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ABSTRACT

Electric motors represent one of the most efficient and performant devices to convert electro-
chemical energy into mechanical energy. The permanent magnet synchronous machines (PMSMs)
are the most commonly employed solutions for electric propulsion in the automotive field, thanks
to their high torque capability and high efficiency, compared to other solutions as the induction
machines. Nevertheless, reducing the losses in electric motors is one of the major targets in the
automotive industry and to model them, the major tool employed is finite element analysis (FEA).
The scope of this research activity is to accurately model and predict the electric motor losses and
efficiency, exploiting the case study of the internal permanent magnet employed in the Fiat 500 bat-
tery electric vehicle (BEV). An estimation method is provided for each of the motor losses, namely
joule, core and mechanical losses, prior to running the simulations. The motor is implemented into
two software environments and its behavior simulated.

The outcomes of the simulation are provided to a code developed in MATLAB™ to assess the losses
and the efficiency for each operative point and then allocate the results into maps. Afterwards, the
simulation results are compared to the experimental behavior.

Lastly, some considerations about the motor model implementation, loss models development and

efficiency map evaluation are presented.
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INTRODUCTION

Chapter 1

Introduction

In recent years, the global energy crisis and environmental challenges have led governments and
industries to seek more efficient solutions for converting chemical or electrochemical energy into
mechanical motion. Among the various alternatives available, electric motors represent a category
of considerable interest and prospects, given their widespread use in the industrial sector and many
other criteria including high efficiency, high torque and acceleration capability. Electric motors op-
erate based on the principles of electromagnetism, utilizing the interaction of winding currents and
magnetic fields. PMSMs are widely employed in electric vehicles due to their remarkable features.
These motors utilize permanent magnets to generate a magnetic field without the need for an ex-
ternal energy source. This inherent ability, combined with their reduced losses, positions PMSMs
as one of the most favored solutions for electric vehicle propulsion.

Despite their high efficiency over a wide range of torque and speed, electric motors are still influenced
by losses, which impact their performance. Various strategies exist to minimize motor losses and
enhance efficiency, including size reduction, different stator winding configurations, and the imple-
mentation of cooling systems to maintain performance without sacrificing efficiency. Implementing
and testing motor layout changes, as changing the stator windings configuration, on physical electric
machines would be a time-consuming and costly endeavor.

To address this challenge, virtual models are commonly used to analyze the performance of electric
motors in a simulated environment. Modeling of an electric motor involves multiple engineering

domains, from the electro-magnetic, to the thermal and structural analysis. FEA is a widely used
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tool for evaluating losses during the design phase, allowing for layout modifications and analysis
of their effects. The time-domain FEA approach offers greater simulation accuracy by capturing
temporal and spatial harmonics and small geometric details, although it comes with a tradeoff of
increased simulation time compared to static solutions.

The target of this research activity is to develop an accurate virtual model to predict the iron, Joule
and mechanical losses for an interior permanent magnet synchronous motor (IPMSM) provided by
Stellantis and at the moment employed in the FIAT 500 battery electric vehicle. By exploiting the
two finite element analysis software Altair Flux™ and ANSYS Maxwell™ it is possible to simulate
the motor performance and analyze its efficiency-reducing factors.

To replicate an experimental efficiency map, a comprehensive evaluation of losses is conducted at
various torque/speed points. Iron loss, torque, and current data are collected from the software
environment. A post-processing code, developed in MATLAB™, is then utilized to calculate the
Joule and mechanical losses, enabling the creation of efficiency, loss and error maps. Additionally,
loss maps and the percentage distribution of each loss at each operating point are generated.

The developed method aims to create an adaptable code that can accurately predict losses in various
types of electric motors, given that all the necessary input data is available. This approach allows
for the construction of a virtual model that closely represents the actual behavior of the motor. By
incorporating more reliable data into the design stage, the motor can be optimized to achieve the

desired performance and efficiency targets.

1.1 Objectives

The objectives of this project can be distinguished between research and company side. From the

research perspective, these are listed below:

e Achieving a high-fidelity replication of the motor model.

e Developing a method to simulate and predict the electric motor losses.
On the other hand, the major targets for the company are:

e Investigating the potentialities of both the software in terms of virtual modeling and electro-

magnetic simulation.

e Performance comparison between the two software, in terms of accuracy in the results, oper-

ability and modularity.
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1.2 Overview

The following chapters delve into the details of the electric motor losses and their modeling, the
electric motor model implementation in the two software environments and the analysis of the
simulation results. The first chapter is dedicated to the introduction of this work. The following
one entitled literature review, offers a comprehensive analysis of the PMSM electric motors and
the electric motor losses. It provides a clear insight of each of the losses, also accounting for the
manufacturing and temperature effects, before describing the most common approach to model
these in a virtual environment. Afterwards, the efficiency map evaluation, both experimentally
and virtually, is presented. Chapter three illustrates the methodology, i.e. the overall procedure to
develop the motor loss models and run the simulations with the two software tools. Each stage, from
the implementation of the motor model to the post processing of the simulation results in MATLAB™,
are treated. The outcomes of the simulations, more specifically of the back electromotive test and
of the steady state performance test are reported in the ’Simulation Results’ chapter. These are
expressed in terms of loss maps and efficiency maps, for each of the two software. Chapter five
is reserved to the analysis of the results. It includes the loss evaluation and comparison between
different operating conditions and the error maps. Last, the ’Conclusions and Future Work’ chapter
will sum up the main findings of this research activity and the possible continuation of this research

activity.
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Chapter 2

Literature review

2.1 Background of Electric Motors

Electric motors are devices that convert electrical energy into mechanical energy. They play a cru-
cial role in various applications, ranging from industrial machinery and transportation systems to
household appliances and electronics. Electric motors operate based on the principles of electromag-
netism, utilizing the interaction between electric current and magnetic fields to generate rotational
motion.

Electric motors offer numerous advantages over other forms of power generation and mechanical
systems. They are highly efficient, converting a large portion of electrical energy into mechanical
power. They are also capable of delivering high torque and are relatively compact in size. Addi-
tionally, electric motors provide precise control over speed and direction, making them versatile and
adaptable for various tasks [1].

There are various types of electric motors, each designed for specific applications and operating
conditions. When it comes to vehicle traction, alternate current (AC) machines are the preferred
technology [2]. These motors are powered by alternating current to provide propulsion. AC drives
can be classified as asynchronous and synchronous machines. Induction motors, which belongs to the
first of these two categories, are widely used in industrial settings due to their simplicity, reliability,
and cost-effectiveness. On the other hand, synchronous motors, as permanent magnets machines,

are commonly employed in applications requiring precise speed control [3].
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2.1.1 Permanent Magnet Synchronous Machines

Permanent magnet synchronous machines are a type of electric motors that utilizes permanent mag-
nets in the rotor instead of electromagnets. These motors offer several advantages over other motor
types, including high efficiency, compact size, and improved power-to-weight ratio. It is widely
known that employing permanent magnets allows to achieve high constant torque capability, re-
markable constant power capability and most importantly high efficiency [4]. Indeed, permanent
magnets have the unique feature of delivering magnetic flux into the airgap without any continuous
expenditure of energy. Furthermore, they are not affected by a reverse magnetic field acting in their
same operational region and are capable of maintaining their field under different operating tem-
peratures, if extreme conditions are not reached. If the opponent magnetic field is strong enough, a
magnet can be demagnetized, which means that its magnetic domains will be re-oriented. On the
other hand, if the Curie point is reached, the magnet would completely lose its magnetic properties.
For the electric motors employed in automotive applications, it is reasonable to neglect these sce-
narios, since the operating temperature is much lower than the average Curie point and the small
entity of the magnetic counter fields [5].

When it comes to PMSM, two categories can be identified: interior permanent magnet and surface
permanent magnet (SPM) motors. The distinction between these two types lies in the placement
and configuration of the permanent magnets within the motor’s rotor. This distinction significantly
affects the motor’s performance characteristics, efficiency, and suitability for different applications.
According to the findings presented by Pellegrino et al. [4] in their research paper, IPM electric
motors exhibit excellent overload capability across the entire speed range, making them a highly ef-
ficient solution. These motors also offer the advantage of simpler control mechanisms. On the other
hand, SPM electric motors, while providing comparable performance, may be less cost-effective due
to the ease of magnet placement on the rotor. The performance of internal permanent magnet syn-
chronous machines (IPMSMs) is significantly impacted by the design of the rotor and the permanent
magnet distribution. By optimizing the rotor design, it is possible to enhance the performance of
IPMSMs, as highlighted in [6].

Different techniques like chill casting and powder metallurgy can be employed to create anisotropic
rare-earth (RE) magnets with aligned crystallographic grains. These methods result in larger grain
sizes, typically in the range of a few micrometers, as opposed to the smaller grain sizes achieved
through rapid solidification. The magnets produced through the sintered powder process are known
as sintered magnets. In this process, the RE-magnet alloy is initially strip cast from the molten state,

resulting in a material with a relatively fine-scale solidification microstructure and larger grains. The
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cast material is then fragmented through hydrogen decrepitation and milling, resulting in particles
with the desired size, where each particle represents a single crystal grain. These particles are aligned
using a magnetic field and pre-compacted before undergoing vacuum sintering, which leads to the
formation of a fully dense sintered block [8, 9, 10].

Stator winding configuration is a key factor in the design of an electric motor. For three phase AC
machines there are two configurations for stator windings: distributed windings and concentrated
windings. In this specific case study, distributed windings, developed with the hairpin technology
will be adopted. It is the ideal solution to achieve performance, while guaranteeing high efficiency.
In the distributed winding configuration, the winding is always wound around a minimum of two
teeth. At the top and bottom parts of the motor, the winding heads are located. Non-negligible
ohmic losses are associated to the winding heads, particularly when the ratio between the motor’s
diameter and length is greater than one. A huge advantage of this configuration is that the resulting
back electromotive force has a smooth sinusoidal shape. It implies that the magnitude of the second
order voltage harmonics is very limited and that the core losses developed accordingly are minimal

1.

2.2 Electric Motor Losses

In any application, working in ideal conditions is unattainable because of the presence of losses. The
correct estimation of the electric motor losses is of crucial importance for an accurate prediction
of the motor efficiency in the design phase. Electric motor losses can arise from multiple sources,
including resistive losses in the motor windings better known as Ohmic or Joule losses, mechanical
friction and bearing losses, core losses in the magnetic circuit, and other auxiliary (stray) losses. An
overview of each of these efficiency-reducing factors in an electric motor is provided in the following

sections.

Figure 2.1: Electric motor losses
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2.2.1 Joule Loss

An electrical current flowing through a wire conductor generates power losses, described by Joule’s
law. Neglecting the current displacements, this loss for a three-phase electric machine can be eval-
uated as [12]:

Ppc = 3 Rgator - Igh (221)

where Rgiqi0r is the ohmic phase resistance, I, is the phase current and 3 is a factor to account for
all the motor phases in the computation.

The, so called, k¢ factor is introduced to consider the AC current displacement to the DC copper
loss.

kao = =2C 2.2.2
a0 =po (2.2.2)

whre Pyc and Ppc the alternate current ohmic loss and the direct current ohmic loss in an electric

motor.

1.05 v
0, =20°C

1.04

1.03

%]

=~ 1.02¢

1.01 ¢

0 100 200 300 400
f [He]

Figure 2.2: AC factor function of the frequency, for different winding temperature [13]

Increasing the operating frequency, skin effect and proximity effect phenomena would be en-
hanced. Skin effect is a phenomenon that occurs in conductive materials, especially in high fre-
quency applications. It refers to the tendency of currents to flow along the surface of a conductor,
rather than uniformly through the entire cross section. As the frequency of the current increases,
the current flowing deep within the conductor experiences an increase in resistance which causes an
exponential decrease in the current as the depth increases.

Two main approaches to determine the influence of the skin effect exist: analytical and experimental-

based. In the following, the analytical approach will be explained in detail [14].
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In case of numerous conductors, these are all series connected, such that the same current flows
through them. Then the average increase in resistance, or field coefficient K,, is given by the
following relationship:

N2 -1

Ky = 0(6) + ~5— - 0(©) (2:23)

SN

. sh(2€) + sin(2€)
o(&) =& ch(2€) — cos(2€)

. sh(§) —sin(§)
wE) =¢- ch(€) + cos(€)

In equation (2.2.4) a is slot’s width, whereas b and h are conductor’s width and height. These are

where:

(2.2.5)

(2.2.6)

all expressed in [em]. 7 is the conductor’s material conductivity, f is the power supply frequency
and NV, is the number of conductors in the slot.
The skin effect phenomenom characterizes the end windings too however, the influence is smaller
because of the distance from the stator iron core. Consequently, the average resistance increase in
all the conductor geometry is lower than the field coefficient K., which refers to the conductors in
the slots only.

, K+ A

K = 2.2.7
" 1+ A ( )

where K is the overall resistance increase for the windings, while A can be computed using the
given equation:

N (228)

where X is the ratio between the length of the end windings [s and the slot’s length [;.

Theoretical studies show the greater influence of conductor’s height rather than width [15]. In an
electric motor the skin effect can be reduced by employing the hairpin technology for the stator
windings.

Proximity effect arises when multiple current-carrying conductors, which generate magnetic fields,
are situated in close proximity to each other. The magnetic fields produced by the conductors
interact inducing current in the conductors themselves. It has been shown that proximity effect and
skin effect are orthogonal, thus they can be evaluated separately and then added [16, 17].

The proximity effect losses for a rectangular conductor can be expressed as:

Pprow =G - H? (2.2.9)



LITERATURE REVIEW

where H. is the peak value of the external magnetic field caused by currents flowing in the surround-
ing conductors.

The factor G can be expressed as:

~d€) sinh(¢) — sin(€)

G= 2 .
o cosh(&) + cos(§)

(2.2.10)

where £ is a parameter dependent on the conductor geometry, ¢ is the conductor conductivity.
The hairpin technology allows to arrange the conductors such that the magnetic field generated in

adjacent conductors can be cancelled out, reducing the proximity effect.

2.2.2 Core Losses

Core losses, also known as iron losses, are generated by an alternating magnetic field acting on a
ferromagnetic material, since any material does not exhibit perfectly efficient magnetic response.
Core loss accounts for 15 - 25 % of the overall motor losses for an induction motor, and these
percentages are even higher if we refer to permanent magnet machines [9, 18, 19, 20, 21].

The approach adopted to treat these losses is to decompose the average power loss as the sum of a

dynamic and a hysteresis contribute.
Peore = Physt + den (2211)

Physically speaking, Ppy ¢ is developed from the discontinuous character of the magnetization process
at a microscopic scale, while Py, is related to the macroscopic behavior of the magnetic structures
inside the material [22, 23]. The dynamic contribute can, in turn, be expressed as the sum of a

so-called classical term and an excess term [18].

den = Ielass T Pemc (2212)

Where P55 starts from the assumption of a perfectly homogeneous magnetization in space. On
the other hand, P.,. accounts for the highly inhomogeneous local counter fields due to eddy currents
and microstructural interactions [24].

Bertotti [12] proposed a model including one supplementary term of anomalous loss. Eventually,

the expression of the core losses is:
Pcore = Physt + Pclass + Pezc (2213)

Thus, the core losses are distinguished in hysteresis, eddy current and excess loss. The engineering

approach of treating them singularly is just empirical and finalized to separate the different influences
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due to frequency and flux density variations. In the subsequent paragraphs each constitutent of the

iron loss is discussed individually, to provide a clearer undestanding of each of these components:

e Hysteresis loss: The hysteresis loss is determined on the area of the quasi-static hysteresis
loop. A widely adopted assumption is to consider the hysteresis energy loss independent on
frequency. It is valid at very low frequencies, since the magnetic field distribution would be
uniform in the motor. However, increasing the operating frequency, the skin effect causes the
peak magnetic field to vary non-uniformly in the material, thus minor hysteresis loops are
developed [25, 26].

The procedure to evaluate the magnetic field in every region of the motor, at high frequency,
is computationally expensive. Hence, the solution applied in FEA software is to consider the
total hysteresis loss dependent on the only peak magnetic field. Equation 2.2.14 shows the

analytical model used for the hysteresis loss, accordingly to Steinmetz’s equation [27].
Phys = Ky - [ - B (2.2.14)

where Kj, is a coefficient evaluated fitting experimental data, f is the operating frequency
and [ is the peak magnetic induction. In literature, the most common approach is to set the
exponent « equal to 2. Figure 2.3 shows the hysteresis loop at different operting frequencies

and peak magnetuc induction reached.
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Figure 2.3: B-H loops at two different operating frequencies and peak magnetic fields [28].
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e Fddy current loss: This loss arises from the fact that the core is made up of conductive
material. Thus, the voltage generated by the variable magnetic field will induce circulating
currents in the material. In the assumption of uniform magnetic field, the expression of the

classical Eddy current loss is given starting from the Maxwell-Faraday equation:

- dp
E=— 2.2.1
V X o ( 5)

where F is the electric field, while 3 is the magnetic field.
The instantaneous power loss due to Eddy currents can be defined for a magnetic lamination

of thickness d and conductivity o as:

1
Piass = E c0 - dQ/BQ(t) (2216)

Since the Eddy current loss depends upon the rate of change of flux as well as the resistance
of the path, it is reasonable to expect this loss to vary as the square of both the maximum flux
density and frequency [29]. For a sinusoidal excitation, the previous expression is simplified
as:

Priass = Ke - [+ B° (2.2.17)
where K. is an experimental coefficient to be evaluated through fitting of the equation on

measured loss data. f is the operating frequency and S is the peak magnetic induction.

e Fxcess loss: Steinmetz equation proposes a calculation of the core losses based on two terms,
i.e. a hysteresis contribute and a Eddy current loss contribute. However, this formula is only
applicable under the assumption of magnetic flux density lower than of 1.0 Tesla and hys-
teresis loop in static condition. This scenario is unattainable in electrical machines and the
experimental results show a big discrepancy with respect to the analytical calculations with
the Steinmetz equation.

Several models have been proposed in [24, 26, 30] to close the gap to the experimental out-
comes, however such models do not describe the excess loss in a real lamination specimen. In
his paper, Bertotti proposes an explanation for the physical meaning of the excess loss [12]. He
affirms that the excess loss can be identified as the result of the competition between the ex-
ternal magnetic field and the local counter fields due to eddy currents or other microstructural

interactions. Under sinusoidal excitation, the expression to evaluate the excess loss is:
P =K, - f15.815 (2.2.18)

f is the operating frequency and [ is the peak magnetic induction. K, is a coefficient evaluated

fitting the experimental core loss for a specific material.

11
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Manufacturing effects, saturation and rotational loss are the main aspects driving the difference
between what are the actual core losses and the ones given by the modified Bertotti method. The

subsequent list elaborates on the individual impact of each of these factors.

1. Rotational loss: Epstein frame tests are widely employed to retrieve the magnetic properties
of materials and the coefficients for the loss models. Nevertheless, these tests are performed
considering an alternating field and the extracted coefficients would give an accurate prediction
of iron loss in transformers, in which the alternating magnetic field is predominant [10, 31].
In rotating machines, as electric motors currently employed for automotive propulsion, there
exists a rotational flux component which is not negligible. The final trajectories of the flux
vectors may be lines, ellipses depending on which region of the motor is under analysis. The

greatest rotational variations of the flux vectors are found at the roots of the teeth [32, 33].

20
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Figure 2.4: Dependence of r on induction in nonoriented SiFe laminations [15]

The model shown in the following equation is adopted to account for both flux vector rotation
and flux density harmonics:
n m
Peore = Z Zgi ’ [(Kh f 572n]z + K- f2 ) 72nji) ’ (1 + Yiam - Cij] (2219)
j=11i=1
where g; is the mass of the infinitesimal element, m is the total number of elements in the iron
core and n is the maximum harmonic order considered. f is the operating frequency, B,,:; is
the peak magnetic field, v is a factor that depends on the lamination material and c¢;; is the

short axis to long axis rate of the flux vector locus for the element i at the harmonic order j.

12



LITERATURE REVIEW

2. Saturation loss: At high operating frequencies and flux densities, the method proposed by
Bertotti does not account for the saturation of some regions of the iron core. The most

common approach is to consider a corrective factor as reported in equation (2.2.20) [34] :
Pcore = (]- + as - Br(::l) . (Phys + Pclass + Pe:bc) (2220)

where a3 and a4 are two experimental coefficients, obtained by fitting the experimental mag-

netic field versus magnetic induction curve in the non-linear region.

3. Manufacturing effects: During the manufacturing of an electric machine, electrical steel is
subjected to different processes as cutting, interconnecting and clamping with screws. Each
of these manufacturing techniques has significant impact on the material’s properties. The
typical processes for series production, as punching or laser cutting substancially deteriorate
the characteristics of the electrical sheet. This modification is particularly severe getting close
to the cutting edge; thus attention must be paid to the cutting technique adopted. This effect
is more noticeable for small electric vehicles as the relative width of the impacted area is larger
[35, 36, 37].

Experimental measurements indicate a significant impact of the manufacturing processes on
the stator core losses. Depending on the cutting technique and the setup of the cutting tool,
different magnitudes of degradation are observed. A study revealed a core loss increase from
10 to 28 %, as a result of different cutting methods [18].

Welding is the most common used technique for stacking the stator laminations. The heat
produced in the process ends up generating thermal stresses and influencing the magnetic
permeability of the electrical sheets. Furthermore, the welded area can be the path for the
development of global Eddy currents. The latter would majorly increase the core losses in the
material. As a consequence of the welding process, core losses experience an increase in the
range of 5 to 20 % [18, 36, 38].

The outer frame is shrink fitted to the welded stator stack. As a result, compressive stresses
will be developed and these affect the magnetic properties of the material. A raise as high
as 10 % in the iron loss was found as a consequence of the mechanical stress effects on the

electrical machine [39].

2.2.3 Mechanical Losses

Mechanical losses in electric motors can be classified as friction and windage loss. Friction losses

occur in the bearings housing the motor shaft. Swedish Ball Bearing Factory established an experi-

13
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mental relationship between the load acting in the bearings and the power loss:
Pb =0.5- Hfr - Fb . Db W (2221)

where g, is the friction coefficient of the bearing, F3 is the equivalent dynamic bearing load, Dy is
the bore diameter of the bearing and w is the angular frequency, at which the motor is rotating [40].
On the other hand, windage loss are related to the friction between air and the rotor of an electric
machine. This loss is strictly related to motor geometry, as a consequence a direct formulation for it
is not available. Nevertheless, it is possible to rely on computation fluid dynamics (CFD) to compute

a reasonable value of the windage loss.

2.2.4 Stray Losses

IEEE standard 112B classifies the stray losses as the portion of the total losses in a machine not
accounted for by the sum of friction and windage, stator and rotor copper loss and no-load core
loss. The standard says that if the measurement of all these quantities is not feasible, the stray
losses are assumed as a fixed percentage between 0.9 and 1.8 % of the output power. In particular,
stray losses in electric motors can be attributed to causes such as magnetic flux leakages or uneven
distribution of the magnetic field in the rotor and stator, increased resistance in the end windings,

and the presence of harmonic components in the electrical supply [41].

2.2.5 Temperature Impact on the Electric Machine Performance

The electromagnetic behavior, and consequently the power production of an electric motor is widely
affected by temperature. Raising the temperature influences the electric winding and iron sheet
resistivity, altering the magnets’ properties, in terms of hysteresis curve and flux density and varying
the viscosity of the lubricant in the bearings [42].

The copper loss would increase, since the winding resistance linearly increases with temperature.

Any metallic material experiences a resistivity increment, given by the following relationship [43]:
R = RO . (1 +a- (T — To)) (2222)

where Ry is the resistivity at a reference temperature Ty. « is the temperature coefficient of the
material and T is the operative temperature.

The iron losses have a decreasing trend with temperature increment. Less polarization energy is
needed for the Weiss domains, since a higher temperature implies easier atomic motion. As a result,

the remanence B, and the magnetic coercivity H. decreases in the iron core. The hysteresis loop

14
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contracts, resulting in lower hysteresis losses. The eddy currents depend on the induced voltage.
However, a higher resistance of the sheet iron causes a lower current to flow in the sheet. The
following expression clarifies the relationship between the classical loss and the operating temperature

[43].
1 1
Riron OC 1 + Qjron * AT

Pclass X (2223)

The iron losses depend quadratically on the magnetic flux density. In permanent magnets electric
motors, as the one considered in this research activity, the most dominant contribute to the magnetic
field comes from the internal permanent magnets. A 100 Kelvin temperature increment induces a
remanence as well as coercivity reduction for Neodymium-Iron-Bore magnets from 8 to 10 % [28]. A
reduction of the peak magnetic flux leads to lower iron losses, however to obtain the required motor
torque, current must rise at the same time.

Lastly, the friction losses originated in the bearings reduces with the increase of the operative tem-
perature, since lubricant viscosity drops. Ventilation losses are assumed unaffected by the operating
temperature.

In the thermal analysis of an electric motor, it must be taken into account that iron losses have
a decreasing trend with the increase of temperature, while copper loss increments under the same
temperature variation. This implies that it exists an energetically optimal motor temperature, that
minimizes the losses. Figure 2.5 offers a visual representation of the optimal operating temperature
for the motor model proposed in [42]. The thermal control in electric motors is aimed at reaching

and maintaining this temperature.
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Figure 2.5: Optimal operating temperature from power loss balance [42]
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2.3 Loss Modeling

2.3.1 Finite Element Analysis

Finite element analysis is a widely adopted tool to solve engineering problems arising from various
physical fields as electromagnetic, thermal, structural or others. It can be described as a numerical
technique, that allows to solve complex problems by reducing the solution domain into small parts
called elements. The finite element method has a solid theoretical foundation. It is based on
mathematical theorems that guarantee an asymptotic increase of the accuracy of the field calculation
toward the exact solution as the size of the finite elements used in the solution process decreases.
To fully characterize the behavior of each element, it is needed to identify the basic unknowns or
field variables. Finite element analysis has the huge advantage of being applicable to geometries that
contain heterogeneous materials, which makes it the ideal solution for modeling and simulating the
performance of electric motors. The electromagnetic field acting in the electric machine is assessed
solving Maxwell’s equations in a finite region of space with appropriate boundary conditions.

The transient solver is capable of assessing magnetic field, energy, torque and power loss over a
specified period of time. As reported in [44], the time dependent magnetic equation is expressed as:

dA
va~VxA:JS—o-%—a-VV+VxHC+J-V><V><A (2.3.1)

where H, is the coercivity of the permanent magnets, A is the magnetic vector potential, V is the
electric potential, v is the reluctivity and Jy is the source current density.
The transient solver applies a reference frame, which is fixed with respect to the components in the
model. All the moving components are analyzed in their own reference frame, which implies that
the velocity is always considered zero. Thus, the magnetic equation becomes:
va-VxA:Js—a-%—a~VV+Vch (2.3.2)
An important aspect of electric motor design is the prediction of the losses over a wide speed and
load range. It is highly desirable to assess with satisfactory precision iron, Joule and mechanical loss
in order to make the proper layout modifications as early as the design stage. The most dominant
loss components that determine the efficiency of an electric motors are the iron losses and the copper
loss. Nevertheless, the contribution of the mechanical losses is not negligible and their value becomes
relevant with the increase of the operating speed. In the following sections the modeling of each of

the previously cited losses is proposed.
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2.3.2 Joule Loss Modeling

The power dissipation in the windings of an electric motor results in Joule loss. When modeling
stator coils in a virtual environment, stranded conductors can be used. They do not exhibit eddy
current behavior and are considered to be filaments too thin to be practically modeled in a finite
element grid, though. Consequently, to simulate hairpin technology windings, the solid conductor
model is typically employed. Solid conductors are large enough to be modeled with finite elements
and the skin effect will depend not only on the frequency, but also on the location of the other
conductors.

The guide of the software ANSYS Maxwell [44], reports the total current density as shown in equation
(1.2.3):

dA

jtZ—U-E—O“V-V (2.3.3)

where j; is the total current density, A is the magnetic vector potential, o is the conductivity and
V' is the electric potential.

In turn, the equation can be expressed as:
Jt =Je+Js (234)

where j. and js are the eddy current density and the source current density.
For solid conductors with a current source, as in the case study of this research project, the current

source for the n'® conductor is given by the following equation:

A
// (_O-.di_kjs).dﬂc:// G- dQe = I (2.3.5)
Q. dt Q.

. is the width of the cross section of the nt® conductor , I; is the known total current, j, is the
source component to be solved for and j; is the total current density.

Two methods exist for modeling Joule losses: they can be integrated directly into the software envi-
ronment and evaluated during each computed simulation, or they can be modeled during the post-
processing phase. The second method is implemented in this thesis as it enables us to incorporate
a frequency and temperature resistance model. Additionally, utilizing an adaptable post-processing
code allows to analyze the performance of various models without sacrificing result accuracy. The

coefficients can just be modified when transitioning from one model to another.

Temperature and Frequency Dependent Resistance Model

Stator winding resistance plays a crucial role in the performance and behavior of electrical machines.

To accurately capture its temperature and frequency dependent behavior, a comprehensive model
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has been developed. This model takes into account the variations in resistance caused by changes
in temperature and frequency, enabling more accurate predictions and analysis of the electrical
machine’s characteristics.

Rstator = A1 -w® + By -w + Cy (2.3.6)
where Rgiator is the stator resistance, w is the angular speed of the motor expressed in [rpm].
The coefficients Ay, By, and C; in the equation exhibit a linear dependence on temperature, as

demonstrated below:

By =By-[l+a- (T —20)] (2.3.8)
Cl = C() . [1 + o (T - 20)] (239)

the coefficients Ag, By, and Cy are features of the windings and are measured at the reference
temperature of 20 Celsius degrees. « is the temperature coefficient and for copper it is 0.393 %.

Lastly, T is the operating temperature.

Figure 2.6 shows the experimental trend of the stator windings resistance at different operating

temperatures and frequency.
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Figure 2.6: Stator winding resistance evaluated at different operating speeds and temperatures.

2.3.3 Core Loss Modeling

The prediction of the core losses is still a challenging aspect in the design of electric machines. While

core loss computation in frequency domain is straightforward, more complex is the analysis in time
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domain. The most common approach adopted in FEA-based analysis is the total core loss separation
into static hysteresis loss, classical eddy current loss and excess loss. This model is better known as
'modified Bertotti method’ [12].

Under sinusoidal flux condition the modified Bertotti method has the following expression:
Pcore = Phys + Pclass + Peacc (2310)

where Py, is the hysteresis component of the core loss, P55 are the eddy current losses and Pey.
are the excess losses.

Peore = Ky - 2 + Ky - B9 (2.3.11)

where K7 and K> are two coefficients that can be evaluated respectively as:
Ki=Kp f+K.f? (2.3.12)
Ky =K, - f'*® (2.3.13)

where K}, and K, reported in equation (2.3.10) are respectively the hysteresis and eddy current loss
coefficients, while K, reported in equation (2.3.13) is the excess loss coefficient. f is the operating
frequency, whereas [ is the peak magnetic field.

The manufacturing effects are taken into consideration with a cut edge effect model:

Cut-edge effects

The plastic deformation and residual stress are much larger in correspondence of the cut edge, causing
material properties deterioration and consequently, higher core losses. It is possible to account for

this effect with cut-edge loss model.
Pcore = (pO + kO 'pO) : dc . Sc (2314)

po are the core loss without considering cut-edge effects. kg is the cut-edge factor, while d. and S,
are respectively the cut-edge deformation depth and the cut-edge area.

Thus, the core loss increase due to cut-edge effect is given by the equation (2.3.15):
APore =po - ko - dc- Se (2.3.15)
Since ko and d. cannot be assessed singularly, it is possible to introduce an equivalent cut depth d4:
deq = ko - de (2.3.16)

The evaluation of the parameter d., is based on measurements of core loss of lamination sheets with

variable width to consider the cut-edge effects.
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2.3.4 Mechanical Loss Modeling

The kinematics of the model is defined by the core equations of dynamics that describe the motion
of objects in translation or rotation. The mechanical loss modeling in a virtual environment is given
by equation (2.3.17) [44]:

Jmot 0 =Ty — T (2.3.17)

where J,0¢ is the motor inertia, 0 is the second order derivative of the angle swept by the motor.
Try and Tg are respectively the electromagnetic and the resistance torque.

There are two potential approaches for developing a mechanical loss model. The first involves
integrating the loss coefficients directly into the software environment. Alternatively, the model can
be constructed during post-processing, while assuming ideal kinematic conditions in the software,
meaning negligible friction.

The resistant mechanical torque can be integrated in the software, by introducing the following

coefficients:
e Constant coefficient: it represents the friction in the bearings. Its unit is [V - m].

e Viscous friction coefficient: it accounts for the exceptional presence of oil in the air gap. In

N<m-s]

most of the cases, this contribute is considered null. Its unit is | deg

e Friction coefficient proportional to the square of the angular speed: this coefficient accounts

N-m»sﬁ

for the windage losses. Its unit is [Z77%3

Mechanical losses are usually difficult to estimate beforehand. Nevertheless, they can be expressed
as a function of the speed, as in the model proposed by Ferrari et al. [13]. The same assumption
will be adopted in this research activity and the mechanical losses will be described by a third order
polynomial:

Prcen = Co-w> +¢1-w? 4o w+ s (2.3.18)

where ¢y , ¢1 , co and c3 are coeflicients obtained from the fitting of experimental curves. w is the

angular speed of the rotor, expressed in [rpm)].
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2.4 Efficiency Map

In the automotive sector, the largest part of current research involves the study of the efficiency of
powertrains. When considering the design of motor drives, the overall efficiency is affected by both
the efficiency of the inverter and of the electric motor. Commonly, greater attention is paid to the
electric motor efficiency, since it is normally lower and has a greater variability with respect to the
operating conditions and the type of machine.

Improving the efficiency of electrical machines, applied to electric vehicles or hybrid electric vehicles,
implies both energy savings and a wider driving range per charge. The adopted method for evaluating
vehicle energy efficiency is to examine the performance over standard driving cycle.

An efficiency map for an electric motor can be described as a contour plot of the electrical machine
efficiency on axes of torque and speed. For each operative point, i.e. torque/speed combination, it
provides the ratio between the output power delivered by the motor and the input power supplied
to the motor [45, 46, 47].

The most common approach to evaluate the efficiency map of an electric motor is to employ intensive
FEA. However, FEA needs a benchmark for comparison, which should be the efficiency and loss

maps, experimentally obtained with a dedicated test bench [48].

2.4.1 Experimental Evaluation of the Efficiency Map

The experimental tests to evaluate the efficiency map for an electric motor are conducted on a
dedicated test rig. In the testing procedure proposed by Bojoi et al. [49], the motor under test
(MUT) is fed by an inverter and a controller is used to implement a torque control strategy. The
test rig must be embedded with temperature, speed and torque sensors, to accurately assess input
and output power. The speed range of interest is divided into equal intervals. For each speed,
torque will be varying between a minimum and a maximum values with a reasonable number of
intermediate points. A driving machine fixes the speed for the operative point, while the MUT is

torque controlled. For each operative point, the input electrical power is computed as:

3 1 . .
Pinput,avg = 5 . T . /(('Ua o+ Vg ’L,@) . dT) (241)
Where v, is the oo component of the stator winding voltage in o5 reference frame, whereas vg is the
B component of the stator winding voltage in a3 reference frame. i, and ig are respectively the o
and # components of current in the «, 8 reference frame. The Clarke transformation is employed

on the measured current and voltage values from each individual phase, to obtain the currents and
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voltage in o frame.
1 2 2
Pcopper = Rstator,avg ' T ' /((ZZ + ZZ + Zg) . dT) (242)

where Rgiator,avg 15 the average stator resistance, iq,4, and ¢. are respectively the phase A, B and
C currents of a three phase electric motor. T is the electrical period considered in the analysis.

A torque and a speed sensor allow the evaluation of the output mechanical power, as shown in
equation (2.4.3):

Poutput,avg = dm,avg * W (243)

where T}y, 49 and wy, are respectively the output torque and the operating speed of the MUT.
The mechanical losses are evaluated with a machine where the magnets are extracted, while the
iron loss would be given from the difference between input power and output power and the losses

previously evaluated.

Pcore = input — Poutput - Pjoule - Pmech (244)

where Pj,pyt is the input power, Poyuepue is the output power , Pjoue are the ohmic losses and Ppech
are the mechanical losses. Finally, the efficiency for the each of the considered operative point, will

be given by the following expression:

P,
Mot = —oEHL0td (2.4.5)
Pinput,avg

where Poutput,avg and Pipput.avg are the output and the input power respectively.

2.4.2 Virtual Evaluation of the Efficiency Map

A crucial aspect of an electric motor design is the prediction of the efficiency map. A FEA-based
time domain approach allow to simulate the performance of an electric motor and very accurately
develop the motor efficiency map.

The procedure to evaluate the efficiency map resembles the experimental method in many respects.
For each operating point of the torque/speed sweep considered, the ratio between input and output

power gives the efficiency of the energy conversion 9ot sim.-

Poutput,si

_ put,sim

TNimot,sim = P : (246)
input,sim

where Poyiput,sim and Pipput, sim are the output and the input power respectively. The output power

is given by the following equation:

Poutput,sim = Loutput,sim * W (247)
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in the proposed expression, T,ytput,sim iS the electromagnetic torque, while w is the angular speed
of the motor.

The input power can be expressed as:
Pinput,sim = Poutput,sim + Pcore + Pmech + Pjoule (248)

where Peore , Pech and Pjoyle are the electric motor losses (iron, mechanical and core losses). The

latter are calculated with the FEA software, on the basis of experimental models [49].

2.5 Research gap and how to address it

The literature reviewed for this research highlights several critical aspects related to the modeling
and processing of motor losses. One significant difference between the model adopted in previous
studies and the one used in this research is the approach to simulate stator resistance. While the
analyzed literature relies on an average of experimental behavior at different frequencies, this re-
search activity employs a model capable of accurately representing the stator windings resistance at
varying speeds, aligning closely with experimental findings. This allows to account for the impact
of temperature and AC effects, such as proximity and skin effects, not only on the current density
distribution but also on the coil material’s resistance.

Moreover, none of the reviewed articles and papers provide a comprehensive approach to address all
motor losses in a simulation environment. Conversely, this project aims to model each motor loss
component and develop an efficiency map for the electric motor by integrating virtual simulations
with a post-processing MATLAB™ code.The adoption of an external code for post-processing plays
a significant role in accomplishing the research objectives. The MATLAB™ script provides valuable
contributions by incorporating a third-order polynomial model for mechanical loss and a resistance
model that accounts for frequency and temperature dependencies. This enables a highly accurate
representation of the motor’s actual behavior.

From the company perspective, this work is aimed at speeding up the efficiency evaluation pro-
cess, offering a tool that is capable of delivering the efficiency maps automatically, once the FEA

simulation results are provided to the algorithm.
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Chapter 3

Methodology

The methodology section provides a detailed explanation of the procedures and techniques employed
to conduct the study, allowing readers to understand and evaluate the reliability and validity of the
research. This section outlines the step-by-step approach taken to collect data, develop the motor

and loss model and perform analyses.

3.1 Extraction of the Loss Model Coefficients

To optimize the design and performance of electric motors, it is essential to accurately quantify
and characterize the mechanical, Joule and iron losses. One common approach is to extract loss
coeflicients that capture the relationship between the actual motor operating conditions and the cor-
responding losses. These loss coefficients provide valuable insights into the specific loss mechanisms.

The extraction of loss coefficients plays a crucial role in the design optimization process.

Table 3.1: Electric motor loss models

Mechanical Loss Model Joule Loss Model Core Loss Model

Pmech = P 3. R 12 Pcore = Kh . f : Ba + KC : (f .
joule = 9 * Llstator * X
B +K.-(f-5)°

co~w3+cl~w2+02-w+03
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For this research activity the models reported in Table 3.1 have been adopted for simulating
the electric motor losses. The coefficients of the mechanical, Joule and iron loss model have been

obtained by fitting the experimental loss curves, with the MATLAB™ toolbox CurveF'itting.

3.1.1 Mechanical Loss Model Coefficients

To extract the parameters of the mechanical loss model, the reference experimental curve comes
from a ’Spin loss test’ or 'No-load test’. This test aims to quantify the power losses that occur in
the motor due to mechanical factors such as friction and windage. For this case study, the test has
been conducted extracting the magnets from the rotor, to avoid flux generation that may induce
unwanted currents in the stator windings.

The test data, provided by an original equipment manufacturer, includes the mechanical power loss

at different operating speeds, as shown in Figure 3.1:

Mechanical Loss
450 T T T T T T T T

T
[—=—Expermental Mechanical Loss

400

350

0 L L L L L
o oa 02 03 04 05 08 oF 08 08 1

Angular speed / Max angular speed

Figure 3.1: Variation of mechanical power loss with normalized operating speed

The motor underwent testing under no-load conditions, resulting in the extraction of data from
sixteen operating points spanning the range between minimum and maximum speed.
The experimental mechanical loss curve has been then provided to the MATLAB™ CurveF'itting
toolbox, and a third-order polynomial has been used to approximate the curve. Figure 3.2 shows

the outcomes of the approximation:
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Figure 3.2: Comparison between experimental and approximated mechanical loss

The approximate curve, depicted in red in Figure 3.2, closely aligns with the experimental curve.
However, a slight deviation can be observed specifically at very low speeds, where a slightly higher
error is evident, as indicated by the error plot.

experimental — Pmodel

error = (3.1.1)

Pea:perimental

Perperimental and Ppoger are respectively the experimental and the approximated mechanical loss.

Figure 3.3 depicts the trend of the error with respect to the operating speed. The most significant

Mechanical Loss Model
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Figure 3.3: Estimation percentual error of the approximated mechanical loss

deviation from the experimental behavior occurs at extremely low speeds. Although the peak per-
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centage error reaches 47 %, the absolute value of the mechanical loss is very low, thus the error
would be negligible. Consequently, the error can be considered negligible, affirming the model’s
accuracy in approximating the experimental behavior. Table 3.2 shows the coefficients adopted for

the mechanical loss model.

Table 3.2: Mechanical loss model

Mechanical loss model

Prech =€ - w® +¢1 -w? 4 co-w—+c3
co=6.137 x 1078
¢ =8273 x107°
ca = 2.659 x 1072

C3:O

3.1.2 Joule Loss Model Coefficients

The only parameter to be identified for Joule loss modeling is the winding resistance Rg;qt0r. From
the experiments performed by the partner company, it has been observed a threefold increase of the
resistance from the lowest operating speed to the peak speed condition. With respect to temperature,
the resistance escalation follows a linear pattern, as indicated by a well-established experimental

relationship.

Temperature and Speed Dependent Resistance
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Figure 3.4: Comparison of experimental curve and approximated fitting function
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As, shown in Figure 3.4, the most suitable modeling approach should incorporate dependencies
on temperature and frequency to accurately capture the behavior of the system. In order to develop
this model, it is necessary to conduct tests on the windings at various operating temperatures and
excitation frequencies. The experimental procedure foresees to systematically increase the frequency
of the applied current while measuring and documenting the corresponding values of winding resis-
tance.

A speed-dependent second-order polynomial has been employed to approximate the stator winding

resistance, whereas the polynomial coefficients are temperature-dependent.

Error Plot

— Quadratic Model T=20"C
—— Quadratic Mode!| T=40°C
Quadratic Mode! T=60°C
4 — Quadratic Model T=80"C
— Quadratic Model T=100°C
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Error [%)]

0 2p Temperature [*C]

Figure 3.5: Estimation percentual error of the approximated stator resistance

The error in the approximation can be evaluated in percentage, as show in the following rela-

tionship:

model — Rezperimental

R
error = (3.1.2)

Re:cperimental

where R,o4e1 is the modeled resistance, while Reyperimentar is the experimental resistance.

The experimental data has been matched using the CurveF'itting toolbox, which allowed for the
determination of the best-fitting mathematical function.

The stator resistance model approximation exhibits an error that is less than 4%, which, given that
the absolute values are in the range of 10™* Ohm, can be deemed negligible. Figure 3.5, the trend
of the error is depicted in relation to speed and operating temperature. The model maintains a
consistent level of accuracy almost independently on temperature. A slight variation is observed
at a temperature of 60 Celsius degrees, where a more precise estimation is achieved and the error

reduces to 0.61%. The coefficients used for the stator resistance model are presented in Table 3.3.
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Table 3.3: Joule loss model

Joule loss model
Powe =3 Ri - 12,
Ri=A-w?+Bi-w+C
A =Ap- 1+ .- (T —20)]
By =By [1+a.- (T —20)]
Cy=Co-[1+ae- (T —20)]
Ay =1.554 x 10711
By =4.37 x 1077
Co=5.594 x 1073

3.1.3 Iron Loss Model Coefficients

The core losses test data, obtained from the steel manufacturer, includes information regarding the
power loss per unit mass of material at various excitation frequencies and peak magnetic inductions.
A specimen of the core material has been subjected to the Epstein frame test. It consists of four
major phases. Firstly, the specimen is placed in an Epstein frame, which consist of a a laminated
core with a primary and secondary winding. The frame allows for precise control of the magnetic
field and measurement of the induced voltage. Subsequently, the excitation current is driven into
the circuit and an alternated magnetic field is developed. The induced voltage in the secondary
winding, resulting from the changing magnetic field, is measured using appropriate instrumentation.
This voltage measurement provides information about the core losses in the material.

The testing frequencies encompass 50, 60, 100, 200, 400, 700, and 1000 Hz. For each frequency,
the steel manufacturer has provided data on the magnetic induction, magnetic field, relative per-
meability, and core loss per unit mass. To these data are added some intermediate scenarios, at the
operating frequencies of 66 , 133, 300 and 600 Hz. For each of these conditions, the value of the
magnetic induction has been obtained averaging the experimental behavior.

Subsequently, the data is fitted using the previously mentioned CurveFitting toolbox. The adopted
fitting function follows the modified Bertotti method. The performance of the iron loss model has
been compared to the experimental results, and Figure 3.6 shows the error in the approximation.
The error is evaluated in percentage, in accordance with the equation:

Pmodel - Pe:vpe'rimental

error = (3.1.3)

Pexperimental
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where Pp,o4c; is the modeled iron loss, whereas P.gperimental i the core loss measured with the

Epstein frame test. By analyzing the error distribution, it becomes apparent that the highest errors

Modified Bertotti Method with Fixed Exponents

—S50H
B0Hz
BE.67THz
— 100Hz
— 133.33H
80 200Hz
—333.33H

——— 400Hz
&0 g \ ——— 600Hz
x .Y TOOHZ
a0 % ——— 800Hz
Y \ \ ———— 1000Hz
o
A0 %
N
S
.

% .
- ™ ™,
= RN ;
- "\ “'\ T ",
\ 4 ,
Ny
\\
1 \ 1
1\ \
\
1 || I||

N \ \

Error Fixed Exponents[%]
ra
=
P

1000

500
400

200

Magnetic Field [T] 0 g Frequency[1/g]

Figure 3.6: Percentual error of the iron loss model

predominantly occur at lower frequencies, although their absolute values remain minimal. The most
accurate estimation of iron loss occurs at higher frequency values, regardless of the magnetic field.

In Table 3.4, the coefficients used for the iron loss model are reported.

Table 3.4: Iron loss model

Iron loss model

Pcore:[(h'f'ﬁQ"'I(c'(f'ﬂ)Z"'I(e'(f'ﬁ)l'5

K, = 0.214
K, = 0.1908
K, = 5.095

3.2 Electric Motor Model

The electric motor model analyzed in this research activity pertains to the Fiat 500 battery electric

vehicle and is classified as an IPM synchronous machine. The rotor incorporates V-shaped internal
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permanent magnets made of sintered Neodymium Iron Boron material. As a consequence of their
shape, the magnets can sustain a relatively high magnetic loading. In this case study, for the hairpin
stator windings, a 2Y configuration has been implemented. Literature shows that this configuration
allows to reduce the low-order space harmonics and consequently, significantly reduce the rotor core
and magnet eddy-current losses.

Besides, the motor has eight poles, and the stator windings are organized into fourty eight stator
slots with four conductors allocated per slot. The number poles is one of the factors impacting on
the design on the motor and imposing limitation on size, maximum speed and torque envelop. Low
torque ripple requirement for traction motors leads to an increase in the number of poles. On the
other hand, having a too high number of poles induces an increase of the rotor geometry, in most
of the cases incompatible with the current standards about motor sizing. The output torque shape

and magnitude will be influenced by the number of pair poles.

3.2.1 Model Implementation in the Software Environment

Electric motors exhibit various dynamic aspects that impact their performance. These include
spatial harmonics introduced by slotting, saturation variations, and cross-coupling resulting from
different current pairs. Additionally, phenomena such as skin effect, switching effects, and the control
strategy of power electronics converters further influence the electromagnetic behavior of the motor
system. The thermal dynamics of the system are influenced by varying losses and cooling conditions
at different operating points. Furthermore, the mechanical response is affected by factors such as
torque, rotational speed, and electromagnetic forces.

Considering these complexities, it is necessary to model the dynamics of an electric motor drive in a
manner that accounts for the interdependencies among these factors. Alternatively, decoupling the
dynamics with reasonable assumptions can also be employed in the modeling process.

For this research activity, a 2D FEA model of the IPMSM was developed in Altair Flux™ and
Ansys Maxwell™ to be used for the efficiency evaluation. By isolating a specific plane within the 3D
model, important information about the motor’s geometry, winding configurations, and magnetic
field interactions can be captured in the resulting 2D representation. This simplified 2D model
can then be utilized for electromagnetic simulations and analysis, allowing for a more focused and
efficient evaluation of the motor’s performance and behavior. Figure 3.7 and 3.8 dispaly the motor

rispectively in isometric and side view.
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ROTOR

Figure 3.7: Isometric view of the electric motor, developed with ANSYS Maxwell™

STATOR

Figure 3.8: Side view of the electric motor, developed with ANSYS Maxwell™

The additional computational effort required to perform a more complex 3D simulation makes
it an unfeasible option, considering that the resulting increase in accuracy would be only marginal
in this regard. Figure 3.9 illustrates the bidimensional model of the motor used in the simulations.
The rotor is characterized by a skewness of 6 degrees, which is taken into account by dividing it into
five different sections and averaging the results across these sections. By leveraging the symmetries
and periodicities within the model, the 2D geometry can be reduced to 1/8 of its original size.

The material properties for the copper wires, the magnets and the electrical steel are imported for

the operating temperature of 100 °C.
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i

Figure 3.9: Electric motor model developed with ANSYS Maxwell™

3.2.2 Improvement in the Model Layout: Hairpin Technology for the
Stator Windings

The starting model lacks information about the stator windings, making it impossible to implement
the proper excitation circuit. Additionally, important phenomena such as the skin effect and proxim-
ity effect cannot be accounted for. This implies that there will be a significant error in determining
the absolute value and distribution of current in the windings. As a result, accurate measurement
of Joule loss would be compromised.

To address this problem and achieve a much more reliable model, certain modifications have been
made to the design. The modifications have been applied to both the software. The shape of the
stator slots has been altered to host the stator windings, and each slot now contains four rectangular
conductors that simulate the implementation of hairpin technology coils.

Figure 3.10 illustrates the comparison between the initial model and the one which has been im-

——

STATOR SLOT

proved.

STATOR SLOT

STATOR WINDING COILS

Figure 3.10: Comparison between the model without windings (left) and the one with windings (right)
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The updated layout of the motor model enables the distinction of the excitation of the two par-
allel coils that form the windings.
This feature of the windings becomes particularly significant when non-sinusoidal excitation is ap-
plied to the coils. In a motor with 2Y windings, the parallel branches of the windings play a crucial
role in mitigating second-order harmonics in the current. Thanks to the symmetry of the wind-
ings, the second-order harmonics in the current tend to cancel each other out. The magnetic fields
generated by the parallel branches interact in a manner that reduces the second-order harmonic
components, as well.
The model utilized for this research activity is excited by only sinusoidal currents. However, a po-
tential future step is to expand the scope by incorporating a complete drive unit, which includes
the battery and the inverter. When an inverter is introduced to the model, it becomes the source of
second-order harmonics that alter the shape of the nominal sinusoidal current.
The improved model would be able to capture, analyze and most importantly mitigate the impact
of these harmonics. This would enable the designer to develop appropriate control strategies to

address them effectively.

L

Figure 3.11: Comparison of starting motor layout (left) and improved motor layout (right)

3.3 Simulation setup

Running an electromagnetic simulation involves a series of steps to accurately model and analyze
the behavior of electromagnetic fields in a device, as an electric motor. These steps ensure that the
simulation captures the essential characteristics of the electromagnetic field variation in the overall
system. The goal is to achieve the most accurate reproduction of the motor’s actual behavior, so
each stage of the simulation setup aims to closely mimic the real-world conditions.

The starting point is the description of the boundaries and of the material properties of the model.
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Afterwards, the focus moves to the development of the external circuit that feeds the stator windings
and the meshing procedure. Finally, the time settings are outlined and it is possible to proceed with
the simulation. In the upcoming sections, each phase of the simulation setup will be analyzed in
details. The two software implement the same steps, with a different order. For sake of simplicity,

in the next sections, the procedure will be illustrated once.

3.3.1 Implementation of Boundary Conditions

Boundary conditions play a crucial role in determining how the electric or magnetic field behaves
at the interfaces or edges of the problem region. They are always necessary in order to ensure the
uniqueness of the electromagnetic field calculation.

In electric motors, the boundary conditions serve two main purposes:

e Set the electric or magnetic potential at a surface to a constant value or a function of position,

in order to define the behavior of the electric or magnetic field on that surface.
e Simulate the field patterns that would exist in a structure, while modeling only part of it.

For this case study, the boundary conditions applied are:

1. Vector potential: It is also know as Dirichlet boundary and it is applied to the stator outer

surface, to set a null magnetic potential in correspondence of it.

Vector potential ——

Figure 3.12: Dirichlet boundary
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2. Independent/Dependent Matching: Matching boundaries force the magnetic field at each point
on one boundary (the “dependent” boundary) to match the magnetic field at each correspond-

ing point on the other surface (the “independent” boundary).

Indepaifilentl g

Figure 3.13: Independent boundary

Figure 3.14: Dependent boundary

3.3.2 Definition of Material Properties

Assigning appropriate material properties is crucial for an accurate simulation. It is needed to define

the electromagnetic properties of different materials present in your system, such as stator windings
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conductivity, magnetic permeability of stator and iron core, and dielectric constants of the insulating
materials. These properties determine how materials interact with electromagnetic fields and the
outcome of the electromagnetic simulation is strongly influenced by each of these parameters. Thus,
the data collecting phase (from literature review and from the suppliers) is of significant importance

to achieve correct results.

3.3.3 Development and Coupling of the External Circuit

The current flowing into the stator windings generates a rotating magnetic field, which interacts
with the rotor magnetic field to develop the required torque in correspondence of the air gap. To
have a proper replication in a virtual environment of the stator windings configuration, an external
circuit must be added and coupled to the motor model. The external circuit consists of the three
motor phases arranged together. The resistive effect given by the end windings can be modeled as a
simple resistance, while the portion of the conductors located in the slots is modeled as a winding.

Figure 3.15 depicts the details of the winding configuration.
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Figure 3.15: External excitation circuit, developed with ANSYS Maxwell™

LPhase_Al ... LPhase_C8 represent the active part of the windings, whereas R82, R83, R84,
R85, R118 and R119 are the end windings for each of the conductors. LabellD = ICURRENT_A,
Labell D = ICURRENT _B and Labell D = ICURRENT_C' are the sinusoidal current sources for

each phase.
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3.3.4 Application of Meshes

The implementation of the motor model has been identical between the two software platforms up
to the meshing phase. The primary objective is to evaluate the quantitative improvements in results
achieved by utilizing denser meshes in Altair Flux™, compared to the lower mesh density utilized
in ANSYS Maxwell™ . Additionally, the impact on computational time resulting from transitioning
between the two meshing approaches will be assessed.

In both software platforms, an automatic meshing procedure has been employed. Second order
meshes are utilized, with a particular focus on higher mesh density at interfaces between different
materials, where significant variations in the magnetic field distribution are expected. Additionally,
careful analysis is conducted on the stator slot and windings, as these regions are susceptible to
Joule loss-induced overtemperature. The resulting meshing is characterized by some regions with
a different meshing density in both softwares. Increasing the mesh density in Altair Flux™ leads
to a noticeable slowdown in simulation time compared to using ANSYS Maxwell™. At peak speed,
the software ANSYS Maxwell™ achieves simulation times within a few minutes, while simulations
conducted in Altair Flux extend above 30 minutes.

In the upcoming figures, a representation of the motor geometry, which has been meshed using both

software, is given.

Figure 3.16: Complete motor geometry meshed in ANSYS Maxwell™
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Figure 3.17: Partial motor geometry meshed in Altair Flux™

3.3.5 Loading and Time Setting

Before proceeding with the analysis, the loading conditions of the system and the time interval for
the simulation need to be established. Selecting an appropriate time step is crucial as it enables
the computation of the actual variations in the magnetic or electrical quantities within the system,
resulting in accurate results.

In this particular case study, the choice of time step and stop time is dependent on the motor’s
speed. This ensures that the analysis reaches the steady-state conditions necessary for evaluating

the losses in the electric motor and constructing the efficiency map.

3.4 Validation Test

To assess the model’s compatibility with reality, a validation test has been proposed. It involves
replicating a back electromotive force (b-emf) test in a virtual environment. The parameter under
comparison with experimental results is the back-emf motor constant. In the simulations, the induced

voltage at the stator windings is measured to determine this parameter.
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3.4.1 Back Electromotive Force Test

Prior to conducting efficiency evaluation tests, a back electromotive force test was performed on the
motor for validation. This test aims to detect issues related to the rotor, magnets, or any angle
misalignments. It involves measuring the induced voltage generated between the motor’s terminals
while it is rotated by an external drive. By analyzing the voltage in the time domain for each phase,

the b-emf constant K. can be determined [51].

Vll,rms
w

K. = (3.4.1)

where Vj; ;s is the line to line motor voltage, expressed as root mean square value. Whereas w is
the electric motor angular speed.

In experimental testing, the motor is rotated at a specific operating speed, and the voltage generated
across the three phases is measured using a digitizer. Since the neutral point is typically inaccessible,
the line-to-line voltage is often used. In a virtual environment, the test can be replicated by setting
the excitation current to 0 and imposing the desired operating speed of the motor. This will induce
a voltage that can be detected and plotted using software tools.

The test was conducted by setting the operating temperature of the magnets to 100 °C, while
the temperature of the windings, rotor, and stator was maintained at standard conditions. The
induced voltage was measured at various speeds. The experimental results were then compared to

the simulated results in terms of root mean square of the line-to-line voltage and K. constant.

3.5 Steady-State Performance Test

A fixed-speed performance test is an experimental test conducted on an electric motor to evaluate its
performance under a specific constant operating condition. During the test, the motor is operated
at specific torque and current values that are set as input parameters.

The main objective of a fixed-speed performance test is to characterize the performance of the electric
motor in terms of variables such as rotational speed, generated torque, efficiency, and power losses.
These parameters provide important information about the motor’s ability to perform a particular
task or specific application.

During the test, experimental data such as voltage, current, speed, and torque of the motor are
collected. This data is then analyzed to determine the actual performance of the electric motor,
including efficiency, power absorbed, output power, and other relevant quantities.

By replicating a steady-state performance test in a virtual environment, engineers can assess and
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analyze the motor’s behavior without the need for physical prototypes or experimental setups. This
approach provides a cost-effective and efficient way to study different operating conditions, optimize

motor designs, and predict performance characteristics.

3.6 Post Processing

From the two software, it is possible to exctract three key output quantities: the distribution of
current in the windings, core losses, and the output torque. The simulations delve into the varia-
tions of the magnetic field across the different motor components, enabling the calculation of iron
losses in the core materials. By examining the current source defined in the excitation circuit, the

1™ allow for the

extent of Joule losses can be determined. Additionally, the software ANSYS Maxwel
quantification of the proximity effect between conductors and the impact of higher operating fre-
quencies. The interaction between the magnetic field generated by the stator and the magnetic field
produced by the rotor’s permanent magnet results in the development of electromagnetic torque.
Both software tools are capable of accurately quantifying this torque. With knowledge of the motor’s
operating speed, the output power produced by the motor can be calculated.

Some crucial information is still missing to accurately assess the efficiency of the motor under differ-
ent operating conditions. The loss models for mechanical and ohmic power dissipation, described in
the previous sections, cannot be directly employed in the software. This is due to the limitation of
the software in assigning a fixed value to the copper resistance, whereas experimental findings have
shown that the resistance is significantly influenced by the operating frequency of the current. To

address this problem and calculate the efficiency map, a post-processing MATLAB code has been
developed.

3.6.1 MATLAB code for post processing

A MATLAB™ code has been developed specifically for post-processing the simulation results [50].
This code facilitates the calculation of efficiency for each operating condition. Additionally, the code
has been designed to quantify individual losses and map them accordingly, providing a comprehensive
representation of the distribution of losses.

The algorithm can be divided into the following sections:

1. Building the efficiency and loss maps: This involves allocating the experimental and simulated
results into the maps. A total of 660 combinations of torque/speed points are considered in

the maps.
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2. Reading and extracting information from the Excel file: The MATLAB™ code is designed to
read and extract the simulation results from the provided Excel files. The extracted data is

stored in tables, which will be used for computing the efficiency map.

3. Processing the extracted data: This section involves evaluating the efficiency for each operating
point. The output power and core loss are summed with the joule loss and mechanical loss
computed within the code to obtain the input torque. The ratio of input power to output
power determines the efficiency for each operating point. Additionally, the algorithm evaluates
the weight of each loss component for every operating point, allowing for identification and

mitigation of the most influential loss on motor efficiency.

4. Allocating the evaluated data to the appropriate positions in the maps: The algorithm assigns
each of the previously evaluated data to their corresponding positions in the efficiency and loss

maps.

5. Developing graphical representations of the efficiency and loss maps: Once all the input data
has been processed, the code automatically generates an efficiency plot as well as a plot showing
the core and joule losses. These visual representations provide a clear visualization of the

efficiency and loss distribution.

Figure 3.18 illustrates the step-by-step process for conducting a simulation. The input data, provided
by an OEM, includes the motor’s operating speed and the current magnitude expressed as a sum of
direct and quadrature axis components. These data are inputted into the model developed within
the virtual environment of the two software. The simulation is then executed, producing outputs
such as current, electromagnetic torque, and core loss. These outputs are subsequently fed into the
MATLAB™ program. Finally, the code generates the desired results, namely the efficiency and loss

maps.
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Figure 3.18: Illustrative representation of the simulation workflow
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Chapter 4

Srmulation Results

The primary objective of this research project is to recreate an electric motor in a virtual environ-
ment and explore the disparities between reality and simulations. Striking the right balance between
model accuracy and computational efficiency is crucial, as excessively detailed analysis could signif-
icantly increase computational time. To achieve an appropriate motor model, a validation test was
replicated in the virtual environment before proceeding to simulate the efficiency.

The subsequent chapter presents the simulation results, from the validation test outcomes to the
evaluation of the motor losses and the efficiency map. These outputs, obtained from the simulations
and processed using Matlab code, will then be compared to the experimental findings.

The data provided by the OEM does not exhibit any uncertainty analysis. Consequently, the simu-

lated values capture details down to two decimal places.

4.1 Validation Test Outcomes

In this section, the outcomes of the back electromotive force test will be discussed. The focus will
be the induced voltage in the stator windings. By examining the induced voltage, it is possible to
determine the b-emf motor constant at different operating speeds and compare it with the corre-

spondent experimental value.
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4.1.1 Back Electromotive Force Test Outcomes

The b-emf test results are presented in relation to the voltage induced in the stator windings. Figure
4.1 illustrates the waveform generated at 0.0071 per unit (pu) speed, with an estimated peak value
of 16.98 V.

The company has provided data regarding the root mean square value of the induced voltage curve.
By analyzing the simulation results developed with ANSYS Maxwell™, it is possible to calculate the
induced voltage and compare it with the experimental findings. Figure 4.2 proves that the simulated
curve closely aligns with the experimental one, except for the operating point of 0.857 pu speed.
At this particular point, the actual behavior exhibits an abnormal discrepancy compared to the

simulation as well as all other experimental values.

BACK EMF TEST - VOLTAGE

—e—InducedVoltage(PhaseV) [V]
6 —e—Inducedvoltage(PhaseW) [V]

Voltage [V]

—e—InducedVoltage(PhaseU) V]

Time [ms]

Figure 4.1: Induced voltage at the stator windings.
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Figure 4.2: Variation of RMS induced voltage with different operating speeds.

Beyond this point, the trend shifts towards overestimating the experimental rms value of the
induced voltage. The approximation error is confined to a maximum of 5 %, with the most sig-
nificant deviation occurring at 0.357 pu speed. At this speed, the absolute difference between the
experimental and simulated results amounts to 5 V, corresponding to a percentage error of -4.99
%. In Figure 4.3 plotting the error as a function of the operating speed, a clearer understanding of
the simulated voltage trend relative to the actual behavior can be obtained. Table 4.1 presents the

induced voltage values at different operating speeds and the percentage error in the approximation.

ERROR PLOT

—@—Error curve

ERROR [%]

0,200 0,400 1,000 1,200

SPEED / MAX SPEED

Figure 4.3: Error plot versus the normalized speed.
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Table 4.1: Voltage and Error Data

Speed VRMS,simulation VLL,RMSﬁimulation VLL,RMS,experimental Error [%] Ke,simulation [mV/rpm]

0.071 13.42 23.25 23.30 -0.22 23.25
0.143 25.92 44.90 46.60 -3.79 22.45
0.214 39.67 68.71 69.91 -1.74 22.90
0.286 52.87 91.58 93.21 -1.77 22.89
0.357 64.07 110.97 116.51 -4.99 22.19
0.429 78.83 136.54 139.82 -2.40 22.75
0.500 92.84 160.81 163.12 -1.43 22.97
0.571 106.15 183.87 186.42 -1.39 22.98
0.643 117.51 203.54 209.73 -3.03 22.61
0.714 132.00 228.64 233.03 -1.91 22.86
0.786 145.58 252.15 256.34 -1.66 22.92
0.857 166.85 288.99 279.64 3.23 24.08
0.929 175.45 303.90 302.94 0.31 23.37
1.000 199.40 345.38 326.25 5.53 24.67

4.2 Loss Maps

The next section focuses on evaluating the losses of the electric motors, specifically categorizing
them as Joule, core and mechanical losses. The Joule and mechanical losses have been calculated in
MATLAB™ using speed and current data obtained from the simulations conducted in both software
programs. On the other hand, the core losses are directly assessed within the software environment

and then assigned to specific torque/speed combinations in MATLAB™.

4.2.1 Joule Loss Map

Joule losses refer to the power dissipation in the stator windings when current flows through them.
It is expected that Joule losses will increase with higher operative torque, as a higher current is
required. Increasing operative speed, a variation in current distribution, thus an increment in stator
winding resistance is induced. In this section, the evaluation of Joule losses in Altair Flux™ and
ANSYS Maxwell™ will be discussed separately to highlight the differences in current distribution

and loss evaluation between the two software programs.
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Figures 4.4 and 4.5 illustrate the joule losses under various operating conditions. Distinct regions
can be identified in the plot, distinguished by varying levels of losses, represented by different colors.
The color scale ranges from dark blue, indicating very low Joule losses, to yellow, indicating higher
losses. These regions exhibit an oblique extension, illustrating that as the speed increases, the Joule
losses also increase. By examining the scale, it is possible to notice the significant disparities between
the two software. For the software ANSYS Maxwell™, the peak value of the scale is 8000 W, whereas
in Altair Flux, it is 3000 W higher.

ANSYS Maxwell™

The Joule loss map, generated through MATLAB™ by postprocessing ANSYS Maxwell™ results, is
presented in Table 4.2.

In the constant torque region, the Joule loss exhibits a relatively low dependence on operating speed
since the current supplied remains nearly constant at different operating speeds. The only param-
eter inducing variations in the loss is the frequency-dependent resistance. At peak torque and base
speed, the Joule loss reaches its maximum value of 6792.11 W. In the constant power region, the
Joule loss increases rapidly. This escalation is a result of both the increasing current magnitude and
resistance, influenced by the frequency. For example, when considering the same torque request of
0.25 pu, the Joule losses evaluated at speeds of 0.571 pu, 0.643 pu, and 0.714 pu amount to 222.6 W,
365.85 W, and 673.76 W, respectively. This represents a 39% increase from the first to the second
operating speed, and nearly doubles from the second to the third speed analyzed.

As anticipated, the loss increases significantly with higher currents, which holds true for each oper-
ating speed. The loss increases nearly 120-fold from the lowest torque to the peak torque at 0.071
pu speed. The Joule losses nearly double from the lowest analyzed speed to the maximum speed,
referring to peak torque conditions. In absolute values, this increase ranges from 4780.17 W at peak
torque and 0.018 pu speed to 8586.11 W at maximum speed and maximum torque. To illustrate
the impact of frequency on Joule losses, the loss at 0.086 pu torque while increasing the speed can
be analyzed. The Joule loss escalates from 37.5 W at the lowest considered speed to 1940.23 W at

maximum speed.

Altair Flux™

The Joule loss map obtained through MATLAB™ postprocessing of Altair Flux™ outcomes is de-
picted in Table 4.3.
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In the constant torque region, the joule loss escalates in proportion to the current. A notable dif-
ference from ANSYS Maxwell™ is observed in the base speed joule loss, where the registered value
reaches 7543.59 W compared to ANSYS Maxwell’s 6792.11 W. The variation of Joule loss at dif-
ferent speeds further contributes to the disparity between the two software programs. Table 4.3
demonstrates that at peak torque, there is an increase of nearly 1000 W in Joule losses when transi-
tioning from 0.143 pu to 0.214 pu speed and from 0.214 pu to 0.286 pu speed. In contrast, ANSYS

Maxwell™

exhibits a difference of approximately 600 W within the same speed interval. Moving to
the constant power region, the Joule losses experience a significant increase. Values exceeding 8000
W are registered at peak torque conditions starting from 0.357 pu speed. In this region, the Joule
loss escalates substantially with the increase in torque request. For instance, at 0.643 pu speed, the
Joule losses increase from 224.47 W at a torque demand of 0.068 pu to 10639.08 W at a torque
demand of 0.568 pu.

The software exhibits consistent behavior in line with experimental results: the loss increases with
higher torque demand and operating speed. At low operating speeds, the operating current becomes

the primary influencing factor, resulting in a more than 100-fold increase in loss at 0.036 pu speed.

The peak loss is observed at maximum speed and peak power, amounting to 13390.13 W.
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Joule Loss Map (ANSYS Maxwell Model) [W]
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Figure 4.4: Graphic representation of the Joule loss map developed with MATLAB, postprocessing ANSYS

Maxwell™ results.
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Table 4.2: Joule loss map developed with MATLAB™, postprocessing ANSYS Maxwell™ results.
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Table 4.3: Joule loss map developed with MATLAB™, postprocessing Altair Flux™ results.
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4.2.2 TIron Loss Map

The iron losses in the motor are a result of hysteresis and eddy current losses. To simplify the
analysis, these losses were measured in the active materials of the stator and rotor, excluding the
contribution of the magnets. The results were compiled into two iron loss maps and depicted in
Figures 4.6 and 4.7 for the ANSYS Maxwell™ and Altair Flux™ software, respectively. Distinct
regions can be discerned in the plot, each associated with a specific color. The color scheme ranges
from dark blue, representing operational points with core losses below 500 W, to yellow, indicating
increasing core losses up to the maximum scale value of 3000 W. Tables 4.4 and 4.5 provide a
breakdown of the core losses at each operational point for both software programs. The trend
observed in the core losses is an increase with higher magnetic flux frequencies and greater torque
demands. It is worth noting that the core loss evaluation will be addressed separately, despite

employing the same model with identical coefficients, which yields nearly equivalent results.

ANSYS Maxwell™

In the constant torque region, Ansys Maxwell™ estimates minimal core losses. At an operating speed
of 0.071 pu, the core losses remain below 35 W for any operating torque. When reaching base speed
with peak torque conditions, the core losses amount to 358.95 W. As the operating speed increases,
the core losses escalate. At 0.5 pu speed, the average core loss reaches 687.18 W, more than double
the core losses at base speed, which average at 270.65 W. Approaching peak speed, the core losses
experience a further increment. The losses increase, reaching 2448.48 W compared to the 39.66 W
measured at base speed with the same torque demand. At maximum speed and maximum power,

the core losses reach their peak value, estimated to be 3419.43 W.

Altair Flux™

Using the same model in Altair Flux™, practically equivalent results are obtained. The trend of
the core losses also exhibits an increase with higher operating frequencies and torque requirements.
To highlight the impact of the operating speed, the core losses can be compared with the same
torque demand but different speed. The core loss estimation jumps from 55.45 W at base speed to
2668.49 W at maximum speed. The highest recorded value for core losses is 3386.22 W, which occurs
at maximum speed and peak power. This value is lower than the corresponding value of 33.20 W
achieved in ANSYS Maxwell™. These results serve as evidence that both software programs, utilizing

the same core loss model, are capable of producing consistent and coherent results.
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Figure 4.6: Graphic representation of the core loss map developed with ANSYS Maxwell™.
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Table 4.4: Iron loss map developed with ANSYS Maxwell™.
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Table 4.5: Iron loss map developed with Altair Flux™.
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4.2.3 Mechanical Loss Map

The mechanical loss model was developed using MATLAB™ in a post-processing stage. The sim-
ulations were conducted under ideal conditions, while the losses were subsequently added for the
efficiency calculations. The values of the mechanical losses were measured at each operating speed,
and the same model was used for both software, resulting in identical results.

The trend observed for the mechanical loss is an increment as the speed increases. The highest
value, amounting to 410.19 W, is recorded at the maximum speed. However, this loss remains un-
affected by variations in the load, as it is not influenced by changes in friction within the bearings
or ventilation losses in the motor.

The following table shows the numerical results, while in Figure 4.8 it is shown a more detailed

description of the mechanical loss trend.

Mechanical Loss Map [W]
T T T T 400
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Figure 4.8: Graphic representation of the mechanical loss map developed with MATLAB™.
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034 0,75 1,83 76 16 13,42 016 45,41 64,59 dd,12 X 143,92 184,05 234,31 245,34 344,45
03r 3,75 18 T8 18,43 g i& 45 41 4,59 ad.42 149 493 i85, 05 334, 84 185 84 344 45
030 3,75 76 16 13,42 E 45,41 64,59 dd,12 x 143,92 189,05 234,81 285,34 344,45
oxr 3,75 18 T8 18,43 g i& 45 41 4,59 ad.42 3 149 493 i85, 05 334, 84 185 84 344 45
02 3,75 76 16 13,42 E 45,41 64,59 dd,12 x 143,92 189,05 234,81 285,34 344,45
[l 3,75 18 T8 18,43 g i& 45 41 4,59 ad.42 3 149 493 i85, 05 334, 84 185 84 344 45
00 3,75 76 16 13,42 E 45,41 64,59 dd,12 143,92 189,05 234,81 285,34 344,45
0,1% 3,75 16 TE 13,42 016 45,41 64,59 34,12 X 143,92 139,05 234,31 235,34 344,45
0,0% 3,75 76 16 13,42 E 45,41 64,59 dd,12 143,92 189,05 234,81 285,34 344,45
0,04 3,75 16 TE 13,42 016 45,41 64,59 34,12 x 143,92 139,05 234,31 235,34 344,45
011 3,75 76 76 13,42 [T 45,44 64,59 aa, 12 5 143,92 239,05 234 a1 285,34 344,45
[l ] 3,75 18 T8 18,43 g i& 45 41 4,59 ad.42 149 493 i85, 05 334, 84 185 84 344 45
0or 3,75 78 78 13,42 [T 45,44 64,59 aa,12 118, 149,92 139,05 234 a1 245,34 344,45

Table 4.6: Mechanical loss map developed with MATLAB™.
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4.3 Efficiency Evaluation Test

The main aim of this research endeavor is to assess the efficiency map of the electric motor by
utilizing two software programs: ANSYS Maxwell™ and Altair Flux™. A comprehensive set of 660
torque/speed combinations has been analyzed to measure the motor’s efficiency. At each operating
point, the iron losses, mechanical losses, and joule losses have been assessed. From the knowledge

of these and of the output power, the evaluation of the efficiency is straightforward.

4.3.1 Experimental Efficiency Map

The measured efficiency of the electric motor, gathered at different torque and speed combinations
by an OEM, is reported in Table 4.7. The experimental map can be analyzed distinguishing the
constant torque region from the constant power region.

In the constant torque or linearly increasing power region, the efficiency is initially low (below
60%) at the minimum operating speed when peak torque performance is required. However, as the
operating speed increases, the efficiency rapidly improves. At a speed of 0.214 pu, the efficiency
exceeds 90% in all operating conditions. Moreover, at medium-low torque levels (below 0.545 pu
torque), the efficiency remains above 95%. The average efficiency at base speed is 95.27%.

Moving to the constant power region, the efficiency reaches its peak value of 96.64% at 0.429 pu
speed and 0.364 pu torque. Up to this operating speed, the efficiency shows an increasing trend
with a fixed torque requirement. However, at higher speeds, the efficiency slightly decreases. The
most significant difference can be observed at low torque requirements, where assessing efficiency
experimentally becomes extremely challenging due to difficulties in evaluating iron losses.

Figure 4.9 depicts the efficiency map, illustrating various regions of efficiency. The peak efficiency
region is represented in green, indicating the optimal efficiency values. Transitioning to yellow and
red, lower efficiency regions are represented. These regions correspond to situations where peak
torque is required at very low speeds and at maximum operating speeds with extremely low torque

demands.
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Figure 4.9: Graphic representaion of the experimental efficiency map.

60



Motoring Efficieney

Torgque’ Max Torque

zzd Max Spead
0018 0036 0071 0143 0214 0.286 0.357 0420 0.500 0.571 0.643 0.714 0.786 0.857 0.928 1.000
56.68 71.88 83.00 85.53 92.47 93.75
57.05 72.18 83.21 90.06 92.56 93.82
57.44 72.50 83.42 90.12 92.65 93.20 94.55
57.84 72.82 B83.64 50.32 5275 53.97 9463
58.26 73.16 83.86 50.45 52.84 54.05 9472
58.65 73.50 24.10 50.59 52.94 54.13 9481
59.14 73.86 2433 50.73 53.04 9420 94.89
58.61 74.22 8458 50.87 53.14 5428 9457 54.45
60.10 74.61 24.83 91.02 93.25 54.37 95.05 54.55
60.61 75.00 85.08 91.18 93.36 54.45 95.12 94.73
61.14 75.40 85.35 91.33 93.47 94.54 95.21 94.37
61.68 75.82 B5.62 51.49 53.58 94.62 95.28 95.00
62.25 76.25 85.90 51.65 53.70 9471 95.35 55.13
62.84 76.70 B86.18 51.82 53.81 54.80 95.38 95.25 54.47
63.46 77.16 B6.48 51.59 53.593 54.89 95.44 S55.38 54.65
64.10 77.63 8678 52.16 54.05 54.88 9551 95.49 54.82
E64.76 78.12 87.09 52.33 54.17 95.07 95.58 95.61 54.95
65.46 78.63 87.40 92.51 94.30 95.17 95.66 95.73 95.15 94.29
66.18 79.15 87.73 92.70 94.43 95.27 95.74 95.83 95.31 94.50
66.93 79.69 88.06 92.89 94.56 95.36 95.831 95.94 95.45 9471 93.72
67.71 80.24 88.40 53.07 54.68 95.45 95.88 96.03 55.55 5451 54.01
68.53 80.82 8875 93.27 54.81 55.56 95.96 96.13 95.74 55.08 54.28
69.38 2141 85.11 53.46 54.85 95.66 96.04 96.23 S95.86 95.26 54.50 93.55
70.28 82.03 895.48 93.67 95.09 9576 96.12 596.32 55.95 95.42 54.71 93.87
71.20 8265 85.24 53.86 95.21 S55.84 96.18 96.39 96.10 55.58 54.91 94.13 93.17
7217 83.30 90.22 94.06| 9535 55.94 96.26 56.46 96.22 95.73 95.10 94.36 93.52
74.04 24.54 90.96 54.47 95.63 96.16 96.43 96.61 96.42 95.97 95.39 94.74 93.97 93.05
74.80 85.03 91.23 94.60) 9571 96.21 96.46 96.63 96.48 96.06 95.51 84.87 84.15 93.34 92.35
75.58 85.53 91.51 94.74| 9578 96.25 96.48 96.64 96.53 96.13 95.60 54.99 34.32 93.55 92.68
76.38 86.03 9178 54 87 95.86 96.30 96.51 96.63 96.58 96.20 95.69 95.10 94.44 93.71 5250 52.00
77.15 86.52 92.05 54.58 95.92 96.32 96.51 96.60 96.61 96.25 95.75 95.18 94.54 93.85 93.09 92 23]
78.06 87.06 52.33 95.12 55.95 96.36 96.52 96.58 96.61 96.30 595.81 95.24 9461 93.92 93.23 92.40
79.00 87.62 92.63 95.25 96.06 96.40 96.53 96.57 96.60 96.30 55.83 95.27 94.65 93.99 93.27 52.52|
79.95 88.19 92.92 595.36 96.10 96.40 96.51 96.53 96.57 96.29 55.84 95.28 94.66 54.00 93.28 §2.53]
80.92 23.75 593.20| 9547 96.14 56.40 96.48 56.47 96.51 96.27 95.81 §5.25 59461 93.95 93.25 52.48|
81.90 89.29 53.45 95.54| 96.14 96.35 96.40 96.37 96.39 96.20 95.74 95.16 94.52 93.83 93.11 92.36]
83.02 89.91 93.73 95.62 96.13 96.29 96.31 96.25 96.21 96.08 95.62 5§5.02 94.35 93.65 92.68 g2.10
84.29 90.58 94.02 95.67 96.09 96.19 96.17 96.07 95.98 95.86 95.42 94.79 94.07 93.32 §2.52 91.68]
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Table 4.7: Experimental efficiency map
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4.3.2 Simulated Efficiency Map

The efficiency map serves as a valuable tool for evaluating the effectiveness of power conversion
in the motor. This section delves into the specifics of the efficiency maps obtained using the two
software packages.

Figure 4.10 and 4.11 illustrate the efficiency map developed with the two software, providing a visual
representation of the data. The green region is highlighted to indicate the highest efficiency region,
which is observed to extend even to very low torque requirements in either software programs. On
the maps, areas colored in yellow denote intermediate efficiency conditions, indicating that power
requests can be achieved with an efficiency conversion ranging from 85% to 75%. The region with

speeds below 0.1 pu have even lower efficiency. It is depicted in red to signify values below 60%.

ANSYS Maxwell™

Table 4.8 presents the efficiency data for each operating point obtained with ANSYS Maxwell™. The
analysis differentiates between the constant torque region and the constant power region.

Within the constant torque region, a relatively low-efficiency region is observed at 0.018 pu speed.
The lowest efficiency is recorded at peak torque, measuring 55.2%, compared to the experimental
map’s value of 56.6%. Increasing the operating speed, the efficiency will escalate. Notably, the
efficiency remains high in the low torque region, where the contribution of core losses is underes-
timated by the adopted loss model. The peak efficiency occurs at 0.357 pu speed and 0.182 pu
torque, reaching 97.1%, slightly higher than the experimental map’s value of 96.64% obtained at the
same operating speed. In the constant power region, the simulations follow the experimental trend,
albeit with a slight tendency to overestimate efficiency as the motor approaches maximum speed.
In the interval ranging from 0.357 to 0.571 pu speed, the average efficiency of the motor is 95.81%.
Approaching maximum speed, the motor maintains a relatively high level of efficiency, reaching a

maximum value of 91.60%.

Altair Flux™

Table 4.9 presents the efficiency map developed using Altair Flux™. Within the constant torque
region, efficiency increases with speed, reaching its maximum at 0.214 pu speed. The simulation
results show a transition from 55.2% efficiency at the point of peak torque but minimum speed,
to extremely high efficiency values observed at minimum torque demand. The peak efficiency is of
97.94% , over 1% higher than the actual value. As operating speeds increase, the efficiency experi-

ences a notable reduction compared to the experimental values. Within the constant power region,
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the efficiency initially exceeds 92% across all operating torques when considering a speed of 0.5
pu. However, as the speed increases, a higher current is required to generate the necessary torque,
leading to increased joule dissipation. Joule losses significantly impact the efficiency, causing it to

gradually decrease. At peak operating speed, the average efficiency is 86.70%.
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Figure 4.10: Graphic representation of the efficiency map developed with ANSYS Maxwell™.
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Figure 4.11: Graphic representation of the joule loss map developed with Altair Flux™.
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Chapter 5

Analysis of the Results

5.1 Performance Analysis of the Electric Motor Model

In the upcoming sections, the attention will be shifted to the analysis of the simulation results.
The focus will be on assessing the performance of the two software tools by investigating more in
details the motor losses and by evaluating the percentual differences between the experimental and
simulated efficiency maps. To determine the accuracy of the forecasting method, the mean absolute

percentage error is the metric selected.

5.1.1 Loss Comparison

This section focuses on the assessment of each motor loss in the overall power loss analysis. This
evaluation was conducted by considering combinations of three operating speeds (low, medium, and
high) and two torque points (low and high). Figures 5.1 and 5.2 depict the separation of losses
evaluated using the two software tools. Both software packages indicate that the most significant
factor contributing to reduced efficiency is the joule loss.

The escalation of joule loss is directly linked to an augmented current demand. One key factor
behind the higher current requirement is the back electromotive force generated by the motor. As
the speed increases, the back electromotive force also increases. However, to maintain the required
torque output, the applied voltage needs to overcome this b-emf, resulting in higher current draw.

Additionally, the motor’s internal resistance and winding inductance play a role. At higher speeds,
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the internal resistance causes more voltage drop, leading to a higher voltage requirement to com-
pensate for this drop.

The simulation results demonstrate that frequency has the most significant impact on core losses.
In fact, transitioning from the intermediate to the high-speed scenario leads to an approximately
six-fold increase in core losses. The most significant aspect of frequency’s impact on core losses is its
influence on magnetic flux density. The magnitude of hysteresis losses increases with higher magnetic
flux density, leading to greater energy dissipation in the form of heat within the core material. The
magnitude of eddy current losses is proportional to the square of the magnetic flux density. Higher
magnetic flux density increases the intensity of eddy currents, resulting in increased energy losses.
The mechanical losses make a relatively small but significant contribution, which should not be
disregarded. At the maximum speed examined, they account for up to 5 % of the total losses, for
the software ANSYS Maxwell™.

The primary disparity observed between the two software programs in the analyzed data lies in
the calculation of joule loss. Specifically, as both software employ the same resistance model, the
discrepancy arises from the evaluation of current. Ansys Maxwell demonstrates a more precise mod-
eling of current distribution and AC effects, resulting in a lower Joule loss value and consequently
higher efficiency. Given that the mechanical and core losses are equivalent between the two software
programs, the assessment of Joule loss becomes the key factor that characterizes the accuracy of

efficiency evaluation.

ANSYS Maxwell™

The results obtained from ANSYS Maxwell™ reveal that the joule loss has the highest contribution
across all six operating conditions. When the torque request is increased from 0.25 pu to 0.909 pu,
the Joule loss in all analyzed operating speeds significantly intensifies. For example, at a speed of
0.07 pu, the joule loss increases from 420.42 W to 4371.46 W. Similarly, at an intermediate speed
of 0.429 pu, the joule loss rises from 625.76 W to 6992.72 W. At a speed of 0.928 pu, the Joule loss
nearly doubles, going from 3854 W to 7780.28 W when transitioning from the low torque to the
peak torque scenario. The previous results show how moving to higher operating speed, the Joule
losses increase significantly.

Core losses rank as the second most impactful loss, but their relative weight decreases as torque
increases. The core losses in the motor are influenced by both speed and torque request. At a speed
of 0.07 pu, the core losses increase from 17.9 W with a torque request of 0.25 pu to 32 W with a
torque request of 0.909 pu. Moving to a speed of 0.429 pu, the core losses escalate from 385.9 W
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at a low torque requirement to 753.63 W at a high torque demand. Finally, at the highest analyzed
speed, the core losses amount to 2658.41 W with a torque request of 0.25 pu and 2958.41 W.
Notably, mechanical losses consistently represent the lowest contribution in all cases. As mentioned
in the preceding section, the mechanical losses are independent of the operating torque and are
characterized by the following values: 3.76 W, 64.6 W, and 344.36 W at speeds of 0.07 pu, 0.429
pu, and 0.928 pu, respectively.

Table 5.1 and 5.2 show the mechanical, Joule and Core loss split respectively at low and high torque,

for the software ANSYS Maxwell™.

Altair Flux™

Similar findings are observed in the simulation outcomes obtained from Altair Flux. The joule loss
dominates as the major contributor by a significant margin. At a low speed, the joule loss is 377.69
W at 0.25 pu torque and increases to 4263.87 W at 0.909 pu torque. Moving to an intermediate
speed of 0.429 pu, the joule loss surges by nearly 15 times, rising from 590.65 W to 8936.15 W. At
the peak speed, the joule loss reaches 12092.13 W, significantly surpassing the 7780.28 W achieved
in Ansys Maxwell under identical operating conditions.

The relative weight of core losses decreases with increasing speed, although their absolute value
tends to increase. The core losses model employed in Altair Flux™ is identical to that of ANSYS

Maxwell™

, resulting in nearly identical loss calculations. This indicates that both software programs
generate magnetic flux density in the motor that is virtually indistinguishable under similar oper-
ating conditions. For example, when analyzing the peak operating speed and torque, the absolute
difference between the two software is 13.14 W, corresponding to a percentage difference of 0.446%.
The mechanical losses have the same absolute value as they are determined through post-processing.
However, their relative weight is lower due to the considerably larger joule losses evaluated using
Altair Flux.

Table 5.1 and 5.2 show the mechanical, Joule and Core loss split respectively at low and high torque,

for the software Altair Flux™.
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Table 5.1: Motor losses developed with Altair Flux™, combining low torque with three operating speeds

Mechanical Loss [W] | Joule Loss [W] | Core Loss [W]
Low Speed 3.76 377.69 19.05
Medium Speed 64.59 590.563 413.53
High Speed 344.38 5639.47 2601.59

Table 5.2: Motor losses developed with Altair Flux™, combining high torque with three operating speeds

Table 5.3: Motor losses developed with ANSYS Maxwell™ combining low torque with three operating

speeds

Table 5.4: Motor losses developed with ANSYS Maxwell™, combining high torque with three operating

speeds

Mechanical Loss [W] | Joule Loss [W] | Core Loss [W]
Low Speed 3.76 4263.87 32.65
Medium Speed 64.59 8936.15 755.13
High Speed 344.38 12092.13 2945.27

Mechanical Loss [W] | Joule Loss [W] | Core Loss [W]
Low Speed 3.76 420.42 17.905
Medium Speed 64.59 625.76 385.90
High Speed 344.38 3854.01 2658.42

Mechanical Loss [W] | Joule Loss [W] | Core Loss [W]
Low Speed 3.76 4371.46 31.98
Medium Speed 64.59 6992.72 753.63
High Speed 344.38 7780.28 2958.41
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Figure 5.1: Core, Joule and Mechanical loss evaluated at three operating speeds and two torque configu-

rations, with ANSYS Maxwell™.
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Figure 5.2: Core, Joule and Mechanical loss evaluated at three operating speeds and two torque configu-

rations, with Altair Flux™.
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5.1.2 Error Map

?Error” maps, which illustrate the differences between the experimental and simulated efficiency
values, are used to assess the precision of the two software tools. Figure 5.3 and 5.4 present sepa-
rate plots for the ANSYS Maxwell™ model and the Altair Flux™ model. The positive side of the
scale refers to the model’s overestimation of efficiency, while the negative side indicates the model’s

underestimation of efficiency.

ANSYS Maxwell™

Table 5.5 provides insight into the error in efficiency estimation for the ANSYS Maxwell™ software.
It is possible to differentiate the analysis of the constant torque region from that of the constant
power region.

The highest overestimation of efficiency occurs at points with minimum torque up to 0.714 pu speed.
This overestimation at low speeds can be attributed to the adopted model for core losses, which tends
to underestimate them in such scenarios.

However, the model exhibits improved accuracy at higher speeds, aligning with the observed trend
in the experimental data fitted using the "Modified Bertotti Method’ developed in MATLAB™. At
higher torque demands, the ANSYS Maxwell™ software demonstrates precise efficiency predictions.
This accuracy stems from its consideration of proximity and skin effects on current distribution,
resulting in a reliable evaluation of joule losses.

Conversely, efficiency tends to be underestimated when max speed conditions are reached, leading
to the largest error of 3.80% observed at maximum speed and minimum torque. The mean abso-
lute percentage error for the ANSYS Maxwell™ software is 0.71%. Notably, the software deviates
from the experimental behavior in working conditions involving a combination of maximum speed,
minimum torque, or maximum torque, which represent challenging scenarios to simulate due to the
interaction of multiple effects.

Figure 5.3 provides a clearer understanding of the findings presented in Table 5.5. Different regions
of the field are differentiated using a color spectrum, ranging from green (indicating efficiency over-
estimation) to red (indicating efficiency underestimation), to represent the areas where the motor
operates with varying degrees of efficiency. The region of the map, characterized by operating torque
lower than 0.2 pu torque and operating speed between 0.1 and 0.8 pu speed, is highlighted in green,
since in these operational points efficiency is overestimated. The regions highlighted in yellow and
light orange represent conditions that closely approach null error, indicating relatively accurate ef-

ficiency. These regions span a wide range of torque and speed values, with a requests beyond 0.1

73



ANALYSIS OF THE RESULTS

pu torque. On the other hand, the regions highlighted in red or dark orange signify areas where the
efficiency is significantly underestimated. These regions align with extreme scenarios, such as peak

torque at very low speed and minimal torque requests at peak speed.

Altair Flux

Table 5.6 presents the error observed in Altair Flux™ software. In the constant torque region,
Altair Flux™ tends to overestimate efficiency at low torque levels. Indeed, the modeled core losses
demonstrate a relatively low magnitude at very low torque requests and speeds, emphasizing their
strong dependence on frequency. As the operative speed increases, there is a shift in the trend, and
the software underestimates efficiency. Moreover, Altair Flux™ tends to overestimate Joule losses
under high torque conditions. Within the constant power region, the core loss model in Altair
Flux™ demonstrates greater precision. However, the estimation of Joule loss remains imprecise,
leading to deviations in efficiency from the experimental values. At 0.786 pu speed, the software
underestimates efficiency with an average error of 2.59%. The peak error of 9.78% occurs at 0.068
pu torque and maximum speed. The mean absolute percentage error for the Altair Flux™ model
is 1.13%, indicating that the software accurately reflects the experimental behavior. Although the
approximation exhibits a relatively high error at high speeds, the very limited error in the constant
torque region helps to compensate for this imbalance.

Figure 5.4 provides a clear understanding of the efficiency assessment error in Altair Flux™ software.
The green-colored region, situated in the lower part of the map, illustrates an overestimation of the
efficiency. As the operating torque increases, the error gradually decreases. The yellow-coloured
region indicates a nearly negligible error. The plot highlights that higher operating speeds in Altair
Flux™ result in a higher error. Specifically, above 0.7 pu speed, the map demonstrates estimations

with poor precision, exhibiting an error range of 3-5%.
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Figure 5.3: Graphic representation of the error map developed in ANSYS Maxwell
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Figure 5.4: Graphic representation of the error map developed in Altair Flux
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Chapter 6

Conclusions and Future Work

In the analysis of electric motors, one of the most crucial parameters to evaluate is efficiency. It
quantifies the amount of energy required by the motor to produce a certain torque relative to the
energy retrieved from the battery. Efficiency directly impacts the battery’s state of charge, state of
health, and the overall range that the motor can cover without requiring recharging. Developing a

virtual model that closely resembles the actual motor behavior is essential for various reasons:
1. To investigate the effects of model changes in a virtual environment.
2. Analyzing and mitigating the motor losses.

3. To evaluate motor performance during the design stage.

6.1 Conclusions

This section will highlight the key discoveries of this research activity:

Joule Loss

The developed model demonstrates accurate tracking of the expected trend of joule loss, which
represents the most significant contribution among all the losses and increases with higher current
magnitudes and frequencies.

In contrast to the existing literature, a temperature and frequency-dependent stator resistance model
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has been developed to account for the skin and proximity effect in evaluating motor losses. This
approach eliminates the need to modify the winding material in the two software tools based on
operating temperature and avoids the inclusion of additional corrective coefficients to account for
AC effects. Since the proposed model operates in post-processing, it relies on appropriate input data
obtained from the simulation. Consequently, the accuracy of the two software tools in evaluating

the current generated in the stator windings becomes a crucial aspect to consider.

Core Loss

The fixed coefficient model adopted in the two software tools presents a limitation compared to
alternative approaches, such as a variable coefficient model. The variable coefficient model allows
the coeflicients of each loss component (hysteresis, eddy current, and excess) to vary with operating
torque and frequency, offering greater adaptability. However, this research activity did not have
sufficient input data to develop the variable coefficient model, and the Altair Flux software did not
support this approach.

Nonetheless, the fixed coefficient model remains a valid alternative. The model’s precision has been
sacrificed at low speeds to ensure reliability in conditions where core losses are higher. Indeed, as
the core loss becomes more significant, the model accurately predicts them. The model has been
implemented in both software environments by adding the appropriate coefficients, and the accuracy
of the results turned out to be dependent on how well the software predicts the distribution of the

magnetic field at specific operating frequencies.

Mechanical Loss

To account for the mechanical losses, a post-processing approach was adopted, where the simulations
were computed under ideal conditions. A third order polynomial expression, dependent on speed, was
utilized to capture various mechanical effects, including ventilation, internal friction, and external
friction. While this approach is not innovative compared to the existing literature, it demonstrates
excellent accuracy in aligning with the experimental trend used to develop the model.

Although the mechanical loss contributes relatively less compared to Joule and core losses, it cannot
be disregarded, particularly at higher operating speeds. By considering all the mechanical effects

collectively, the model effectively captures the overall mechanical loss behavior in the motor.
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Efficiency Assessment

For each operating point, the predicted losses are combined with the output power to evaluate the
motor efficiency. The most significant error for both software tools is observed at low operating
speeds, primarily due to the underestimation of core losses resulting from the adopted model. The
evaluation of experimental efficiency becomes more challenging in boundary scenarios, such as peak
speed combined with peak torque or peak torque combined with minimum speed. Similar consider-
ations can be extended to the software environment, although both software tools are still capable
of replicating the experimental behavior with reasonable accuracy.

The models employed in both software tools demonstrate a satisfactory level of precision in assessing
motor efficiency, yielding comparable results. This can be attributed to the adoption of identical
models. In the case of mechanical loss, since it is considered in post-processing and is not influenced
by simulation results, the exact same results are considered. For core losses, similar outcomes are
achieved in the two software tools, indicating the fidelity of the model and the similarity in the mag-
netic field distribution developed by the software. However, differences are more apparent in the
evaluation of joule loss. Although the frequency-dependent model is considered in post-processing
and is therefore the same for both software tools, discrepancies arise from the differing modeling of
frequency effects, particularly in the distribution of current. It is noteworthy that the magnitude
of current input is identical for both software tools. As the disparity between the two software
tools becomes more pronounced at higher operating speeds, it can be concluded that they model
frequency effects differently. Upon analyzing the error map and the mean absolute percentage error,
it is reasonable to assert that ANSYS Maxwell™ provides a more accurate representation of Joule

loss and better aligns with the trend of experimental results.

6.1.1 Software Performance Comparison

The electric motor simulation was performed using two software tools, ANSYS Maxwell™ and Al-
tair Flux™, in order to assess their performance and compare their capabilities. Each software was
analyzed individually throughout the different phases of motor modeling, followed by a comparison
between the two.

In ANSYS Maxwell™, the motor modeling process was found to be intuitive, allowing for easy associ-
ation of design components and materials. Electric and magnetic properties could be defined, taking
into account temperature effects and spatial anisotropy. Multiple meshing options were available,

with the ability to improve the basic meshing using length-based meshing or surface approximation.
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The software provided visual tools for analyzing meshing precision. The modified Bertotti method
is available to predict the core losses. Mechanical losses are modeled with experimentally-obtained
coefficients. In the post-processing phase, various plots could be generated, including current den-
sity, magnetic field, electromagnetic torque, and losses breakdown.

In Altair Flux™, modifying the motor geometry is straightforward, with guidelines provided during
the model development process. Material association allowed for consideration of spatial anisotropy
and temperature dependence, as well as the use of non-linear models. Thermal properties can be
added for thermal coupling analysis, and material behavior could be described using parametric
equations. Meshing options included second-order meshing and the ability to focus on specific re-
gions of the model. The software provided information on meshing accuracy. Joule losses can be
modeled for both solid and stranded conductors, while iron losses were modeled with adjustable
coefficients and exponents. Mechanical losses can be described with friction and ventilation coeffi-
cients.

In comparing the two software tools, it was found that the implementation of the motor model was
identical in both. Altair Flux offered the advantage of modeling more complex material properties,
such as spatial conductivity and temperature dependency. The meshing procedure played a critical
role, with a higher number of meshes resulting in slower simulation times, and overly dense meshing
did not significantly improve result accuracy. ANSYS Maxwell™ despite using a less dense mesh,
provided more accurate results. The largest errors were observed at low torque demands, which
is a common challenge even in experimental tests. Both software tools demonstrated exceptional
accuracy in evaluating efficiency and similar results, as they employed equivalent loss models.

In conclusion, both ANSYS Maxwell™ and Altair Flux™ proved to be capable software tools for
simulating electric motors. The choice between them may depend on specific requirements, such as

the need for complex material modeling.

6.1.2 Conclusion Summary

The main findings of this research work are summarized in the following list:

e The Joule loss model accurately tracks the expected trend of the loss, and the temperature

and frequency stator resistance model effectively simulates AC effects on windings.

e The core loss model prioritizes the precision at high operating speeds, i.e. above the base speed,
where core losses are more significant. On the other hand, the prediction at low operating speed

is not accurate.
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e The mechanical loss is modeled using a third-order polynomial, which is a well-established

approach in the literature. Nevertheless, it aligns well with the experimental trend.

e The two software tools show the most significant error in estimating efficiency at low operating
speeds due to the underestimation of core losses resulting from the adopted model. However,

beyond this region, both tools provide very accurate efficiency predictions.

e Altair Flux model employs a higher density of meshes, but this does not noticeably improve
loss evaluation. However, it significantly increases computational time, making simulations
much more time-consuming compared to ANSYS Maxwell. For instance at high operating
speeds, simulations that take a few minutes in ANSYS Maxwell can take up to 30 minutes in

Altair Flux.

e Based on the error map and MAPE analysis, ANSYS Maxwell has proven to be the most

accurate of the two software in simulating the electromagnetic behavior of the electric motor.

e The post-processing MATLAB™ algorithm surpasses the efficiency map evaluation precision
offered by the built-in tools of the two software packages. Furthermore, the code can be adapted

to different motor models, provided that the data to build the loss models are available.

6.2 Future Work

Although this research activity focused on applying the losses estimation method to interior perma-
nent magnet synchronous motors, the same technique could be extended to other electric machine
topologies. It would be intriguing to apply and validate the model on different motors, such as
surface-mounted permanent magnet and induction motors. The virtual environment only requires
a two-dimensional replication of the motor, while in MATLAB, the coefficients can be adjusted to
accommodate the new motor under test, allowing for post-processing of the results and the devel-
opment of efficiency and loss maps.

The accuracy of the presented models justifies their implementation for estimating losses and effi-
ciency in electric motors. However, adjustments can be made to the models if a greater amount of
data is available. One potential improvement would be to consider a variable coefficient model for
the core losses, which would retain information about the core losses at low angular speeds. Another
possibility is to directly implement the mechanical friction coefficients in the software, enabling vi-
sualization of their effects on motor performance, such as torque distribution. A future research

direction could involve investigating the coupling between electromagnetic behavior and thermal
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behavior in the motor. This would entail studying the dissipation of losses within the motor and

understanding how it affects temperature distribution and overall thermal performance.
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