReCiPe 1.03 midpoint results for terrestrial acidification potential.
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Figure 5.21: ReCiPe 1.03 midpoint results for non-carcinogenic human toxicity.
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CHAPTER 6

Overall comparison of LCA results

6.1 Technical performance

Table 6.1 presents a comparative overview of the key technical parameters
across all technical options in this study, including IMs (IM1-IM3), SynRMs
(SynRM1-SynRM2), EESMs (EESM1-EESM2), and Ref. PMSM. The met-
rics evaluated encompass active length, maximum torque, maximum power,
base speed, and power density both in terms of mass (kW/kg) and volume
(kW/L).

From the data, it is evident that the PMSM serves as a benchmark with
balanced performance across all categories, which exhibits the highest volu-
metric power density (25.1 kW/L), suggesting its suitability for applications
where compactness is critical. Followed by the Cu-based e-machines, EESM1
and IM1 with volumetric power densities over 20 kW /L.

The e-machines with rotor windings, IMs and EESMs show a progressive
increase in active length with the increasing use of Al as conductors. However,
their power densities remain moderate compared to SynRMs. Two SynRM
options, although trailing in power output and power density, maintain com-
petitive torque levels and consume the least energy.
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Table 6.1: Key technical performances of all technical options.

Machines wwwom? IM1 M2 IM3 | SynRM1 | SynRM2 | EESM1 | EESM2
Active length 127 158 178 218 272 330 150 180
[mm]
Conductor or Cu /
magnet material | Nd(Dy)FeB| Cu / Cu | Cu/ Al Al / Al Cu /- Al /- Cu / Cu Al / Al
in stator / rotor
Max. torque 9239 249 9239 9242 249 244 9239 9239
[Nm]
Max. power at
base speed 100 101 100 101 92 93 100 100
430V [k W]
Base speed 4000 4000 4000 4000 3600 3600 4000 4000
[rpm)]
Power density

2.2 1.7 1.6 1.4 1.1 1.0 1.9 18
(kW /kg]
Power density 925.1 20.2 18.1 14.8 10.8 9.0 921.3 17.7
WL . . . . . . . .
Life cycle energy
loss due to
e-machine [EWVH] 4240 3914 4209 4530 92745 3347 3797 4410
(fre = 1.7)

126




6.1 Technical performance

Figure 6.1 presents the comparative analysis of material composition across
all technical options considered in this study. Electrical steel constitutes the
predominant material in all machine types, reflecting its critical role in mag-
netic flux conduction and core structure. Aluminum follows as the second most
significant material, primarily used in housing components. The remaining
materials, including copper, stainless steel, and various coatings, collectively
account for less than 20% of the total machine weight.
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Figure 6.1: Comparison of material composition in all technical options.

Figure 6.2 presents a detailed breakdown of life cycle energy consumption
due to the e-machine for all technical options. The losses are categorized into
ohmic loss, iron loss (FEM), iron loss (proc+PWM), other losses, and road
load. Ohmic loss originates from the internal resistance of conductors and
reflects resistive heating in both stator and rotor windings. Iron loss (FEM)
is calculated using finite element method simulations, capturing core losses
under ideal magnetic conditions. Iron loss (proc+PWDM) represents additional
core losses induced by manufacturing processes and PWM excitation, and is
estimated using the iron loss factor f.. Other losses include bearing friction
and losses associated with the rotor cooling system and brushes. Road load
reflects the extra energy required to carry the machine’s weight during the
EV operation.
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Figure 6.2: Comparison of energy composition due to the e-machine in all technical
options for life cycle.

Regarding ohmic loss, the Ref. PMSM demonstrates the lowest one, ben-
efiting from the inherent rotor field provided by permanent magnets, which
eliminates the need for rotor excitation and associated resistive losses. The two
SynRM configurations follow closely, generating torque through their salient
pole structure without the presence of rotor bars or windings, thereby min-
imizing resistive losses in the rotor. In contrast, the EESM and IM options
exhibit significantly higher ohmic losses. This is particularly pronounced in
the IM and EESM configurations, where the presence of rotor bars or wind-
ings and the use of aluminum conductors contribute to elevated resistive losses
over the machine’s operational life.

For iron loss, all REE-free options exhibit a comparable level of iron loss;
however, the Ref. PMSM shows around twice the iron loss compared to the
other configurations. This is primarily due to the generation of back EMF
in PMSMs, which contributes to additional iron losses during no-load and
low-load conditions, where the operating points of WLTC usually sit. Fur-
thermore, the Ref. PMSM is therefore also more sensitive to adjustments
introduced by the iron loss factor ft., which accounts for losses induced by
PWM excitation and manufacturing processes, making the total loss of Ref.
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PMSM becoming the third least efficient option.

For other losses, IM and EESM options, which require a rotor hollow-shaft
cooling system, exhibit noticeably higher values than the rest. However, this
trade-off is justified, as the increase from the cooling system is less than 5%.
Moreover, these features effectively eliminate ohmic loss and prevent rotor
overheating, thereby enhancing thermal reliability and operational safety. Ad-
ditionally, EESM machines incur significant brush-related losses from the ex-
citation system, which relies on mechanical contact through brushes and slip
rings, accounting for 17-20% of the total e-machine-induced energy consump-
tion.

Regarding road load, SynRMs have the highest road load contribution, ex-
ceeding 25% of total e-machine-induced energy consumption due to their sub-
stantially higher weight compared to other options.
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Figure 6.3: Comparison of maximum torque envelope.

Figure 6.3 illustrates the maximum torque characteristics as a function of
rotor speed for all e-machine options: (a) e-machines with Cu windings and
(b) Ref. PMSM and e-machines with Al windings. All e-machines maintain
a relatively constant torque output up to approximately 4000 rpm, beyond
which a notable decline is observed. Among the configurations, Ref. PMSM
demonstrates superior performance, sustaining higher torque levels at elevated
speeds. In contrast, SynRMs exhibit more pronounced torque degradation
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beyond the base speed. EESMs and IMs exhibit moderate performance, with
IMs behaving similarly to those in the Ref. PMSM at medium speed and
EESMs getting closer to the Ref. PMSM at high speed. This behavior reflects
the inherent differences in excitation mechanisms and magnetic structure, with
PMSM benefiting from permanent magnet excitation, EESM1 from active
field control, and IMs from induced field, all contributing to improved field-
weakening capability, also known as constant power-speed range ability.
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Figure 6.4: Comparison of the global warming potential (GWP100) for all technical
options under two scenarios: (a) base case and (b) green manufactur-
ing.

Figure 6.4 shows the global warming potential (GWP100) results based
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on the TPCC 2021 methodology for all technical options evaluated in this
study under two manufacturing scenarios. Panel (a) represents the base case
scenario, while panel (b) illustrates the green manufacturing scenario. The two
scenarios correspond to high and low GHG electricity intensities, respectively.
In each plot, the total emissions of the reference PMSM are indicated by a
red dashed benchmark line, serving as a reference for comparative assessment
across configurations. Additionally, the effect of a 200% variation in magnet
production is represented by a black dotted benchmark line.

In the base case manufacturing scenario with high-GHG electricity inten-
sity, the REE-free options with Al conductors generally perform worse than
the Ref. PMSM, primarily due to their high ohmic losses and low power den-
sity. An exception is SynRM2, which benefits from its high efficiency. After
applying the green manufacturing scenario, still under high-GHG electricity
intensity, the influence of power density is reduced. As a result, IM2 becomes
comparable to the Ref. PMSM, while SynRM2 clearly outperforms the Ref.
PMSM in terms of global warming potential. When considering a 200% vari-
ation in magnet production, IM2 outperforms the reference PMSM in both
manufacturing scenarios. Moreover, the Al rotor winding options, IM3 and
EESM2, become comparable under green manufacturing.

Under low GHG electricity intensity, carbon emissions from the production
phase become the largest contributor to the overall global warming potential.
As a result, only one REE-free option with higher power density, EESMI1,
is comparable to the reference PMSM. After applying the green manufactur-
ing scenario, still under low GHG electricity intensity, the influence of power
density is further reduced. Consequently, all REE-free alternatives become
comparable to the reference PMSM, except for the SynRM options, which re-
main less favorable due to their significantly lower power densities, nearly half
that of the reference PMSM. When considering a 200% variation in magnet
production, all REE-free options become comparable to the reference PMSM
under green manufacturing.

Figure 6.4 presents the crustal scarcity potential (CSP), an indicator of
long-term resource sustainability, calculated using the Crustal Scarcity In-
dicator 2020 method for all technical options evaluated in this study under
two manufacturing scenarios. Panel (a) shows the base case scenario, while
panel (b) illustrates the green manufacturing scenario. These scenarios differ
in electricity intensity: the former is characterized by high-GHG electricity,
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Figure 6.5: Comparison of the crustal scarcity potential (CSP) for all technical op-
tions under two scenarios: (a) base case and (b) green manufacturing.
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and the latter by low-GHG electricity. In each plot, the total emission of the
Ref. PMSM is indicated by a dashed benchmark line, providing a reference
for comparative assessment across configurations.

The results clearly show that Cu usage is the dominant contributor to
CSP across all technical options in both scenarios with high- and low-GHG
electricity. Consequently, the two options with Al windings, IM3, SynRM2,
and EESM2, achieve the lowest CSP values and therefore represent the most
resource-sustainable choices.
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Concluding Remarks and Future Work

7.1 Concluding Remarks

This work has presented a comprehensive evaluation of representative auto-
motive electric traction machines that do not rely on REEs, using FEM sim-
ulations and LCA to assess their technical and environmental performance
relative to a Ref. PMSM with REE-magnets. The study encompassed multi-
ple configurations of IMs, SynRMs, and EESMs, incorporating variations in
conductor materials, namely, Al and Cu.

Initially, to develop IM design tools, a new methodology was proposed to
identify the equivalent circuit parameters of IMs, specifically targeting appli-
cations involving varying rotor speeds. This approach leverages FEM simula-
tions under different slip conditions and was benchmarked against a conven-
tional method described in [6]. Simulation results and experimental validation
demonstrated that the proposed method provides more accurate torque pre-
dictions, with discrepancies within 5% and 10%, respectively, across a range
of operating speeds. Compared to the conventional method, the observed im-
provement of 5% to 30% indicates its enhanced suitability for variable-speed
applications relative to traditional parameter extraction techniques.
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Coming back to the technical comparisons, the two SynRM configurations
achieve the highest life-cycle efficiency, generating the least losses over 200,000
km under WLTC conditions. However, they suffer from low power density and
poor field-weakening capability, which could be observed in Figure 6.3. The
other Cu-based machines (Ref. PMSM, IM1, and EESM1) exhibit decent
life-cycle efficiency, characterized by high power density and field-weakening
capabilities. IM2, which combines Cu and Al conductors, follows closely, while
IM3 and EESM2, both using Al rotor conductors, are the least efficient but
maintain acceptable power density and similar field-weakening characteristics
with their Cu-based counterparts.

In terms of GHG emissions, when the base case assumes an EV charged with
high-GHG electricity, the use phase dominates the life cycle (accounting for
60-80%), favoring more efficient e-machines. Under this scenario, SynRM1,
EESM1, and IM1 emit less GHG than the Ref. PMSM, followed by SynRM2
and IM2, which are comparable to the benchmark. In contrast, the fully Al-
based options, EESM2 and IM3, result in higher GHG emissions than the
Ref. PMSM. When the base case assumes low-GHG electricity, the produc-
tion stage becomes the primary contributor (70-80%), making power density
a more critical factor. In this scenario, only EESM1 outperforms the Ref.
PMSM, followed closely by IM1, EESM2, and IM2. The options with power
density below 1.5, including IM3, SynRM1, and SynRM2 (see Table 6.1),
perform the worst in terms of GHG emissions.

Beyond the base case comparisons, the study also investigated strategies to
reduce GHG emissions through green manufacturing practices further. These
included the use of green virgin Al and improved material utilization dur-
ing the punching of electrical steel sheets. All machine types benefited from
these strategies, achieving at least a 4% reduction in GHG emissions under
high-GHG electricity and up to 18% under low-GHG electricity. The greatest
relative improvements were observed in machines with lower power density,
such as SynRM1 (13% and 32%), SynRM2 (13% and 34%), and IM3 (8%
and 31%) in high- and low-GHG electricity scenarios, respectively. Under the
high-GHG electricity scenario, SynRM1, EESM1, SynRM2, and IM1 produced
lower GHG emissions than the Ref. PMSM. Additionally, IM2 and EESM2
showed comparable performance to the benchmarking option, while only IM3
resulted in higher emissions. In contrast, under the low-GHG electricity sce-
nario, all options performed similarly to the Ref. PMSM in terms of GHG
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emissions, except for SynRM2, which exhibited slightly higher emissions.

Generally, Cu-based configurations outperform their Al-based counterparts
in terms of efficiency and power density, leading to lower GHG emissions.
However, Cu conductor production is identified as a key concern in terms of
acidification, toxicity, and long-term resource scarcity, leading to three full
Al-based options being found to perform better in the related categories.

Furthermore, the consideration of iron loss penalties arising from manu-
facturing processes and PWM feeding highlights the importance of accurate
iron loss estimation in the overall performance evaluation of e-machines for
EV applications. This aspect is especially critical when comparing different
types of e-machines and optimizing designs for both energy efficiency and
environmental sustainability.

In the previous findings [23]|, the magnet production chain contributes
around 3% and 12% to the overall GHG emissions of the PMSM with Nd(Dy)FeB
magnets at high- and low-GHG electricity for charging EV, respectively. Con-
sistent with this, the baseline results suggest that magnet production is not a
major contributor to GHG emissions, primarily due to the relatively low mass
share of magnets. However, sensitivity analysis revealed that under certain
conditions, particularly in low-carbon electricity scenarios, where the mag-
net production contributes 28% of all GHG emissions of Ref. PMSM, which
alters the conclusion that the Al-based e-machine emits less GHG than the
benchmarking target (See Figure 4.34 and Figure 6.4). Due to the variability
observed and the impact of the selected REE supply route, it is advisable for
the LCA of EV traction e-machines using REE magnets to include sensitiv-
ity analyses. This approach helps ensure that the study’s conclusions remain
reliable across different data sources and assumptions.

Overall, the results underscore the importance of considering both environ-
mental and technical criteria in e-machine selection for EV applications. The
integration of sustainable materials and manufacturing practices is shown to
be as critical as achieving high efficiency and power density in future e-machine
designs.

7.2 Future Work

Building upon the insights gained in this study, several directions for future
research are proposed further to advance the development of sustainable and
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high-performance automotive e-machines:
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Iron Loss Characterization: Given the significance of iron loss penal-
ties due to manufacturing and PWM feeding, future work should focus
on refining iron loss estimation techniques, including empirical valida-
tion and integration with control strategies.

Impact of Segmented Laminations: Segmented Laminations can
improve the punching process by reducing the material loss rate, thereby
enhancing the environmental performance of e-machines. However, there
is a risk of increasing iron loss due to the cutting-edge effect. Moreover,
the mechanical strength could decrease. Future work should investigate
these trade-offs through simulation and experimental validation.

Conductor Material: To address the environmental concerns associ-
ated with Cu production, further exploration of alternative conductor
materials and winding techniques is recommended. For example, op-
timizing Al hair-pin winding designs could help balance efficiency and
sustainability. Additionally, improving Cu mining practices, particu-
larly in waste handling, is essential to reduce long-term environmental
burdens [102], [103].

Green Manufacturing Integration: Expanding the scope of green
manufacturing strategies, such as improved recycling processes for Al,
Cu, and electrical steel, could further reduce the environmental footprint
of e-machine production.

Lifecycle-Based Design Optimization: Incorporating full lifecycle
data into multi-objective optimization frameworks of e-machines would
enable simultaneous consideration of efficiency, cost, and environmental
impact during the design phase.

System-Level Evaluation: Future LCA studies could investigate the
interaction between e-machines and other EV subsystems, including
power electronics and thermal management, to support holistic system-
level optimization.
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Improved Parametric Representation of IM from
FEM for More Accurate Torque Predictions

Meng-Ju Hsieh, Student Member, IEEE Torbjorn Thiringer, Senior Member, IEEE and Emma Arfa Grunditz

Abstract—In this work, an updated methodology to deter-
mine the parameters of three-phase induction machines (IMs)
is developed and presented. The goal of this determination
is for a better representation of machines for the further
applications of the parameter-based control system operated
with different stator flux linkage levels, such as automotive
applications. First, the theory of the T-form model (TFM) and
the inverse I'-form model (IGFM) are reviewed. The former
review becomes the brick of the following interpretation of the
developing methods for identifying these parameters. Moreover,
a 2D electromagnetic finite element method (FEM) model of
a 15kW IM is utilized to demonstrate the strength of the
methodology on a real machine. Lastly, a comparison of results
using the conventional test and the newly proposed method is
presented, showing improvement.

Index Terms—induction machine (IM), parameter determi-
nation, Finite Element Method (FEM).

NOMENCLATURE

Np Number of pole pairs

Npp Number of parallel branches of winding connection

Ng Number of turns per stator coil

cs Connection factor; /3Ny, for A, N, for Y

Qs,Qr Number of stator and rotor slots

k1 Winding factor of first-order harmonic

wo, w1 Synchronous and rotor electrical speed

w2 Slip electrical speed, wa = wp — w1

s Slip rate, s = wa/wo

Te Electromagnetic torque

Wr Rotor mechanical speed, w, = w1 /Ny

a- Real and imaginary parts of the stator stationary
coordinate system, speed: 0

u-v Real and imaginary parts of the rotor rotational
coordinate system, speed: wy

d-q Real and imaginary parts of the stator synchronous
rotational coordinate system, speed: wo

X Amplitude of phasor z in the a-f3 coordinate system

X Amplitude of phasor z*" in the u-v coordinate system

Al y-axis component of phasor z

Uy, U, Stator input and rotor induced voltage phasors

Ug ind>Um  Stator induced and magnetizing voltage phasor

upl Induced voltage phasor for rotor bar k at rotor side

i, 1'; e Stator, rotor, and magnetizing current phasors

is, ET, Em Stator, rotor, and magnetizing flux linkage phasors

y;‘;’r, X Flux linkage phasors for rotor bar k at rotor side

Rs, Ry Stator and rotor resistance

Ry A single rotor bar resistance at rotor side

Meng-Ju Hsieh, Torbjorn Thiringer, and Emma Arfa Grunditz are
with  Chalmers University of Technology, Goteborg 41296, Swe-
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Ls, Ly, Ly, Stator, rotor, and magnetizing inductances

Lgx, Ly Stator and rotor leakage inductances

i iR Transformed magnetizing and rotor current phasor

K R Transformed rotor flux linkage phasor

Ly, Lo Transformed magnetizing and total leakage inductance

Rpr Transformed rotor resistance

0:1‘)1;0 Initial electrical angle of phasor gr in the u-v
coordinate system

0,0 Initial electrical angle of the u-axis in the o-f3
coordinate system

Or o0 Initial electrical angle between «-3 and d-q

coordinate systems

[. INTRODUCTION

ITH the increasing usage of electrical machines

(EMs) as traction motors in automotive applications,
the need to drive effectively, i.e. to utilize the full capability of
EMs, gains importance. To find the EMs’ optimal operating
points and to achieve precise control, the strategies of field-
oriented control (FOC) are commonly applied. Then for the
optimal operating points, the machine loss and efficiency
maps can be constructed and used for performance evalu-
ation.

Today, the two most commonly used machines types
in electric vehicles are the permanent magnet synchronous
machine (PMSM) and the induction machine (IM). IMs have
several advantages such as robustness, cost-effectiveness, and
rare-earth-metal-freeness. However, IMs are more complex to
control compared to PMSMs, since for one desired output
torque and speed combination, there are several possible
choices of slip rate. Thus, to find the optimal operating points,
a considerable number of finite element method (FEM)
simulations may be required. Furthermore, since there are
windings in both the stator and the rotor, the FEM simu-
lation computation time for a single point of IMs becomes
substantially high compared to the one for PMSMs.

Accordingly, equivalent circuit models, such as the T-
form model (TFM) or the inverse I'-form model (IGFM),
are typically used to reduce the number of simulations.
Therefore, to make conceptual as well as refined evaluations
in automotive industry, accurately predicted IM parameters
for precise control are desired already at the design stage, i.e.
to reduce the need for repeated prototyping. In [1]-[3], three
methods and procedures are developed to find the optimal op-
erating points and their constraints based on the FOC. These
papers also addressed the iron core saturation phenomenon
of IMs( decreasing inductance with the increasing stator flux
linkage) that affects the control accuracies, thus, showing the
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importance of accurate parameters. These papers focus on the
impact of control rather than on parameter determination.

The conventional method to identify the IMs equivalent
circuit parameters is to conduct a no-load and a locked-rotor
test, as exemplified in [4]. The parameters derived from the
conventional method are typically acquired for only a single
rated operating point where its stator flux linkage level is usu-
ally fixed. There are two main drawbacks of the locked-rotor
test. Firstly, to reduce the impact of skin effect in the rotor
bars during the locked-rotor test, a reduced stator voltage
frequency is preferred. At the same time, the frequency must
be high enough to maintain the induction between stator and
rotor, and thereby get good results. In [4], 25% of the rated
frequency is recommended, which is substantially above the
rotor’s normal electric frequency. An alternative method to
identify the IMs equivalent circuit parameters could be to
use load tests. In [5], the rotor resistance was determined
experimentally from a load test, and the result was compared
to an experimental locked-rotor test, showing a disagreement
of above 20%. The results in [5] also shows that the rotor
resistance obtained from load test had better representation of
the IM compared to the locked-rotor test. However, the results
were not coupled to any FEM analysis, which limits the
usability. Secondly, another problem with the conventional
determination of the equivalent circuit parameters using the
locked-rotor test, is that the stator and the rotor leakage
inductances cannot be separated. Instead, general ratios are
used, for instance according to templates found in [6].

In order to predict the parameters of IMs at the design
stage to achieve effective control, there are several related
studies employing FEM programs. The studies in [7]-[9], the
parameters of the TFM or the IGFM considering saturation
characteristics of the magnetizing inductance are identified,
and the simulation results show good matches with experi-
mental results. In [7], a suggested procedure to excite both the
stator and the rotor windings using the FEM magnetostatic
solver is presented. Its main advantage is the significant
reduction of expecting simulation time compared to the one
by the transient solver. Nevertheless, the procedure would
give lower accuracy for cases when IMs have a high skin
effect, such as the IMs used in Tesla Model S/X and Audi
e-Tron having deep rotor bars [10]. Hence, to avoid degraded
accuracy in such applications, the transient solver is utilized
in this paper, and [8], [9]. In [8], to identify the parameters
of the TFM under three different load tests, the stator’s
and rotor’s current and flux linkage phasors are obtained
from the FEM. However, the way how to extract the rotor
phasors is not discussed in [8]. In [9], to determine the IGFM
parameters, several voltages with small amplitudes and a
range of frequencies are fed by the inverter to three different
IMs. The nonideal effect from the inverter is included in both
the FEM and experiments, which makes this method feasible.
Nevertheless, the IMs are tested at a standstill and with a
frequency range between 10 to 40 Hz, which is not the typical
operating range of the rotor frequency. Furthermore, the
performance predictions of torque calculated by equivalent

R, iy L,y L, i
+ 4 i "
\ g
di, di),
U ind = —C; " ’E =1y,

N\

— — | = S

Fig. 1. Steady-state T-form model of IMs.

parameters are lacking in both [8], [9].

In this paper a procedure to determine the equivalent
circuit parameters of IMs using FEM is proposed, proving
higher accuracy compared to using conventional no/load and
locked-rotor tests. The proposed method aims to utilise the
full capability of FEM analysis to enhance the forecast of
equivalent circuit parameters as well as torque prediction. The
specific contribution is a step-by-step procedure to determine
the parameters of both the TFM and the IGFM from the
stator’s and rotor’s current and flux linkage phasors. The IM
is simulated under no-load and load tests using the FEM
transient solver. In addition, a verification is presented, of the
improvement over the conventional method regarding torque
forecast when using the IGFM parameters. The results of the
proposed method can be used to find the optimal operating
points and to control IMs more precisely with a minimum
amount of FEM simulation effort.

II. THEORY

Perfect field oriented control (PFOC) based on the IGFM
is chosen as a control template in this work, meaning that the
control is built on the alignment of a rotating coordinate sys-
tem with the real axis (d-axis) in the direction of the rotor flux
linkage R i.e. to have precise control, an accurate position
of ¢ is vital. Thus, in this section, the background theory
of the two equivalent circuit models and the transformation
of phasors from the rotor to the stator side are formulated.

A. T-form model (TFM)

The classical model used for the IM representation is
steady-state TFM in the a-0 stationary reference frame using
amplitude invariant scaling. This model is depicted in Fig. 1.
The relation of current phasors can be found as

()]

The stator and rotor flux linkage phasors ¢ and ¢ _can be
expressed as

Uy = Lg T2,

gs - Ls is + Lm Ln (2)
%r = Lr Zq" + Lm Zs (3)

where Ly = L,,, + L,y and L, = L,, + L,. In practice,
these inductances vary with the magnitude of the magnetizing
current I,,, due to the iron core saturation.

In this paper, FEM analysis is used to determine the
currents and flux linkages, and then (1-3) is for the estimation
of the magnetizing current i,,, the magnetizing inductance
L,,, the stator inductance L, and the rotor inductance L,..
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Fig. 2. Steady-state inverse I'-form model of IMs.

Besides, the rotor resistance R, can be acquired from the
electromagnetic torque 7, and rotor current amplitude I, as

2T, w. s
312 (1—s)

B. Inverse I'-form model (IGFM)

Fig. 2 shows the steady-state IGFM, a transformed model
from the TFM. It is commonly used as an IM control tem-
plate. The reason of applying the IGFM instead of the phys-
ically relevant TFM is that the TFM is over-parameterized
for dynamic analysis controller design [11]. The IGFM
parameters can be transformed from the TFM by

R, = @)

L \2
Rr = ( 7 ) R, ©)
L2
Ly = Lm (6)
Ly,=Ls— Ly @)
L
Ye= T, ®)

When applying Park’s transformation as well as the
PFOC, aligning the rotor flux linkage 1, to the d-axis is
assumed. Then there is no g-quantity of the rotor flux linkage
¥% and the d-quantity e % equals to U r. Hence, the electrical
slip speed and electromagnetic torque of IMs can be stated
as

Ry id
wy = 9
2 ’l[)}d%
3 .
T, = in Y i (10)

From (9) and (10), if the parameters of Rg, L and 9%
are predicted well, an accurate torque determination of the
IM by ¢ and i can be achieved.

C. Rotor rotational u-v coordinate system

With a FEM software like Ansys/Maxwell, the induced
voltage, current, and flux linkage in a single rotor bar can
be numerically estimated. In order to map the variables
from different rotor bars to one pole, a coordinate system,
u-v, fixed to the rotor mechanically, with the u- and v-
directions defined as the real and imaginary parts respectively,
is implemented.

Schematic of coordination of the 15 kW IM FEM model.

Fig. 3.

Fig. 3 is a schematic of how different coordinate systems
are located at the cross-section of the investigated six-pole
15 kW IM FEM model. On the stator side, the «-axis is at
the direction of the flux linkage of phase A (red wires in
the slot), and the S-axis is m/2 lagging to «a-axis. On the
rotor side, the u-axis and v-axis are at the electrical angle of
7 (Bar07) and 37/2 of the rotor respectively. Furthermore,
the position of ¢ is the orientation of the d-axis.

The fundamental time-varying variables in different rotor
bars of a segment have the same amplitude and frequency
(w2), and a phase shift of (27 N,,)/Q, between each neighbor
bars [12]. Hence, in the u-v plane these variables can be
formulated as

2, 1) = Xt cos |wat
kE=1,2,..,Q,/2N,
where x can be u, 4, or ¢, and X can be U, I, or V.
Next, projecting all variables to the rotor fixed axis, the u-

and v-components of these variables, such as the total rotor
current variable, can be determined as

Q. /2N,
HOEIDY
k=1

Q:/2N,

2t = %
k=1

With the components of ', and v, at ¢ = 0, which can
be computed from (12), the initial phase angle of gr in the
stationary a-f coordinate system can be found as

erfO = 971.,0 + 6;1:0 (13)

(k—1)27er}

Qr (11)

a:})‘gjryk(t)cos |:71' — ké—"] )

Tk (t)sin |:7T — k%}

where the initial phase angles of the u-axis in the a-f3 axes
is 00 and ¥ in the d-¢ plane is 9“”0 respectively.

Oriented in the direction of 1/) ‘with the real part repre-
sented by the d-direction, 0, is "also known as the initial
electrical angle between the - and d-q axes and it can be
utilized to recognize the phase angles of all phasors in the
d-q plane.

D. Transferring the rotor quantities to the stator side

As the rotor quantities of the IM are all induced by the
stator side, similarly to the secondary and primary sides of
a transformer, the amplitude of the rotor variables from the
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4{ Step1: No-load tests with current sweeps

L,(I,) ‘ Step2: Locked-rotor test with % of rated frequency
l Uy ind
‘ Step3: Load tests with voltage sweeps éf
¢ Us ind + Ls W;

*‘ Step4: Identifications of parameters of TEM
By, Ly (), Ly (L), ¥ |

Step5: Calculations of parameters of IGFM

'

Ry, Ly (Iy)s L (L), ¥k, 4, 28

=
LI

Fig. 4. Flowchart of conventional method.

rotor side in the u-v coordinate system can be transferred to
the stator side by

2Nyqsk1 N,
U, = % b (14)
Qrcs
I, = ———1I}/ 15
" 6Nyqoki N, T (1)
where W, I., ¥p7 , and I are the amplitudes of the

variables.

III. IM PARAMETERS IDENTIFICATION
A. Conventional method

Using the conventional method, the parameters of IMs
at their rated point typically a single operating speed, are
identified by the no-load and the locked-rotor tests. Since it is
the total leakage inductance L)+ L, that can be determined
in the locked-rotor test, a ratio of Lsy/L,\ needed to be
assumed. Here, this ratio is assumed to be 1 according to the
recommendation in [4].

The conventional method, summarized in Fig. 4, is ap-
plied using Ansys/Maxwell. In the first step, several no-load
tests with various stator current magnitudes will be performed
to determine the dependence of L on I,,,. A locked-rotor test
with 25% of the rated frequency is applied to find R, and
Lgsy + L,y in the second step.

To compare with the new method, the phasors of u ;.4
and 7, from the load test are used to find the magnetizing
current g,, by
=u

— JwoLisx (16)

s,ind

Lm (17)

=l + =
- Rr +]UJOL1‘)\

Zm
The data of u
verification.

In the third step, with the amplitude of the magnetizing
current I, by (17), in addition to Ly, L, and Lg(I,,) from
the second step, L., (I,,), L. (I,,) can be found. Furthermore,
the rotor flux linkage phasor 1/) can be obtained by (3).

The final step is to apply (5) (8) to resolve Rp, Ly (1),
Ly (Ipr), and P %. With the amplitude of 7, from the third step

Ug ing> Ls» Te, and wo are also saved for later

Step1: No-load tests with current sweeps ‘

|

|

|

l o sind
|

Step2: Load tests with voltage sweeps }—'—> ;
|

y P Suv UV Uy
Lzsy Dy Thary » Ybar1 » Vhara

L,(1,) |

e
Wy

|
|
|
Step3: Identification of parameters of TFM |
|

VB ), L) v,

|

|

|

|

|

|

|

Step4: Calculations of parameters of IGFM ‘

'

Rp, Ly (In), Ly (1), wﬁv “Z

Fig. 5. Flowchart of a new proposed procedure.

and 9%, the d- and g-quantities of stator current i¢ and ¢
can also be acquired by

4 d
L—Z (18)
il =/12 —i¥ (19)

B. Proposed method

The flowchart of the proposed method in this paper is
shown in Fig. 5. After conventional no-load tests with stator
current magnitude sweep to find the relations of L,, and [,,,
the stator phasors can be directly obtained from the FEM
results in the second step. Moreover, to get the information
of the rotor branch, the current and flux linkage phasors from
the rotor bar iyy,. ;. yz‘;’r , are acquired from an end-ring
simulation and then transferred to the stator side by (14) and
(15), rather than the way to bypass the magnetizing branch
in the locked-rotor test.

Then, with the curve of L (I,,) from the first step and the
other phasors from the second step, R, L., (I,,), L-(In),
and wT can be obtained in the third step. Finally, the forth
step is the same final step as for the conventional method.

C. Verification

In order to verify the usefulness of the proposed improved
model, the acquired parameters of the IGFM are utilized to
calculate the electromagnetic torque and electrical slip speed
as in (10) and (9). The calculated values, T¢ . and ws cqi,
are compared with those derived directly from FEM.

Next, the equivalent impedance in Fig. 2, Req + jwoLeg,
can be formulated via the parameters of the IGFM as

L2 Rr
Req = —R — (20)
(52)" +wiLy,
2
Ly (8=
L= Lo+ D
(%7)" +wiLy,
or by the phasors of the induced voltage u, ;,,; and i , which
can be acquired from Ansys/Maxwell directly, as
Req = Re <*—s ‘"d> 22)
s
Ug g 1
Leg = Jm(ﬂ) — (23)
s wo
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IV. FEM MODEL

The design details of investigated FEM model are pre-
sented in Table I. Its cross-section of one pole-pair is in
Fig. 3.

IGFM PARAMETERS (INPUT LINE-TO-LINE VOLTAGE: 400 Vj.y, /50 Hz,

TABLE II

ROTOR SPEED: 980 RPM).

TABLE 1
DESIGN DETAILS OF THE 15KW IM.
Parameter Unit Value
Rated output power kW 15
Rated speed rpm 980
Rated line-to-line input voltage Vims/Hz 400/50

Parameter | Unit | Conventional | Proposed
Ly mH 42.6 38.9
L, mH 3.67 1.87
Rp Q 0.142 0.146
w Wb 0.897 0.943
id A 21.1 24,2
il A 42.7 41.0

Bar01

Number of pole pairs Ny, - 3

Iron core stack length mm 230
Stator outer diameter mm 291.2
Stator inner diameter mm 190.2

Number of stator slots Qs - 36

Rotor outer diameter mm 189.3
Rotor inner diameter mm 55
Rotor end-ring average diameter mm 163.3
Number of the rotor slots Q- - 39
Number of turns per coil Ng - 38
Area of a stator turn mm? 1.98
Number of parallel strands per turn - 2
Number of parallel branches Ny, - 3
Terminal connection - Y
Stator coil material - Copper
Rotor bar material - Aluminium
Iron core material - M700-50A

V. RESULTS AND COMPARISONS
A. No-load tests

T 454

°
£ 254

10 1‘5 Zb 2‘5 3b 3‘5 4b 4‘5 Sb 5‘5 60
Magnetizing Current(RMS) [A]

Fig. 6. Stator inductance L varying with magnetizing current.

The stator inductance L of the 15 kW IM vary with the
magnetizing current as sketched in Fig. 6, which is derived
from the FEM results.

B. Load test for input line-to-line voltage: 400 V,.,s/50 Hz

In this paper, it is the rotor phasors that need more
post-processing work. Hence, in order to exam if the rotor
phasors are reasonable, this section presents the results of
a load test with a rotor speed of 980 rpm and a line-to-
line voltage of 400 V,.,,,s/50 Hz. Besides, a table of IGFM
parameters is presented in Table II to show the differences
of results between two methods. Figures are presented with
time-varying rotor variables in the u-v coordinate system and
the phasors in the d-g coordinate system.

Table II lists the parameters of IGFM from both con-
ventional and proposed methods derived under the rated
point. Except for L, the differences of other parameters are
less than 15%. The usefulness of these parameters will be
compared in the next section. In Fig. 7-9 (a), the raw data of
the variables in the first rotor bar is derived from the end-ring

—— y-component
—— Raw Data

Current [A]

(a)

©-component
— Bar01

4004 7 — Bar02 |
/ — Bar03
| / — Bar04

—— Bar05
<7 — Bar06

¥

Current [A]
o

—400 +

—800 T T T
0.0 0.2 0.4 0.6 0.8 1.0
Time [s]

(b)

Fig. 7. Current in rotor bars in u-v coordinate system (input line-to-line
voltage: 400 Vi1, /50 Hz, rotor speed: 980 rpm). (a) Raw data from FEM,
and its wg-component in rotor barOl. (b) wa-component in rotor bar01-07,
1% (¢), and 2(t) for one pole.

calculator of Ansys/Maxwell. Additionally, FFT is applied
to get the rotor fundamental frequency (wy) component of
Bar01. With the wy-component from Bar01, the variables
from Bar02 — 07 can be found using (11), and then the u-
and v-quantities can be obtained by (12), which are shown
in Fig. 7-9 (b). Here, the specific bar number can be referred
to Fig. 3. It can be seen that the amplitudes of the variables
from Bar07 are half of the rest. The reason is that the number
of the rotor bars for one pole is 39/6 = 6.5, meaning that
Bar07 is only contributing with 50% to the adjacent pole in
the u-v plane.

After the identification of the initial phase angle of the
rotor flux linkage 6", in the a-f coordinate system, the
initial electrical angliew between the a-f and d-g coordinate
system 0, 7o can be found. Next, referring the amplitude from
the rotor to the stator side by (14) and (15), the phasors in the
d-q coordinate system can be obtained, and these are depicted
in Fig. 10.

C. Comparisons of the usefulness of the IGFM parameters

Here, two sets of the IGFM parameters from the pro-
posed and the conventional method are used to identify the
equivalent impedance determined from (20) and (21), and
the electromechanical performance ws and 7, found using
(9) and (10) with a range of input voltages from 50-500 V
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Voltage [V]

Bar01
—— w:-component
—— Raw Data

®,-component
— Bar01
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— Bar03
— Bar04
— Bar05
— Bar06
—— Bar07. 7]

Voltage [V]

— )
— w0

0.4 0.6 0.8
Time [s]

(b)

Fig. 8. Induced voltage in rotor bars in u-v coordinate system. (input
line-to-line voltage: 400 V;.,,,s/50 Hz, rotor speed: 980 rpm). (a) Raw data
from FEM, and its wo-component in rotor bar01. (b) wa-component in rotor
bar01-07, u¥(t), and u?(t) for one pole.

le—3

Bar01

—— w,-component

Flux linkage [Wb]
o

0.8 1.0

@y-component
—— Bar01
—— Bar02
—— Bar03 |
—— Bar04
—— Bar05

" — Bar06

— Bar07 |

v

— Y0

Flux linkage [Wb]

0.2

0.4 0.6

Time [s]

(b)

0.8 1.0

Fig. 9. Flux linkage in rotor bars in u-v coordinate system. (input line-to-
line voltage: 400V;-1,s/50 Hz, rotor speed: 980 rpm). (a) wa-component in
rotor bar01. (b) wz-component in rotor bar01-07, 1 (¢), and Y (¢) for one
pole.

and a fixed rotor speed 980 rpm (s = 2%). The results of
Ry, Leg, wa, and T, from the two methods are compared to
those found directly from FEM and presented in Fig. 11-14,
where the curves with the label of "FEM” are those directly
from FEM. The absolute values are drawn in Fig. 11-14(a)
and the discrepancies to "FEM” are presented in (b).

The proposed method has better matches with torque,
slip speed, and equivalent inductance, but the estimation of
the equivalent resistance has not been improved compared to
the conventional method. Moreover, around the rated voltage
(400 V.5, the discrepancies of the investigated parameters
from proposed method toward the ones directly from FEM
are all under 2%.

180°)

180°

270°

()

Fig. 10. Current and flux linkage phasors in the d-g coordinate system.
(input line-to-line voltage: 400 Vi, /50 Hz, rotor speed: 980 rpm). (a)
Magnetizing, stator, and rotor current phasors (1). (b) Stator flux linkage,
stator and rotor current phasors (2). (c) Rotor flux linkage, stator and rotor
current phasors (3).
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Fig. 11. Equivalent phase resistance R (input line-to-line voltage: 50 Hz,
rotor speed: 980 rpm). (a) Absolute value. (b) Discrepancy.

VI. CONCLUSION

A method to determine the equivalent circuit parameters
of an IM is proposed. It is aimed to be utilized for machines
used in applications with different stator flux linkage levels.
Thus, the analysis with different input voltages and currents
is performed in Ansys/Maxwell. In addition, a conventional
method is applied to benchmark the usefulness of the pro-
posed method. The results have shown that the proposed
method has a better forecast of the range of torque, meaning
that it has better representation and is more suitable to be
applied in various voltage applications than using parameters
from the conventional method.
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An Alternative to Determine IM Parameters Trends
Affected by Magnetic Saturation Using Two-Stage
Flux-Decay Test by FEM

Meng-Ju Hsieh, Student Member, IEEE Torbjorn Thiringer, Senior Member, IEEE

Abstract—In this work, a two-stage flux-decay test is con-
ducted to determine not only the induction machine parameters
for a single current level but also their dependence on the
current level. The goal of this work is to find an alternative
parameter determination to the conventional method, which has
several drawbacks when applied to variable speed applications.
First, the theory of the T-form model (TFM) and flux-decay
test are reviewed. Second, a new alternative determination
method for identifying these parameters is presented. Third,
a 2D electromagnetic finite element method (FEM) model of
a vehicle traction induction machine (IM) is implemented to
show the viability of the proposed method in a real design.
Lastly, a comparison of results using the conventional method
and analyzed the proposed method is presented, showing a good
agreement.

Index Terms—induction machine (IM), flux-decay test, pa-
rameters determination.

[. INTRODUCTION

The induction machine (IM) is one of the most commonly
used traction electric machines (EMs) for electric vehicles
due to its robustness, cost-effectiveness, and rare-earth-metal-
freeness. While compared to the other popular EM type,
permanent magnet synchronous machines (PMSMs), IMs are
more complicated to control, and it is also more difficult to
predict their performance at the design stage. This is due to
the fact that there is a slip speed between the rotor and stator
electrical speeds, which provides a wider degree of freedom
for single torque and rotor mechanical speed demand. In
addition, the simulation time of the finite element method
(FEM) of the IM is, unfortunately, much longer than PMSM
per case.

The field-oriented control (FOC) based on the T-form
model (TFM) or the inverse I'-form model (IGFM) is typ-
ically applied to find the IM’s optimal points. There are
two benefits of basing the FOC on these schemes. Firstly,
considerable FEM simulations to find optimal points per IM
design can be saved from the approach of tracking optimal
operating points by sweeping slip and current level combi-
nations using FEM simulations. Secondly, such parameter-
based models can be easily applied in a refined evaluation, for
example, minimum loss control, benchmark evaluation, etc.
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Chalmers University of Technology, Goteborg 41296, Sweden (e-mail:
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Thus, predicting IM parameters precisely is desired already
at the design stage.

To identify the IMs’ IGFM parameters, the conventional
method is to conduct a no-load, and a locked-rotor test
[1]. However, parameters determined by the conventional
method are usually derived by testing and further operating
the IM only at a single rated point with a fixed current level.
Moreover, the locked-rotor test has three main disadvantages
when applied in variable speed applications. Firstly, it gives
the total leakage inductance, whereas the ratio between the
stator and rotor leakage inductances must be approximated
based on their type in [2]. Next, the skin effect from the
fundamental rotor frequency (one-fourth of the rated stator
frequency) has a higher degree of skin effect than most of the
load points of IMs. Furthermore, the flux leakage path of the
rotor in the case of closed rotor slots and the magnetizing path
are current-dependant [3]. Where the closed rotor slot designs
with iron bridges are often implied in inverter-fed IMs’
designs. Such iron bridges have the benefit of reducing the
harmonics of flux density in the air gap hence the harmonic
losses and torque ripples can be reduced [4], [5]. Thus, a
conventional test with only one current level does not give
a good enough representation for variable speed applications
where the magnetizing and leakage inductances differ due to
the iron core saturation.

To find IMs’ parameters that suit variable speed applica-
tions, various methods are developed. In [6], several no-load
and load tests are performed using FEM, and the results show
improvement over the conventional method with regards to
parameters determination and a good agreement between its
FEM model and IGFM when it comes to the prediction of
torque. However, the investigated machine is an open rotor
slot IM and only one speed is tested. In [7], the focuses are
on the use of flux-decay experiments to determine the ratio
between rotor resistance and rotor inductance of one wound
and two squirrel cage IMs. The authors analyze the time
constants of voltage envelopes during IMs’ decaying flux
periods to investigate the effect of flux linkage levels on the
ratio. The results show that the ratio varies with flux linkage
levels, especially in closed rotor slot cases. In [8], the authors
further analyze the time constants of the beginning and the
end of the decay period and find an increment in the time
constant at the end of the test. However, it is noted that the
results of these papers are not coupled to any FEM analysis,
which limits their usability in the initial design phase.
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Fig. 1. TFM in the first stage.

In this paper, a method to determine the TFM parameters
of IMs using FEM by the flux-decay test is proposed.
The specific contribution is to identify rotor resistance, all
inductances, as well as their current dependencies with flux-
decay tests. The inductances are calculated directly from flux
linkages and currents. It is a straightforward procedure to
determine the parameters of the TFM in the IM development
phase. The studied machine is a closed slot traction IM [9].
In addition, several conventional tests with various stator flux
linkage levels are performed in order to verify the usefulness
of the proposed method.

II. THEORY

The flux-decay test is conducted with two stages in this
work. The first stage is to perform a no-load condition to
magnetize the iron cores. Then, in the second stage, the input
stator current is set to zero, and the magnetic energy stored
in the stator and rotor iron cores will decay due to the rotor
resistance.

The trend in the second stage can be used to determine the
parameters of the T-form model (TFM) depicted in Fig. 1 and
Fig. 2, where u ;nq is stator induced voltage, L,y is stator
leakage inductance, L,, is magnetizing inductance, L, is
rotor leakage inductance, R, is rotor resistance, ¢, is stator
current, v is stator flux linkage, ¢, is rotor current, ¥, is
stator flux linkage, w,. is rotor induced voltage, wy = 27 fj is
stator electrical speed, and fy is stator electrical frequency.

Iron loss and mechanical friction are disregarded in this
study. The FEM simulation maintains the rotor mechanical
speed at the synchronous speed wq/N,,, with N, repre-
senting the number of pole pairs. This setup ensures that the
electrical speed always stays at wp, which is practical for
post-processing the data. However, it is important to note
that in reality, both the rotor mechanical and stator electrical
speeds decrease gradually over time due to mechanical fric-
tion from the shaft and air. Additionally, the iron cores are
assumed to have zero loss, resulting in a more identical rotor
resistance.

In Fig. 3, the trends of amplitudes of variables are
depicted, where the variables with n; mean quantities at
the first stage, the ones with pp represent quantities at the
second stage, and the ones with o denote the initial value of
the decay. The rotor current ¢, 1, and rotor induced voltage
u, Ny, are zero in the first stage since the rotor circuit is
open, and the rotor flux linkage v, 51, is equal to magnetizing

i, =0 Lgy
Y YY)
+
T di,"; I
u == “m
Us,ind =~y

Fig. 2. TFM in the second stage.
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Fig. 3. Trends of variables amplitudes from flux-decay test.

flux linkage in the first stage. Moreover, the stator inductance
Ls = Ly, + Ly at current level ¢s 7, can be derived by

ws,NL

Ls ==
1s,NL

(D

In the second stage, the rotor circuit is shorted, the stator
flux linkage s can be regarded as the main flux linkage,
and the rotor current ¢, pp can be considered as magnetizing
current since the stator current i, pp is zero. Thus, the
magnetizing inductance varying with time can be obtained

by
ws,amp (t)
i, amp ()
Moreover, the stator leakage can be determined by s v,
and the initial stator flux linkage in second stage s Fpo as

Lin(t) = 2

Vs, NL — Vs, FDO 3)

Lsy = .
1s,NL
Using the decaying rotor quantities, w, qmp(t) and
ir.amp(t), the rotor resistance and rotor flux linkage can be
derived by

t
R, (1) = tramel) @

7'7',amp(t)
1/)r,amp(t) = /ur,amp(t) dt (5)
Furthermore, the rotor inductance L, = L,, + L, and

rotor leakage inductance L, variation with time can be
obtained by

1/)7" amp(t)
LT (t) 'Lr amp(t) (6)
Ly(t) = Lr(t) = Lin(t) v
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TABLE 1
IM’S DESIGN DATA [9], [10].

Parameter Value Unit
Maximum power 165 kW
Maximum torque 355 Nm
Maximum line current 333 A
Number of pole pairs 2 -
Number of turns 6

Iron core stack length 210 mm
Stator outer diameter 245 mm
Stator inner diameter 157.2 mm
Air gap length 0.6 mm
Rotor outer diameter 156 mm
Rotor inner diameter 50 mm
Number of stator slots 48

Number of rotor slots 58

Stator coil material Copper

Rotor bar material Aluminium

Iron core material M235-35A

Fig. 4. Cross-section of investigated IM.

III. FEM MODEL

The design details of the investigated 2D FEM model are
presented in Table I. Its cross-section of one pole-pair is in
Fig. 4. This model is built in Ansys/Maxwell, and a flux-
decay test with two stages is performed.

IV. RESULTS
A. Base case

In this section, the results of a two-stage flux-decay test of
the base case conducted in FEM are presented. The stator flux
linkages of phases A, B and C, as well as their amplitudes, are
shown in Fig. 5. The stator current is set to zero at time = 0s.
It can be seen that there is an obvious jump in stator flux
linkage amplitude right at the téme = 0Os, which will be
used to calculate the stator leakage inductance. In Fig. 6, the
amplitudes of the rotor and stator flux linkages are presented,
where the difference between the rotor one and the stator
one is considered as the rotor leakage flux in this work. The
rotor current in Fig. 7 is calculated from the rotor bar current
derived from FEM, the method to refer the rotor bar quantities
to the stator side can be found in [6], [11].

All inductances of the TFM, including the dependence
on the current derived from the flux-decay test, are shown
in Fig.8. It is clear that the rotor inductance, magnetizing
inductance, and rotor leakage inductance are decreased by
the increase of current due to the saturation of the iron core.

In Fig. 9 and 10, the rotor resistance R, and the total
leakage inductance L;\ = L) + L, obtained by both flux-
decay and locked-rotor tests are displayed, where the locked-
rotor test is performed at fo = 10H z in order to eliminate the
skin effect. In addition to simulation, a theoretical value of
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Fig. 5. Stator flux linkage varying with time from the flux-decay test for
the base case.
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Fig. 6. Stator and rotor flux linkages varying with time in the second stage
of the flux-decay test for the base case.
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Fig. 7. Rotor current amplitude varying with time in the second stage of
the flux-decay test for the base case.
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Fig. 8. Inductances varying with the current in the second stage of the
flux-decay test for the base case.

R, is calculated from the design data of IM by the formula in
[11]. On the one hand, it can be seen that both curves from
two tests in Fig. 9 have no obvious upward or downward
trend with the current increment. Furthermore, the one from
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Fig. 10. Total leakage inductance varying with the current from the flux-
decay and the locked-rotor tests for the base case.
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Fig. 11. Stator inductance varying with the stator current from the flux-
decay and the no-load tests.

the lock-rotor test is a bit higher than the one from the flux-
decay test and the theoretical value, which is expected since
there is still a slight skin effect with fy = 10H z. On the other
hand, L;, from both tests have downward trends with the
current increment. However, the discrepancy of L;) between
the two tests is comparably high, which should be examined
furtherly by implementing them into the control scheme.
The stator inductance L, varying with current obtained
from both no-load and flux-decay tests is presented in Fig. 11.
The result shows a great agreement between these two tests.

B. Comparison of three cases for stator leakage inductance

In this section, two additional cases are set up to examine
if the difference between the amplitudes of ¥ n 7, and ¥, Fpo
could represent the major quantity of stator leakage flux. The
first base case has been presented in the previous section, and

Fig. 12. Flux lines for the base case before and after the cut-off from stator
current.

\

Fig. 13.
cut-off from stator current.

Flux lines for the case with flux stoppers before and after the

its plot of flux lines is shown in Fig. 12. It shows that there did
have leakage flux caused by the stator current in the stator, air
gap, and head of the rotor slot before the stator current cut-
off, and then after the cut-off, it is the rotor current causing
the leakage flux. The second one is a case in which the spaces
of the stator slots extended to the middle of the air gap are
filled by materials with extremely low relative permeability
(r = 1079), called “flux stopper” in this work. They are
shown in Fig. 13 (coral red objects), which aim to eliminate
stator leakage flux as much as possible. In the last case,
the heads of stator slots are changed from 2.9mm to 0.2mm
and filled with a magnetic material with relative permeability
1 = b, named “magnetic wedge” here, of which purpose is
to increase the stator leakage flux. As Fig. 14 has shown, the
leakage flux caused by the stator current increased from the
base case.

The traces of stator flux linkage amplitudes before and
after the moment of the stator current cut-off are depicted
in Fig. 15, their values of amplitude, as well as the stator
main and leakage inductances are listed in II. The results
have shown two adjustments from the base case are aligned
with the expectations. In the second case with flux stoppers,
the difference between the amplitudes of s nz and s Fpo
dropped to 0.006Wb from 0.043Wb of the base case, re-
sulting in a much smaller leakage inductance 0.009mH The
results of another case with magnetic wedges have increments
of leakage inductance to 0.078mH from 0.061mH.

Authorized licensed use limited to: Chalmers University of Technology Sweden. Downloaded on September 08,2025 at 09:28:01 UTC from IEEE Xplore. Restrictions apply.



\

== LI

- (a) éefo;e cut-off. (b) After cut-off.

Fig. 14. Flux lines for the case with magnetic wedges before and after the
cut-off from stator current.
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Fig. 15. Stator flux linkage amplitudes for three cases.

TABLE I
STATOR FLUX LINKAGE AMPLITUDE AND STATOR MAIN AND LEAKAGE
INDUCTANCES FOR THREE CASES.

Case Vs, N [Wb] | ¥s ppo [Wh] | Ls [mH] | L,y [mH]
Base case 0.501 0.458 0.708 0.061
Flux stopper 0.479 0.473 0.678 0.009
Magnetic wedge 0.506 0.451 0.715 0.078

V. CONCLUSION

A method to determine the T-form model(TFM) parame-
ters of an IM is proposed. The aim is to be utilized to find
the optimal points for IMs used in variable-speed applications
with a range of operational zone. Thus, the flux-decay with
two stages is performed in Ansys/Maxwell. In addition,
several conventional methods with various current levels are
applied to verify the usefulness of the proposed method. The
results have shown that the proposed method has a very good
match with the conventional method when it comes to rotor
resistance R, and the stator inductance L. The results also
reveal that several no-load tests with different current levels
can be replaced by a two-stage flux-decay test. Furthermore,
two additional cases are implemented in order to show the
relationship between the stator leakage flux and the amplitude
of stator flux difference before and after the stator current
cut-off.

However, the discrepancy between leakage inductance
Ly is high. A further study to use these two sets of

parameters in control would be great to be conducted in the
future.
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Abstract—In this work, a follow-up study of estimating optimal
operating points by an improved parameter-based model of three-
phase induction machines (IMs) is conducted and presented.
The main objective is to examine the representation of IMs’
parameters within a specified operating boundary. The paper
begins by reviewing the theory behind the inverse I'-form model
(IGFM) and maximum torque control. This review serves as
a foundation for developing methods for estimating operating
points. Finally, the study compares the results obtained using
a 2D electromagnetic finite element method (FEM) model of a
15kW IM with those derived using a parameter-based model
obtained through the conventional method, demonstrating the
practical utility of the improved parameter-based model.

Index Terms—induction machine (IM), maximum torque con-
trol, parameter-based model.

NOMENCLATURE
Npp Number of pole pairs
wo, w1 Synchronous and rotor electrical speed
wa Slip electrical speed, wp — w1
Te Electromagnetic torque
nr Rotor mechanical speed, n, = 60w /(27 Npp)
Ny base Base rotor mechanical speed
d-q Real and imaginary parts of the stator synchronous
rotational coordinate system, speed: wo
U, Ty Stator voltage and current phasors
gs Stator flux linkage phasor
Y R Inverse I'-form rotor flux linkage phasor
it Inverse I'-form magnetizing and rotor current phasors
up Inverse I'-form rotor induced voltage phasor
Rs,RR Stator and inverse I'-form rotor resistances
Ly, Lo Inverse I'-form magnetizing and leakage inductance
Us,u?, ul Stator phase voltage amplitude and d-g components
I, igl, il Stator current amplitude and d-g components
w%, ¢§% Rotor flux linkage d-g components
Ou,dq,0i,dq  Stator voltage and current angles on d-q plane
max Subscript indicating the maximum value
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I. INTRODUCTION

The induction machine (IM) is widely used as a traction
electric machine (EM) for electric vehicles due to its dura-
bility, cost-effectiveness, and rare-earth-metal-freeness. How-
ever, compared to permanent magnet synchronous machines
(PMSMs), another popular type of EM, IMs are more complex
to control, and their performance is harder to predict during
the design phase. This complexity arises from the slip speed
between the rotor and stator electrical speeds, which intro-
duces greater flexibility in torque and rotor mechanical speed
demands. Additionally, the simulation time for finite element
method (FEM) analysis of IMs is, unfortunately longer than
that of PMSMs. To design IMs suitable for variable speed
applications without repeating prototyping, the authors in [1]
recommend employing the FEM model to accurately ascertain
the range of optimal operating points throughout the complete
torque-speed map. To minimize the computational burden, a
distinct simulation workflow with the knowledge of IMs’ max-
imum torque control is also proposed. Experimental evidence
validates the results derived through the use of FEM. However,
the computing load and time to derive a complete torque-speed
map remain considerable, particularly when optimizing IMs’
designs due to redundant FEM simulations.

Parameter-based models like the T-form model (TFM)
or inverse I'-form model (IGFM) are used to reduce the
number of required simulations. These approaches offer two
advantages. Firstly, they reduce the need for extensive FEM
simulations to identify optimal operating points during IM
design. Instead, optimal points can be determined by sweeping
slip and current level combinations using FEM simulations.
Secondly, parameter-based models like TFM and IGFM can
be easily applied for refined evaluations such as minimum
loss control or benchmark assessments. Therefore, it is crucial
to build IM parameter-based model during the design stage
accurately.

Several studies have utilized FEM programs to predict the
parameters of IMs during the design stage for effective control.
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In [2], a proposed approach involved exciting both the stator
and rotor windings using the FEM magnetostatic solver. This
method significantly reduced the expected simulation time
compared to the transient solver. However, it may lead to
lower accuracy when IMs with high skin effects. Therefore,
this paper, along with [3], [4], utilized the transient solver to
maintain accuracy in such applications. In [3], the authors em-
ployed three different load tests to identify the parameters of
the TEM. The stator and rotor current and flux linkage phasors
were obtained from FEM analysis. However, the extraction of
rotor phasors was not discussed in detail in [3]. In [4], the
authors determined the IGFM parameters by applying several
voltages with small amplitudes and a range of frequencies to
three different IMs through an inverter. However, the IMs were
tested at a standstill, and the frequency range of 10 to 40
Hz used did not align with the typical operating range of the
rotor frequency. Furthermore, both [3], [4] lacked performance
predictions for torque based on equivalent parameters. The
study [5] primarily investigates the application of flux-decay
experiments to extract the ratio between rotor resistance and
rotor inductance, as known as rotor time constant, in one
wound and two squirrel cage IMs. The authors conducted an
analysis of voltage envelope time constants during the flux
decay stages of IMs, exploring the influence of flux linkage
magnitudes on the said ratio. It is evident from the results
that the ratio is subject to changes based on flux linkage
magnitudes, particularly for closed rotor slot scenarios. A
follow-up study, [6], delves deeper into analyzing the time
constants at the start and finish of the decay phase, observing
an increase in the time constant towards the conclusion of
the test. Nevertheless, it’s worth noting that the outcomes of
these research studies are not coupling with FEM analysis,
which limits their practicality in the early design stage. In
[7], multiple no-load and load tests were performed using
FEM. The results showed improved parameter determination
compared to the conventional method, and a good agreement
between the FEM model and IGFM in torque prediction.
While the investigated machine is only operated at one speed.
Thus, a further control strategy is needed to examine the
usefulness of the parameter-based model using the proposed
method.

This study focuses on examining the degree of representa-
tive of IGFM parameters using a proposed method from [7] by
applying maximum torque control within a specified operating
boundary. The results demonstrate that the proposed method
offers higher accuracy compared to conventional approaches
such as no-load and locked-rotor tests. The main contribution
of this paper is the step-by-step procedure for estimating
optimal operating points using an improved parameter-based
model. Furthermore, the study verifies the enhanced estimation
of operating points using maximum torque control compared
to the conventional method. The findings indicate that the im-
proved parameter-based model can more precisely determine
optimal operating points with acceptable discrepancy from the
ones by the FEM model.

R, i, L, iR R
P I S 0 0 N S
in \
dyp T
u, Ly, ? Jw; g f \ERJ

Fig. 1. Dynamic inverse I'-form model of IMs.

Yr
> d
Fig. 2. Stator current phasor, stator voltage phasor and rotor flux phasor on
d-q plane.

II. CONTROL TEMPLATE

In this work, the perfect field-oriented control (PFOC) based
on the IGFM is applied as a control template. The IGFM’s
dynamic form is presented in Fig. 1. The rotor flux linkage
P R is aligned to the d-axis and the d-quantity 1% equals to
the amplitude of R a8 shown in Fig. 2. The amplitude of
the magnetizing and the rotor current is equal to i¢ and 79,
respectively.

[l = V%
lin| =19 = Iscos(0; aq) (1)

|1R‘ = Zg = ISSin(ei,(i<1)

where I, = |i,] is the stator current amplitude, 6; 44 is the
stator current angle on d-q plane.

Consequently, the d-axis rotor flux linkage, electromagnetic
torque and electrical slip speed can be stated as

Pk = Ly i? )
3 d :q
T, = §Npp Vg il 3)
Rp 4
wa = z};d - “
R

Accordingly, the Rp, Ljs and %13 are crucial to predict
operating points.
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Additionally, the stator phase voltage at d-q plane can be
stated as

d
di

; Rp
7 dt

ad -d _ q _ 1VR id
Ug = (Rs + RR)ZS + L woLng T 'l/)R

)
7q
ul = (Rs + RR)il + Lg% + woLyid + w1y

III. MAXIMUM TORQUE CONTROL

Maximum torque control aims to extract the maximum
electromagnetic torque per stator current. However, due to
the limitation of the inverter and the IM capability, different
constraints are applied at low-, medium-, and high-speed
ranges.

A. Maximum torque per ampere (MTPA) region

In the low-speed region, the only constraint is the stator
current limit. The optimal operating points are the maximum
torque for the given stator current. Insert (2) into (3) and (4),
the electromagnetic torque and electrical slip speed can be
expressed as the function of 6; 4, and I,.

T, — % Nyp Lar T2 sin(26; q,)
(0)

Wy = L—;’ tan(0;,aq)

From (6), it can be seen that the maximum torque would
happen at 0; 4, = 45° if the other parameters (Rp and Ljy)
are fixed. While, with the increase of the stator current level,
IGFM parameters would differ due to the saturation of the iron
core and affect the control accuracy. Hence, improved IGFM
parameter sets derived by the proposed method in [7] are used
in this work.

B. Field-weakening (FW) region

When IMs reach the limitation of dc bus voltage limit, it is
when the FW strategy should be applied to extract maximum
torque at medium speed. Insert (2) and (4) into (5) and
consider only steady-state control of IMs, d-g quantities of
the stator phase voltage can be expressed as

ud = Rgi? — woLyid
(7
ud = Ryi% 4 wo(Ly + Lyy)i?

From (7), it can be observed that the rotor flux magnitude
zbf% should be reduced with the increase of frequency to
maintain the stator phase voltage level below its limitation. To
achieve this, the approach is to increase the d-q plane stator
current angle 0; 4, and electrical slip speed, which means the
less current (i%) goes to magnetizing branch and the more (i%)
enters the rotor branch of IGFM.

The effect from Ry to stator phase voltage can be neglected
when the injected frequency is high. Then, the constrain could
be set as

uf bl = [(Loi)? + (Lo + Lan)id)*]| S U2,0e ®)

where Uy jqz is the maximum stator phase voltage limited by
dc-link.

C. Maximum torque per voltage (MTPV) region

With the increase of the IM’s rotor rotational speed and
injected frequency, the slip rate (slip = wa/wy) reaches
the breakdown torque point where the maximum torque per
voltage happens. Insert (7) and (2) into (3) and (4), and neglect
the effect from Ry, the torque and slip frequency equation at
maximum voltage can be expressed as

—3Npp Ly U2

p—L LTS
TR, Ly + Lyp) *(2ta) ©

o *RR(LG + LM)

= 10
wo Toile (10)

cot(0y,aq)
where Uy =, 0,44 is the d-q plane voltage angle.

D. Optimal stator current trajectory

Fig. 3 depicts the optimal stator current trajectory for max-
imum torque control. The blue, orange, and green solid lines
represent the current trajectories of the MTPA, the FW, and the
MTPYV regions respectively [1]. With improved IGFM and (6),
the maximum torque points can be derived by sweeping 0; 44
and I,. It is practical to start the iteration from the minimum
current I s, and minimum 6; g, = 45° to get 0; qq TP A
where the maximum torque happens for given /,. Furthermore,
the 0; 44, pr7pa for the lower stator current level can be the
starting point for the next higher stator current level. Once the
I reaches I ;mqz, the maximum torque T¢ 4, for a given
current limit can be estimated. The base speed n,. 45 can be
estimated by (8) as

60 Us,mal‘
2Ny | J(L0i®)2 + (Lo + Lar)ity?

Ny base = — W2 T, man

1

where the boundary between the MTPA and the FW regions.

In the MTPV region, since the stator flux linkage is rather

low, hence, low saturation at this point, the inductance values

are almost fixed and the maximum torque would happen at
0u,aq = 135°. Thus, the slip frequency can be derived by

RR(LU + LM)

12
Torl. (12)

W2, MTPV =~
Then, the needed synchronous electrical speed for a given
rotor speed can be yielded to

271, Npp
60

With the needed synchronous electrical speed and U, =
Us maz, the torque T, and stator current zf and 77 can be
derived by (9) and (7). In this region, it is feasible to start the
estimation from the maximum voltage s 4. and rotor speed
Nymaz, and reduce the rotor speed until I reaches Is ,qx
which is the boundary between the MTPV and the FW regions.

Wo,MTPV ~ + w2, MTPV (13)
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TABLE 1T
IGFM PARAMETERS.
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Fig. 3. Stator current trajectory on d-q plane.
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Fig. 4. Cross-section of the 15 kW IM FEM model.

TABLE I
DESIGN DETAILS OF THE 15KW IM.

Parameter Unit Value
Max speed rpm 4000
Max DC-link voltage Upc \% 400
Max current s rms A 32
Number of pole pairs Np), - 3
Iron core stack length mm 230
Stator outer diameter mm 291.2
Stator inner diameter mm 190.2

Number of stator slots Qs - 36

Rotor outer diameter mm 189.3
Rotor inner diameter mm 55
Rotor end-ring average diameter mm 163.3
Number of the rotor slots Q- - 39
Number of turns per coil Ny - 38
Area of a stator turn mm? 1.98
Number of parallel strands per turn - 2
Number of parallel branches N, - 3
Terminal connection - Y
Stator coil material - Copper
Rotor bar material - Aluminium
Iron core material - M700-50A

IV. MODEL
A. FEM Model
The design details of investigated FEM model are presented
in Table I. Its cross-section of one pole-pair is in Fig. 4.

B. Parameter-based model using proposed and conventional
methods

The IGFM parameters are derived by the proposed method
in [7] and are listed in Table II and depicted in Fig. 5. These

Parameter | Unit | Conventional | Proposed
Rp Q 0.148 0.142
Lo mH 3.71 3.16
50 T T T
—— Proposed Method
45 A —— Conventional Method

40 A

35 A

30 A

25 A

20 T T T T T T T
10 15 20 25 30 35 40 45 50
d-axis current [A]

Magnetizing Inductance [mH]

Fig. 5. Magnetizing inductance varying with the IGFM magnetizing current
amplitude i¢ from two different methods.

50

—— MTPA
— FW
— MTPV

>

n w IS
o o o
L ‘

q-axis current [A]

-
o
!

y v v
0 10 20 30 40 50
d-axis current [A]

Fig. 6. Estimated stator current trajectory.

parameters are used to estimate the maximum torque operating
points in this work. In addition, a conventional method is
performed to show the improvement of the proposed method.

V. RESULTS

A. Operating points estimated by a parameter-based model
using proposed method

In this section, the results of operating points calculated by
the improved parameter-based model are presented. In Fig. 6,
the estimated stator current trajectory shows that the trend
matches as expected, 0; 44 starts from 45° and increases with
I,. In the MTPV region, ¢ almost remains at the same value,
and it is mainly ¢¢ that varies with [,. Fig.7-10 present the
torque-speed map of estimated stator current magnitude, rotor
flux linkage magnitude, slip electrical frequency, and stator
phase voltage magnitude respectively.

B. Validation

The comparisons between the three models for IM’s perfor-
mance, including torque, rotor mechanical speed and slip elec-
trical frequency, are shown in Fig. 11 and 12, where the upper
plots are in real value and lower plots are the discrepancies
between the results estimated by the parameter-based models
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Fig. 9. Estimated slip electrical speed w2 map.

and the FEM model. The results show that estimated operating
points by parameters from the proposed method better match
the ones from the FEM than the conventional method in the
FW and the MTPV regions for both 7, and wo calculations.
While in the MTPA region, the differences between the three
models are rather nonidentical. A hypothesis is that the leakage
inductance is overestimated from the conventional method,
which makes the estimation reaches the MTPV region at a
lower speed in the model with parameters compared to using
the conventional method.
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T 180
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=T 120
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T 90
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0 500 1000 1500 2000 2500 3000 3500 4000
Rotor Mechanical Speed [rpm]

Fig. 10. Estimated stator voltage magnitude Us map.
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Fig. 11. Comparison of estimated maximum torque varying with rotor speed.
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Fig. 12. Comparison of estimated slip electrical frequency varying with rotor
speed.

VI. CONCLUSIONS

This work reviews the theory of maximum torque control
at low-, medium-, and high-speed regions. Then, an improved
parameter-based model using the proposed method in [7] is
applied with maximum torque control to predict the opti-
mal operating points of a 15kW IM. A FEM model and a
parameter-based model derived from the conventional method
are also applied to verify the usefulness and improvement of
IM performance estimation. The results show the parameters
by the proposed method have a better representation of this
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IM over a given operating zone.
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Improved Parametric Representation of IM From
FEM for More Accurate Torque Predictions:
Simulations and Experimental Validations

Meng-Ju Hsieh
and Torbjorn Thiringer

Abstract—In this work, an updated methodology to determine
the parameters of three-phase induction machines (IMs) is devel-
oped and presented. The goal of this determination is to achieve
a better model representation of induction machines for the usage
of a circuit-based control system. First, the theory of the T-form
model (TFM) and the inverse I'-form model (IGFM) are reviewed.
The former review becomes the foundation of the following inter-
pretation of the developing methods for identifying the needed pa-
rameters. Next, a 2D electromagnetic finite element method (FEM)
model of a 15 kW IM is utilized to demonstrate the strength of
the methodology on a real machine. Furthermore, a comparison of
results using the conventional test and the newly proposed method
is presented, demonstrating the strength of the proposed procedure
with enhanced accuracy for the torque and slip prediction. Lastly,
experimental results using a 15 kW IM are utilized to demonstrate
the usefulness of the proposed parameter determination procedure.

Index  Terms—Induction machine (IM), parameter
determination, finite element method (FEM), equivalent circuits,
perfect field-oriented control (PFOC).

NOMENCLATURE
N, Number of pole pairs.
Npy Number of parallel branches of winding connec-
tion.
Ny Number of turns per stator coil.
Cs Connection factor; ﬁpr for A, Ny, for Y
Qs, Q, Number of stator and rotor slots.
ky Winding factor of first-order harmonic.
wo, Wi Synchronous and rotor electrical speed.
w> Slip electrical speed, wy = wy — wy
s Slip rate, s = w, /wp
T. Electromagnetic torque.
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Wi Rotor mechanical speed, w, = w; /N,
Q- Real and imaginary parts of the stator stationary.
coordinate system, speed: 0

U-v Real and imaginary parts of the rotor rotational.
coordinate system, speed: w,.
d-q Real and imaginary parts of the stator synchronous
rotational coordinate system, speed: wy
X Amplitude of phasor z in the a-3 coordinate sys-
tem.
xw Amplitude of phasor z*" in the u-v coordinate
system.
Al y-axis component of phasor x
Ug, Uy Stator input and rotor induced voltage phasors.
Ug jnd> Uy, Stator induced and magnetizing  voltage
phasor.
Upe g Induced voltage phasor for rotor bar k at rotor
’ side.
Ugy byt Stator, rotor, and magnetizing current phasors.
gs,gr, %m Stator, rotor, and magnetizing flux linkage pha-
sors.
ﬂ:n . Flux linkage phasors for rotor bar k at rotor
side.
R, R, Stator and rotor resistance.
- A single rotor bar resistance at rotor side.
Lg, L,,L,, Stator, rotor, and magnetizing inductances.
Lg;, Ly Stator and rotor leakage inductances.
v iR Transformed magnetizing and rotor current pha-
SOr.
P R Transformed rotor flux linkage phasor.
Ly, Ly Transformed magnetizing and total leakage induc-
tance.
Rr Transformed rotor resistance.
9:;“0 Initial electrical angle of phasor ¢ in the u-v
o coordinate system.
00 Initial electrical angle of the wu-axis in the «a-f3
coordinate system.
Or o Initial electrical angle between «-/3 and d-q coor-
dinate systems.
Pin, Qin Input active and reactive powers.
Pstrand Stator ohmic loss.
Pre, Ry Iron loss and its equivalent resistance.
Prriction Friction loss.
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I. INTRODUCTION

ITH the increasing usage of electrical machines (EMs)
W as traction motors in automotive applications, the need
to drive effectively, i.e., to utilize the full capability of EMs,
gains importance. To find the EMs’ optimal operating points,
such as maximum-torque-per-ampere points, and to achieve
precise control, the strategies of field-oriented control (FOC)
are commonly applied. Then, for the optimal operating points,
the machine loss and efficiency maps can be constructed and
used for performance evaluation.

Today, the two most commonly used machine types in elec-
tric vehicles are the permanent magnet synchronous machine
(PMSM) and the induction machine (IM). IMs have several
advantages, such as robustness, cost-effectiveness, and rare-
earth-metal-freeness. However, IMs are more complex to control
compared to PMSMs since there are several possible slip rate
choices for one desired output torque and speed combination.
Thus, to find the optimal operating points, a considerable number
of finite element method (FEM) simulations may be required.
Furthermore, since there are windings in both the stator and
the rotor, the FEM simulation computation time for a single
operating point of IMs becomes substantially high compared to
the one for PMSMs.

Accordingly, equivalent circuit models, such as the T-form
model (TFM) or the inverse I'-form model (IGFM)), are typically
used to reduce the number of simulations. Therefore, to make
conceptual and refined evaluations in the automotive industry,
accurately predicted IM parameters for precise control are de-
sired already at an early design stage, i.e., to reduce the need
for repeated prototyping. In [2], [3], [4], three methods and
procedures are developed to find the optimal operating points
and their constraints based on the FOC. These papers also ad-
dressed the iron core saturation phenomenon of IMs (decreasing
inductance with increasing stator flux linkage) that affects the
control accuracies, thus showing the importance of accurate
parameters. Parameter identification methods are, however, not
covered.

The conventional method to identify the IMs equivalent circuit
parameters is to conduct a no-load and a locked-rotor test, as
exemplified in [5]. The parameters derived from the conventional
method are typically acquired for only the rated operating point,
where its stator flux linkage level is usually fixed. There are
two main drawbacks of the locked-rotor test. Firstly, a reduced
stator voltage frequency is preferred during the test to reduce
the impact of skin effect on the rotor bars. At the same time,
the frequency must be high enough to maintain the induction
between the stator and rotor and thereby get good results. In [5],
25% of the rated stator frequency is recommended, which still
is substantially above the rotor’s normal electric frequency.
Secondly, the stator and the rotor leakage inductances cannot
be separated. Instead, general ratios are used, for instance,
according to templates found in [6].

Several alternative methods to the locked-rotor test for iden-
tification of the IMs equivalent circuit parameters in [7], [8], [9]
showed improvement in experiments. In [7], the rotor resistance
of a 15 kW IM was determined experimentally from a load test,
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and the result was compared to an experimental locked-rotor
test, showing a disagreement of above 20%. In [8], the author
introduces a recursive least squares algorithm tailored for online
parameter identification in dynamic automotive control of IMs
to address parameter changes. Dynamic regression models are
also proposed, considering iron losses depending on the opera-
tional points. The research in [9] focuses on utilizing flux-decay
experiments to ascertain the ratio between rotor resistance and
rotor inductance in a 15 kW squirrel cage IM. Through analysis
of voltage envelope time constants during the flux decay phases
of IM, the authors investigate the impact of flux linkage levels
on this ratio. The findings reveal that the ratio exhibits variation
with different flux linkage levels. However, the results from these
studies were not coupled to any FEM analysis, which limits the
usability during the early design stage.

In order to predict the parameters of IMs at the design stage
to achieve effective control, there are several related studies
employing FEM programs. In the studies in [10], [11],[12],[13],
the parameters of the equivalent circuits considering saturation
characteristics of the magnetizing inductance are identified,
and the predictions from parameter-based models show good
matches with experimental or simulation results. In [10], a
suggested procedure to excite both the stator and the rotor wind-
ings using the FEM magnetostatic solver is presented. Its main
advantage is the significant reduction of expected simulation
time compared to the one by the transient solver. Nevertheless,
the procedure would give lower accuracy for cases with high
skin effects, such as those used in Tesla Model S/X and Audi
e-Tron with deep rotor bars [14]. Hence, to avoid degraded
accuracy in such applications, on the one hand, in [13], the
author suggested an updated TFM to represent the components
due to the iron saturation effect and deep-bar effect of rotor
circuits by time-harmonic solvers. The comparison of the simu-
lated results from the proposed model with those from transient
FEA demonstrates the effectiveness of both the model and its
parameter identification algorithm. However, the results have
not yet been validated by experiments. On the other hand, the
transient solver, which is recommended to predict the torque of
nonlinear models in [15], is utilized in this paper, and [11], [12].
In [11], to determine the IGFM parameters, several voltages
with small amplitudes and a range of frequencies are fed by
an inverter to three different IMs. The nonideal effect from
the inverter is included in the FEM and experiments, which
makes the method feasible. The research in [12], an extended
dynamic IM equivalent model, addressed magnetic saturation
and the deep-bar effect. It presents a procedure for parameter-
izing the augmented model using standstill self-commissioning
algorithms, verified through experiments. Nevertheless, the IMs
are tested at standstill and with a frequency range between
10 and 40 Hz, which is not the typical operating range of
the rotor frequency. Furthermore, the performance predictions
of torque calculated by equivalent parameters are lacking in
both [11], [12].

In this paper, a procedure to determine the dynamic equivalent
circuit parameters depending on the magnetizing current of IMs
using FEM is proposed, proving higher accuracy compared to
using conventional no-load and locked-rotor tests. The proposed
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u

Fig. 1.  Steady-state T-form model of IMs.

method aims to utilize the full capability of FEM analysis to
enhance the forecast of dynamic equivalent circuit parameters
as well as torque prediction. The specific contribution is a
step-by-step procedure to determine the parameters of both
the TFM and the IGFM from the stator’s and rotor’s current
and flux linkage phasors. The IM is simulated under no-load
and load tests using the FEM transient solver for catching the
effects of iron saturation and deep-bar. In addition, a verification
of the improvement over the conventional method regarding
torque forecast when using the IGFM parameters is presented.
The results of the proposed method can be used to find the
optimal operating points and to control IMs more precisely with
a minimum amount of FEM simulation effort.

II. THEORY

Perfect field-oriented control (PFOC) based on the IGFM is
chosen as a control template in this work, meaning that the
control is built on the alignment of a rotating coordinate system
with the real axis (d-axis) in the direction of the rotor flux linkage
P R i.e., to have precise control, an accurate position of ¢ R is
vital. Thus, in this section, the background theory of the two
equivalent circuit models and the transformation of phasors from
the rotor to the stator side are formulated.

A. T-Form Model (TFM)

The classical model used for the IM representation is the
steady-state TFM in the -/ stationary reference frame using
amplitude invariant scaling. This model is depicted in Fig. 1.
The relation of current phasors can be found as

by =15 + iy ey

The stator and rotor flux linkage phasors ¢ and ¢ can be
expressed as

Qs - Ls 1.5 + Lm l'r (2)
QT - L’r ir + L'rn is (3)

where Ly = L,, + L, and L, = L,,, + L,,. In practice, these
inductances vary with the magnitude of the magnetizing current
1,,, due to the iron core saturation.

In this paper, FEM analysis is used to determine the currents
and flux linkages, and then (1)—(3) is used for the estimation of
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Fig. 2.  Steady-state inverse I'-form model of IMs.

the magnetizing current ¢,,,, the magnetizing inductance L,,, the
stator inductance L, and the rotor inductance L.

Besides, the rotor resistance R, can be acquired from the
electromagnetic torque 7, and rotor current amplitude I, as

2T, w, s

b= 0=y

“)

B. Inverse I'-Form Model (IGFM)

Fig. 2 shows the steady-state IGFM, a transformed model
from the TFM. It is commonly used as an IM control template.
The reason for applying the IGFM instead of the physically
more relevant TFM is that the TFM is over-parameterized for a
dynamic analysis controller design [16]. The IGFM parameters
can be transformed from the TFM by

Ry = (LL’:)ZRT 5)
Ly = If” ©)
L= Lo Ln ™)
s,

When applying Park’s transformation as well as the PFOC,
aligning the rotor flux linkage p tO the d-axis is assumed.
Then there is no g-quantity of the rotor flux linkage % and the
d-quantity ¥%, equals W . Hence, the electrical slip speed and
electromagnetic torque of IMs can be stated as

Rp 1
wy = s ©)
i
3 d
T, = ENP Vg i, (10)

From (9) and (10), if the parameters of Rr, Ly; and 1/)% are
predicted well, an accurate torque determination of the M by 7%
and ¢Z can be achieved.

C. Rotor Rotational u-v Coordinate System

With a FEM software like Ansys/Maxwell, the induced volt-
age, current, and flux linkage in a single rotor bar can be
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Fig. 3.

Schematic of coordination of the 15 kW IM FEM model.

determined. As mentioned in [15], results with higher quality
can be obtained by using a transient solver rather than a time-
harmonic solver regarding saturation and deep-bar effects, and
accordingly, in this work, the transient solver has been used. In
order to map the variables from different rotor bars to one pole,
a coordinate system, u-v, fixed to the rotor mechanically, with
the u- and v- directions defined as the real and imaginary parts
respectively, is implemented.

Fig. 3 is a schematic of how different coordinate systems are
located at the cross-section of the investigated six-pole 15 kW
IM FEM model. On the stator side, the a-axis is at the direction
of the flux linkage of phase A (red wires in the slot), and the
B-axis is m/2 lagging to a-axis. On the rotor side, the wu-axis
and v-axis are at the electrical angle of = (Bar07) and 37/2
of the rotor, respectively. Furthermore, the position of ¢ is
the orientation of the d-axis. The fundamental time-varying
variables in different rotor bars of a segment have the same
amplitude and frequency (w»), and a phase shift of (27 N,,)/Q,
between each neighbour bars [17]. Hence, in the u-v plane these
variables can be formulated as

(k—1)27N,
Qr
k=1,2,....Q,/2N,

) _ yuv
xbar,k(t) - XbaT cos |wat —

an

where x can be u, 7, or ¢, and X canbe U, I, or .

Next, projecting all variables to the rotor fixed axis, the u- and
v-components of these variables, such as the total rotor current
variable, can be determined as

wE(t) = S aps, (eos |7 — (k= 05) 75
w(t) = S agy (8 sin |7 — (k- 0.5) 7

12)

With the components of 17, and 1) att = 0, which can be com-
puted from (12), the initial phase angle of QT in the stationary
«-f3 coordinate system can be found as

erfO = 011,,0 + 9;1:0 (13)

where the initial phase angles of the w-axis in the a-3 axes is
0,0 and ¥ in the d-g plane is 0", respectively.

Oriented in the direction of ijith the real part represented
by the d-direction, 6,f¢ is also known as the initial electrical
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Fig. 4. Flowchart of conventional method.

angle between the -/ and d-q axes and it can be utilized to
recognize the phase angles of all phasors in the d-q plane.

D. Transferring the Rotor Quantities to the Stator Side

As the rotor quantities of the IM are all induced by the
stator side, similarly to the secondary and primary sides of a
transformer, the amplitude of the rotor variables from the rotor
side in the u-v coordinate system can be transferred to the stator
side by

2NsqskiNp o

r = Cs bar

I _ Qrcs uv
" 6N.gski N, P

(14)

(15)

uv

and bar

where V,., I,., U¥

[ are the amplitudes of the variables.

III. IM PARAMETERS IDENTIFICATION
A. Conventional Method

Using the conventional method from [5], the parameters of
IMs at their rated point, typically a single operating speed, are
identified by the no-load and the locked-rotor tests. Since it is the
total leakage inductance L + L, thatcan be determined in the
locked-rotor test, aratio of L, / L., needed to be assumed. Here,
this ratio is assumed to be 1 according to the recommendation
in [5].

The conventional method, summarized in Fig. 4, is applied
using Ansys/Maxwell. In the first step, several no-load tests with
various stator current magnitudes will be performed to determine
the dependence of L, on [,,. A locked-rotor test with 25% of
the rated frequency is applied to find R, and Lg; + L,; in the
second step.

To compare with the new method, the phasors of u ;, 4, and
i, from the load test are used to find the magnetizing current i,,,
by
(16)

m = ys,ind

- jWOLsA

. u
i m

=ttt —"T—. 17
B - Rr +.7w0LrA ( )
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Fig. 5. Flowchart of a new proposed procedure.

The data of u
verification.

In the third step, with the amplitude of the magnetizing current
I,, by (17),in addition to Ly, L, and L(I,,) from the second
step, Ly, (In), Ly (1,,) can be found. Furthermore, the rotor flux
linkage phasor 1/) can be obtained by (3).

The final step is to apply (5)—(8) to resolve Rpr, L (Inr),
Lo (Inr), and 1%. With the amplitude of i, from the third step
and 1%, the d- and g-quantities of stator current ¢ and i can
also be acquired by

s, ind> 13’

T., and w, are also saved for later

-d 1/}(11?,
s Tus (18)
il =/ (Is)* — (i4)? (19)

B. Proposed Method

The flowchart of the proposed method in this paper is shown
in Fig. 5. After a no-load test with the stator current magnitude
sweep to find the relations of L,, and I,,, the stator phasors
can be directly obtained from the FEM results in the second
step. Moreover, to get the information of the rotor branch, the
current and induced voltage phasors from the rotor bar 7).,
uf? | are acquired from an end-connection in Ansys/Maxwell
which represents the end-rings in 2D FEA simulation. The rotor

bar flux linkage phasor ¢"”  can be derived by

b6 = [ w0t 0)
Then transferred to the stator side by (14) and (15), rather than
the way to bypass the magnetizing branch in the locked-rotor
test.

Then, with the curve of Ls(I,,) from the first step and the
other phasors from the second step, R, Ly, (1), L (I,,), and
t_ can be obtained in the third step. Finally, the fourth step is
the same final step as the conventional method.

C. Performances of IM Calculated From IGFM

In order to verify the usefulness of the proposed improved
model, the acquired parameters of the IGFM are utilized to
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calculate the performances of IM, and the results are compared
with the ones from FEM simulations.

The electromagnetic torque can be derived as in (10). Next, the
equivalent impedance in Fig. 2, R., + j X4, can be formulated
via the parameters of the IGFM as

2L2 Rr
Reg=Ry+ —0 M s Q1)
(RSR) +wyLy,
L (B2)?
Xeg=wo |Lo + MZ()] . (22)
(%) +W(2)L%v1

Furthermore, the amplitude of input phase voltage (U,), input
active power (P;,,), input reactive power (Q;,,),and power factor
(p.f.) can be derived by

Us :IS,/R£q+X§q (23)
3.5
P =31 Rey (24)
3 2
Pin
Jo= . 26
p-f 301 (26)
IV. VERIFICATION BY FEM SIMULATIONS
In [1], the results have shown that the proposed method has

better representation in the range of input voltage levels with
the same rotor speed 980 rpm than the conventional method
from [5]. In this work, a range of rotor speeds 995 — 950" rpm
(Slip = 0.5%—-5%) with the same input voltage level are applied
to examine the robustness of the proposed method further.

A. FEM Model

The design details of investigated FEM model are presented
in Table I. Its cross-section of one pole-pair is in Fig. 3.

B. IGFM Parameters From the Proposed and Conventional
Methods

Two parameter sets from the proposed and conventional
methods by FEM simulations with sweeping input voltages are
presented in Fig. 6 and Table II. The approaches are stated in
Figs. 4 and 5.

These two sets of IGFM parameters will be used to find stator
current’s d- and g-quantities (i¢ and i%). Next, the performance
of a 15 kW IM could be predicted by (21)—(26).

C. Results of the Performance of a 15 kW IM From FEM
Model and IGFMs

The comparative results of the performance of a 15 kW IM
derived directly from the FEM model and two IGFMs from the
proposed and conventional methods are shown in Fig. 7-12. The
blue solid lines with triangle markers are the results directly
from the FEM model described in Section I'V-A, using the rated
voltage with slip values ranging from 0.5% to 5% is applied. The
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TABLE I
DESIGN DETAILS OF THE 15 KW IM
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Parameter Value Unit
Rated output power 15 kW
Rated speed 980 rpm
Rated line-to-line input voltage (RMS) 380/50 V/Hz
Number of pole pairs Nj 3 -
Tron core stack length 230 mm
Stator outer diameter 291.2 mm
Stator inner diameter 190.2 mm
Number of stator slots Qs 36 -
Rotor outer diameter 189.3 mm
Rotor inner diameter 55 mm
Rotor end-ring average diameter 163.3 mm
Number of the rotor slots Q. 39 -
Number of turns per coil Ng 38 -
Area of a stator turn 1.98 mm?
Number of parallel strands per turn 2 -
Number of parallel branches Ny, 3 -
Terminal connection Y -
Stator coil temperature 70 °C
Stator coil material Copper -
Rotor bar temperature 102 °C
Rotor bar material Aluminium -
Iron core material M700-50A -

TABLE II

TRANSFORMED ROTOR RESISTANCES AND LEAKAGE INDUCTANCE

Parameter Unit | Conventional | Proposed
Lo mH 4.38 3.89
Rpr (102°C) Q 0.199 0.215
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Fig. 9. Comparisons of input active power (F;,,) from the FEM model and
two IGFMs.

amplitude of the stator current derived from the FEM simulations
and the same degree of slip with the FEM model are the boundary
conditions of the two IGFMs in Section I'V-B. The predictions
from the proposed methods are presented as red dashed lines
with star markers, and the ones from the conventional method
are shown as green dash-dotted lines with square markers.

From Fig. 7, both methods have certain skews from ones of
the FEM model, however, they can maintain the discrepancies
under 6% in terms of phase voltage amplitudes (Uy). In terms
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§ V. VERIFICATION BY EXPERIMENTAL RESULTS
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5 Measurements from a 15 kW 6-pole machine [18] are used in

E‘ the work. Results from five no-load tests and three load tests with
L0 0 5 12 18 o4 30 sinusoidal feeding have been run for four hours to make sure the

Input Active Power [kW] steady-state temperature is achieved, which are shown in Fig 13.

The temperatures of stator conductors and rotor conductors are
Fig. 12. Comparisons of power curve from the FEM model and two IGFMs.  recorded during tests.
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A. Description of Measurements Set-Up

The machine under investigation was an ABB MBT-180 L,
with mark plate 15 kW, 970 rpm, 380 V, 32 A. It was equipped
with a PT100 thermal sensor in the end ring of the rotor bar
as well as in the stator conductors. The induction machine was
connected to a driving DC-machine, a DMP 160-4S 40.1 kW
2470 rpm driven by a TYRAK S 120 A thyristor converter. The
power was measured by a Siemens B4301 three-phase power
meter. The torque was measured using a 500 Nm HBM torque
Sensor.

B. IGFM With Iron Loss Resistance

In Fig. 14, an updated model of the IGFM considering iron
loss is presented. In the following verification, this updated
parameter-based model will be used. The iron loss represen-
tation, Ry, is extracted from experimental no-load tests, and
the rest of the parameters are from Section [V-B.
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C. No-Load Tests

The results of the five no-load tests with frequency of 50 Hz
are listed in Table III.

Furthermore, to examine the usefulness of the FEM model, a
comparison of stator inductance varying with the stator current
is shown in Fig. 15. The blue dash-dotted line is the used FEM
model with airgap length equals 0.45"mm, and the dotted black
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TABLE 111
EXPERIMENTAL RESULTS OF NO-LOAD TESTS
No-load test 1 2 3 4 5
Line-to-line voltage [V] 94.4 203.8 | 270.2 336 380.7
Phase Current (RMS) [A] 42 8.1 10.8 14.1 16.9
Input power [kW] 0.296 | 0.494 | 0.701 | 0.953 | 0.1178
Winding temperature [°C] | 28.38 | 34.29 | 39.46 | 46.25 52.53
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TABLE IV
EXPERIMENTAL RESULTS OF NO-LOAD TESTS

Parameters Unit Value
Iron loss resistance (Ry.) Q 191.02
Friction loss (Pfriction) w 240.29

line is from the experiment. It is clear that the discrepancy from
the used FEM model decreases with the stator’s current level.

There are two possible reasons for the discrepancy. First, the
magnetizing inductance values are very sensitive to the exact
airgap length, and only 0.05 mm would make the discrepancy [7].
As shown in Fig. 15, the variations of 0.05 mm make increase
and decrease in 5 mH of stator inductances. Second, the effect
of end-winding leakage inductance is not included in this 2D
FEM model, which would produce more discrepancy between
FEM simulations and experiments.

Since the output power is zero in no-load tests, the input power
represents the sum of stator ohmic loss (Psirqnd), core loss
(Pte), and friction 108S (Pfriction). With the design details in
Table I and stator winding temperature, the stator resistance R
and Psrqnq can be calculated and separated from the no-load
loss. In Fig. 16, curves of the sum of Py, and Pfyjction Versus
the square of phase voltage are depicted from experiments and
FEM simulations. The black dots are the data points from
experimental results, and the dotted line is the fitting curve of
data points. Since the rotor speeds of these tests are almost the
same, which is almost synchronous speed, the friction loss can
be identified at the crossing of the y-axis and the fitted curve
listed in Table I'V.

In addition, in order to make the FEM model closer to reality,
a factor due to the manufacturing process is applied to iron
loss calculations in FEM simulations [19]. Such compensation
factors for iron losses vary in the given literature, typically
between 1.7-2, and here the value given in [20], 2, used. The
blue dash-dotted line is the sum of the adjusted iron loss from
the FEM simulation and experimental friction loss.

D. Load Tests

The results of three load tests with an injected frequency of
50 Hz are listed in Table V. The output power and torque could
be separated by deducting all losses, where Psiqnq 1S from Ry
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TABLE V
EXPERIMENTAL RESULTS OF LOAD TESTS
Load test 1 2 3
Line-to-line voltage 385.1 380.2 378.7
Phase current [A] 19.5 24.8 32
Input power [kW] 6.15 11.54 17.08
Rotor Speed[rpm] 990.9 | 980.2 964.9
Winding temperature [°C] 57.25 69.79 102.82
Rotor end-ring temperature [°C] 78.75 | 102.49 | 158.32

with temperature adjustment and Py, as well as Ppriciion are
from no-load tests.

E. Results of the Performance of a 15 kW IM From
Experiments, FEM Model, and Two IGFMs

The comparative results of the performance of a 15 kW IM
derived from experiments directly from the FEM model and two
IGFMs from the proposed and conventional methods are shown
in Figs. 17-22.

It can be observed that the predictions directly from the FEM
simulations are most close to the experimental results generally.
However, the proposed method makes the best estimations in
terms of torque, as shown in Fig. 18 for these three load tests.
The predictions of P;,, from the proposed method are lower than
the ones from experiments and the FEM model. Furthermore,
the discrepancies are higher than the ones in Sections I'V-C from
within 10% to 15%. The main reason is the calculations of iron
losses (Py.) of circuit-based models depend on U,. Thus, the
underestimations of U, from the proposed method make the
discrepancies larger in P;,,. Nevertheless, the proposed method
still shows improvement in predicting Uy, T, and @;,, compared
to the conventional method.

VI. CONCLUSION

A novel methodology to determine the equivalent circuit
parameters of an IM is proposed. It is aimed to be utilized for
machines with different rotor speeds in applications. Thus, an
analysis with different slips is performed in Ansys/Maxwell.
In addition, a conventional method from [5] is applied to
benchmark the performance of the proposed method. Moreover,
experimental results are included to examine the usefulness of all
three models. The results have shown that the proposed method
has a better forecast of the torque, meaning that it has better
representation and is more suitable to be applied in various
speed applications than using parameters from the conventional
method.

A very valuable effort for future work would be to bring the
stator supply disconnection test toward standardization. Further-
more, the incorporation of end winding leakage inductance, in
addition to the 2D FEA analysis, would be very valuable as well.

APPENDIX

An experimental flux-decay test was also made on the 15 kW
IM. The reason is that with this methodology, the rotor resistance
can be determined in particular. There is yet no standard for this
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Three-phase stator phase voltage and their envelope during flux-decay

test, and accordingly, [5] was used as the main reference in this
article.

The flux-decay test in this study comprises two stages. Ini-
tially, a no-load condition is implemented to magnetize the iron
core. In the second stage, the supply power is cut off, and the
stator current becomes zero. After a voltage spike, the rotor flux
decays to zero, which is reflected in the stator voltage.

Several tests at various flux levels were made. In the case
selected for presentation, the input phase voltage is 54V,.,,,s and
20 Hz to make the input current become around 10A4,.,,s. The
reason for selecting this input voltage is to derive a decay period
when the saturation level of the iron core is moderate, leading
to a relatively stable mutual inductance Ly, at least initially.

The three-phase stator voltages and their envelope is presented
in Fig. 23. It is worth noting that there is an obvious step
down in the stator voltage envelope at the time = 07s, which
is contributed by stator leakage inductance [9]. A hypothesis of
this work is to calculate stator leakage inductance L, by

Us,nr —Us,Fpo

LQA = 3
27 fols,NL

27
where U, yr, and I,y is the amplitude of stator voltage and
current at the first stage, respectively, U, ppo is the initial
amplitude of stator voltage in the second stage, and fj is supplied
frequency. In Fig. 23, the fitted curve by

t

Us,rp = Us,rpoe ™ (28)

is shown, where 7,. is the rotor time constant and can be stated
by

(29)

Here, the rotor leakage inductance L, is assumed to be equal
to Ly, at the flux-decay test, which means L, = L.

The calculated parameters from this flux-decay test, to-
gether with the ones obtained through the conventional method
from [7], are listed in Table VI.

In Fig. 25, three sets of parameters of R, are compared.
The red dotted line is the value from a 10 Hz locked-rotor test
from [7], the blue dots are results from 0.1 s intervals (when
assuming a constant magnetising inductance), and the green
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TABLE VI
PARAMETERS FROM EXPERIMENTAL RESULTS (RESISTANCES REFERRED TO
20°C)
Parameter | Flux-decay test | Conventional method | Unit
Ls 46.56 47.55 mH
Ry 0.168 0.19 Q
L 2.38 2.55 mH
Ly 2.38 2.00 mH
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Fig. 24.  Original voltage envelope and its fitted curve during flux-decay test.
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Fig. 25. Comparisons of rotor resistances at 20 °C from three different
approaches.

dashed line refers to the curve-fitting of the flux-decay test for
the whole period, respectively. The results are similar to the
trend found in [9]. However, in [9], it was moreover found that
a value of about 20 % of the rotor resistance should be deducted
to account for the iron losses in the stator, which seemed to give
a rotor resistance that would have been very low compared to
what the load test predicted.
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