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Introduction and Motivation

The transition to sustainable mobility is accelerating the demand for high-performance electric

machines. While Permanent Magnet Synchronous Machines (PMSMs) are widely adopted

for their efficiency and controllability, their reliance on rare earth elements (REEs) raises

environmental and supply chain concerns. To overcome these limitations, research is focusing

on REE-free solutions and innovative topologies such as Variable Flux Machines (VFMs),

which use low-coercivity magnets that can be actively demagnetized and remagnetized during

operation.

This thesis, carried out in collaboration with Volvo Cars Corporation (Sweden), investigates

the design of a REE-free VFM for automotive applications. The study employs a new rare-earth-

free iron nitride permanent magnets and establishes a systematic workflow combining JMAG

for finite element optimization and SyR-e for parametric analysis.

The primary aim of this work is to define a design methodology for the realization of

an electrical machine suitable for automotive application, combining high performance with

reduced environmental impact. By exploiting REE-free permanent magnets and advanced

optimization tools, the proposed approach seeks to deliver a motor design that is both technically

competitive and aligned with the ongoing transition to sustainable mobility.
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1 Background and Case Study

1.1 PMSM

Permanent Magnet Synchronous Machines (PMSMs) are among the most widely adopted and

efficient solutions for electric traction and advanced industrial applications. Their defining

feature is the use of permanent magnets on the rotor, which generate the magnetic field required

for operation without the need for rotor currents. This design reduces losses, increases torque

density, and improves overall performance.

From a topological perspective, PMSMs can be classified into three main configurations:

• Surface-mounted PMSM (SPM): magnets are mounted directly on the surface of the rotor,

resulting in an isotropic magnetic design where torque is mainly generated by the magnets.

• Interior Permanent Magnet (IPM) motors: magnets are embedded within the rotor, allow-

ing a combination of magnet torque and reluctance torque.

• Permanent Magnet-assisted Synchronous Reluctance (PM-SyR) motors: most of the

torque is generated by reluctance, with the magnets providing only a minor contribution.

The selected topology significantly affects efficiency, power density, and the control strategy

required for optimal operation.

From a modeling standpoint, electrical and magnetic quantities are initially expressed in the

three-phase abc reference frame, which represents currents, voltages, and flux linkages. For

simplified analysis and control, linear transformations are applied to switch to equivalent frames

such as the αβ and, most importantly, the dq frame, where the d-axis aligns with the magnet

flux and the q-axis is orthogonal to it. In this reference frame, the electromagnetic torque

can be expressed as the sum of two components: one provided by the magnets and another

by reluctance. While SPM machines primarily rely on the magnet torque, IPM and PM-SyR

machines exhibit a significant reluctance torque contribution as well.

To fully exploit the machine’s performance, advanced control strategies are often imple-

mented. The Maximum Torque Per Ampere (MTPA) strategy maximizes the torque delivered

for a given current, while the Maximum Torque Per Volt (MTPV) strategy becomes essential at

high speeds, where the inverter voltage limit becomes the main constraint.
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The selection of permanent magnets is a critical aspect in PMSM design, as it determines not

only torque density and specific power but also the operational limits related to demagnetization.

Key magnetic properties include:

• Remanence, which quantifies the residual flux retained by the magnet;

• Coercivity, which measures the magnet’s resistance to external demagnetizing fields;

• The maximum energy product BHmax, which provides an indication of the magnetic

energy stored per unit volume.

It is crucial that the operating point of the magnet remains above the knee point of the

BH curve to prevent irreversible demagnetization, which would otherwise compromise the

performance and reliability of the machine.
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1.2 Variable Flux Machine (VFM)

A Variable Flux Machine (VFM) is a permanent magnet machine characterized by its ability to

actively regulate the magnetic flux during operation. This regulation is achieved through the re-

versible demagnetization and remagnetization of low-coercivity magnets, using current injection

along the d-axis: negative current for demagnetization and positive current for remagnetization.

The adoption of VFMs is motivated by two main advantages. From an environmental

perspective, these machines enable a reduction in the use of rare-earth elements (REE), con-

tributing to a more sustainable design. From an electrical performance standpoint, VFMs extend

the machine’s speed range, thereby improving efficiency across different operating conditions

[1].

As illustrated in Fig.1.1, when the magnet is partially demagnetized, the maximum torque

decreases (orange curve), but the achievable speed increases. This allows typical operating

points in automotive applications to be shifted into a region of higher efficiency (orange area).

Figure 1.1: Typical automotive working points

The key enabler of VFMs is the use of low-coercivity magnets. Their main advantage

lies in the ease of regulation, as they require significantly lower currents compared to high-

coercivity magnets to undergo demagnetization and remagnetization. However, they also present
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drawbacks, such as a reduced maximum torque and increased susceptibility to demagnetization

under active short-circuit (ASC) conditions, where there is a risk of complete magnetization

loss.

A comparison of different REE-free magnets is summarized in Fig.1.2. For instance, AlNiCo

magnets require low currents for flux variation and offer higher flux density compared to SmCo,

but they are more expensive and particularly prone to demagnetization. On the other hand,

SmCo magnets provide a more linear demagnetization characteristic, though with a lower flux

density [2].

Figure 1.2: Magnet comparison

In this work, iron nitride magnets have been selected.

With regard to magnetization control methods, two approaches can be adopted. The first

involves the use of an auxiliary winding, which simplifies the control strategy but requires

additional space inside the machine. The second leverages the stator winding, thereby reducing

hardware complexity and cost, but imposing higher demands on the inverter: the current pulses

required for demagnetization, and especially for remagnetization, can be several times higher

than the nominal current of the machine, even if applied for very short durations [2].

To monitor the state of the magnets, the concept of Magnetization State (MS) is introduced.

MS is defined as the ratio between the current magnetic flux and the original flux (before any

demagnetization), with MS = 100% representing a fully magnetized magnet [3].
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MS =
λm

λm,max
(1)

Flux regulation can thus be described in terms of controlled variation of MS. For example

(Fig.1.3), to reduce MS from 100% to 50%, a negative d-axis current must be injected, moving

the operating point along the trajectory P0–D2–P2. In this condition, the magnet exhibits reduced

induction, resulting in lower torque. Conversely, to increase MS to 75%, a positive current must

be applied, which drives the operating point along the path P2–R2–R1–P1. It is important

to note that the remagnetization trajectory is significantly longer than the demagnetization one,

implying that Iremag is typically much higher than Idemag, with a ratio that depends on the machine

design.

Figure 1.3: Flux regolation [4]

The Fig.1.4 compares different rotor configurations, highlighting the current requirements

for flux variation. The orange bars represent the current needed to demagnetize the magnet

down to 10% MS, while the yellow bars indicate the current required for remagnetization,

both up to 100% (first column) and up to 90% (second column). Based on these results, the

Surface-mounted Permanent Magnet (SPM) configuration was selected, as it provides the lowest

Iremag/Idemag ratio. Moreover, the remagnetization target was set at 80% MS, as a compromise

between torque recovery and current limitation [5].
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Figure 1.4: Rotor comparison [6]
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1.3 Software in use

The design, simulation, and optimization activities carried out in this thesis relied on a combi-

nation of specialized software tools, each playing a distinct role within the workflow.

• SyR-e (Synchronous Reluctance – evolution) is an open-source software developed in the

Matlab/Octave environment and distributed under the Apache 2.0 license. It enables the

parametric design of synchronous machines, including variants with permanent magnets,

by performing finite element analysis (FEA) through FEMM. On the design side, it

integrates sizing equations, multi-objective optimization algorithms (such as differential

evolution), and advanced post-processing tools. Primarily used in the early stages of

parametric modeling and optimization, SyR-e allows an automated workflow from CAD

model generation to simulation and performance evaluation [7].

(a) Syr-e home page (b) Syr-e logo

Figure 1.5

• JMAG is a commercial electromagnetic simulation software developed by JSOL Corpo-

ration, with the latest version known as JMAG-Designer 23.2. It offers powerful finite

element (FEM) capabilities for electromagnetic, thermal, and structural phenomena, while

also supporting integrated multiphysics simulations. Due to its advanced features and its

interface with automation and drive circuitry tools, JMAG is extensively used in the auto-

motive sector for the design of electric motors and drive systems. In this work, JMAG has

served as the primary tool for advanced modeling, transient analysis, and optimization of

the magnetic and mechanical behavior of the VFM.
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(a) JMAG home page (b) JMAG logo

Figure 1.6

• MATLAB is a numerical computing and programming environment widely used in both

academia and industry for modeling, control, and data processing. Complemented by

Simulink, a graphical platform for multi-domain simulation and model-based design,

it enables the development of dynamic models, control simulations, embedded code

generation, and Hardware-in-the-Loop (HIL) validation.

Figure 1.7: Matlab logo
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1.4 Design Requirements and Specifications

The definition of design requirements and constraints represents the starting point of any elec-

tromechanical design activity. The requirements specify the performance targets that the machine

must meet to be considered suitable for the intended application — for example, the minimum

torque, the operating speed range, or the desired energy efficiency. The constraints, on the

other hand, establish the limits within which the design must remain, such as geometric dimen-

sions, thermal thresholds, or maximum allowable currents. Clearly defining these two sets of

parameters is essential to effectively guide the subsequent phases of modeling and optimiza-

tion, preventing unrealistic solutions or designs incompatible with real-world manufacturing.

The following tables (Table1.1 and Table1.2) summarize the key requirements and constraints

considered as reference for the development of this project.

Table 1.1: Requirements

Power >150 kW
Torque >250 Nm
Maximum Speed 16000 rpm
Supply Voltage 720 V

Table 1.2: Constraints

Gear Ratio 9−13
Stator Diameter < 235
Stack Length < 160
Airgap 0.8−1.1 mm
Hairpins 6
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1.5 Reference Case Study

As a reference for this work, the IPM motor developed in the thesis of a former student (Satoshi

Ghiba) was selected, as it was also designed using a combination of Neodimium and REE-free

magnets [8]. The main design and performance characteristics of this machine are reported,

supported by several representative graphs. In particular, the analysis includes the torque and

power curves, the loss maps (total losses, iron losses, permanent magnet losses, and copper

losses), as well as the efficiency map.

Figure 1.8: Torque and Power curves Figure 1.9: Cross-section

Figure 1.14: Efficiency map
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Figure 1.10: PM losses Figure 1.11: Iron losses

Figure 1.12: Copper losses Figure 1.13: Total losses

12



2 Proposed Design Methodology

2.1 Motor Model

As a starting point, a Surface-mounted Permanent Magnet (SPM) motor was chosen, whose main

technical specifications are reported in Table2.1. The SPM configuration was selected since, as

discussed previously, it exhibits the lowest ratio between the remagnetization current and the

demagnetization current when compared to alternative rotor topologies, making it particularly

suitable for the objectives of this work [6].

Table 2.1: Volvo Cars proprietary SPM motor data

Inner Stator Diameter 154.1 mm
Outer Stator Diameter 235 mm
Type of Slots Rectangular
Number of Slots 48
Wire Technology Hairpin
Number of layers 6
Rotor Diameter 152.2 mm
Shaft Diameter 60 mm

During the design phase, the stator geometry and windings were intentionally kept un-

changed. Consequently, the optimization efforts were focused exclusively on the rotor, with

modifications to its geometry, dimensions, and magnetic characteristics aimed at enhancing

machine performance in line with the project objectives.

Building upon this baseline model, the next step was the modeling and simulation in JMAG,

which served to validate the initial configuration and establish the foundation for the subsequent

optimization process.
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2.2 JMAG Setup

As described earlier, the design and simulation of the motor were carried out using JMAG. The

geometric modeling was performed through the integrated Geometry Editor, which allowed the

creation of a precise CAD model of the motor fully compliant with the design specifications.

Once the geometry definition was completed, a 2D Magnetic Field Transient Analysis was

performed to evaluate the electromagnetic behavior of the system.

Figure 2.1: Jmag Designer

Before running the simulations, it was necessary to integrate the iron nitride magnetic

material, provided by the partner company, into the model. Using the experimental data sup-

plied, the corresponding B-H characteristic was entered into JMAG’s built-in Material Editor,

selecting the option for nonlinear magnetic behavior (Nonlinear (Irreversible/Thermal Demag-

netization/Demagnetizing Field) – Bilinear Approximation, Fig.2.2).

Figure 2.2: Nonlinear magnetic behavior setting

In particular, to accurately reproduce the B-H curve, the following parameters were defined,
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as shown in Fig.2.3.

• Coercivity Force (Hc): the field required to reduce the magnetic induction B to zero after

saturation.

• Round Radius: a smoothing factor for the curve near the coercivity point, used to realis-

tically reflect the material’s behavior.

• Recoil Permeability (µrec): the slope of the recovery curve following partial demagneti-

zation.

• Remanence (Br): the residual magnetic induction at H = 0 after full magnetization.

• Intrinsic Coercivity (Hci): the field required to reduce the internal induction Bint to zero,

measured intrinsically.

Figure 2.3: Parameters setting

Before proceeding with the actual optimization phase, several preliminary simulations were

carried out using different studies to obtain a first qualitative evaluation of the motor’s response.

Each study was configured to investigate specific aspects of the machine’s behavior and required

the creation of an equivalent electrical circuit to simulate the power supply conditions during the

analysis (Fig.2.4). For each study, multiple simulation cases were implemented to evaluate the

performance of the model under different operating conditions and geometric configurations.
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Figure 2.4: Equivalent electrical circuit

Finally, a custom JMAG expression was created to calculate the Magnetization State (MS)

defined earlier. This involved computing the initial and final flux over a given period, using only

the first harmonic, and then taking their ratio, as illustrated in Figure2.5.

Figure 2.5: MS definition

These steps provided a robust and validated baseline model, setting the stage for the subse-

quent optimization phase, where the rotor design and control strategies were refined to meet the

performance targets of the project.
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2.3 Optimization First Method

To define the design methodology, a direct optimization-based approach was adopted, imple-

mented with two different optimization configurations.

2.3.1 Study

The first optimization was organized as an Analysis Group consisting of two distinct studies,

each aimed at achieving specific objectives.

• First Study: This study includes an initial electrical period in no-load, followed by three

electrical periods in load (with current injection exclusively along the q-axis), and a final

period in no-load. The primary goal of this configuration is to achieve the torque target,

optimizing the motor geometry and parameters to ensure the desired torque under the

defined operating conditions (Fig.2.6a).

• Second Study: The second study begins with a no-load period, followed by two periods

with negative d-axis current injection to induce magnet demagnetization. This is followed

by three periods in no-load, then two periods with positive d-axis current injection to

perform remagnetization of the magnet, and concludes with a final no-load period. The

purpose of this configuration is to minimize the remag/demag current ratio, defined as the

ratio between the current required to remagnetize the magnet and the current needed to

demagnetize it (Fig.2.6b).

(a) Load study (b) Demag/Remag study

Figure 2.6
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2.3.2 Optimization Setting

For the optimization configuration, the design variables reported in Fig2.7a were selected, each

defined within a specific range between a minimum and a maximum value. In particular, the

parameters considered include:

• Total machine length;

• Load current;

• Demagnetization current;

• Remagnetization current;

• Magnet dimensions (thickness and lenght);

• Pocket dimensions to accomodate the magnet (thickness and lenght);

(a) Optimization variables (b) CAD parameters

Figure 2.7

The objective functions were defined to ensure the required performance targets and the

correct magnetic behavior of the system. Specifically:

• Maximum torque: must be greater than 250 Nm;

• After-load Magnetization State (MS): must remain above 80%;

• Remag/Demag current ratio (Iremag/Idemag): to be minimized, in order to reduce the

current required to restore magnetization relative to that needed for demagnetization;
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• After-demagnetization MS: should be approximately 10%, with a maximum deviation

of ±1%;

• After-remagnetization MS: should be approximately 80%, with a maximum deviation

of ±1%.

A summary of these parameters and objectives is provided in Fig.2.8.

Figure 2.8: Objective functions

From a computational perspective, the problem was formulated as a multi-objective opti-

mization. In this framework, each objective was treated with different levels of importance,

while the physical constraints were implemented as hard conditions, meaning that any violation

resulted in the exclusion of that design from the feasible population. The optimization algorithm

then explored the solution space within the defined limits, seeking the best possible trade-off

among the different performance metrics.

The resulting set of solutions formed the basis for the Pareto set analysis, which enabled the

identification of optimal designs balancing torque capability and current efficiency.
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2.3.3 Pareto Set Analysis

At the end of the optimization phase, the results were processed using a custom Python script

developed for the identification of the solutions that belongs to the Pareto Front.

The first step involved a data filtering process, aimed at selecting only those solutions most

relevant to the design requirements. This filtering allowed the removal of configurations that

did not meet the defined constraints, focusing the analysis on the most promising designs.

Subsequently, the procedure for the Pareto set identification was implemented, with the

optimization criteria set to minimize the Iremag/Idemag ratio and maximize the Magnetization

State after load (MS after load).

From a theoretical perspective, a Pareto-optimal solution is defined as a configuration for

which no other solution exists that simultaneously improves all the considered objectives. In

other words, moving from one Pareto-optimal solution to another requires accepting a trade-

off, improving one performance metric at the expense of another. This concept is particularly

relevant in multi-objective optimization problems, as it enables the identification of a set of

solutions that are equally optimal, leaving the final choice to the designer based on priorities or

application-specific constraints.

In Fig.2.9, all filtered solutions are shown in blue, while the Pareto-optimal solutions are

highlighted in orange. These represent the best trade-offs between the considered metrics, as

no other configuration can simultaneously improve both objectives without compromising the

other.

Figure 2.9: Pareto front
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2.3.4 Results

The analysis led to the identification of four distinct solutions, summarized in Fig2.10., where

the corresponding values of the design variables are reported. The configuration providing

the best overall performance was selected as the final design, and its geometry is illustrated in

Fig.2.11.

Figure 2.10: Best design solutions

Figure 2.11: Motor model

Fig.2.12 shows the terminal voltage profile during the test cycle. It can be observed that the

magnet was demagnetized until the Magnetization State (MS) reached 10%, then remagnetized

up to 80%, and finally subjected to the load application. However, after the load step, both the

voltage waveform and the MS value appear different compared to the pre-load conditions.
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Figure 2.12: Circuit voltage profile

The electromagnetic torque profile, shown in Fig.2.13, further highlights this behavior: the

achieved torque value did not reach the target of 250 Nm, falling slightly below the desired

specification.

Figure 2.13: Torque profile

Although this first optimization phase did not fully meet the torque requirement, it provided

valuable insights into the machine’s magnetic and dynamic behavior, serving as a solid baseline

for refining the design approach. Building on these results, a second optimization phase —

described in the following section — was carried out, introducing targeted adjustments to both

the design parameters and the optimization strategy, with the goal of increasing torque while

preserving the desired magnetic performance and overall system stability.
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2.4 Optimization Second Method

The second optimization phase was developed to overcome the limitations observed in Opti-

mization 1, particularly the inability to achieve the target torque of 250 Nm and the undesired

variations in the Magnetization State (MS) after load application. The primary objective of this

new strategy was to simplify the simulation process and expand the design space, while keeping

the key constraints on the magnetic behavior unchanged.

2.4.1 Study

Unlike the previous approach, Optimization 2 employs a single study in which the three phases,

demagnetization (demag), remagnetization (remag), and load, are integrated into one continuous

time sequence. The simulation begins with a no-load period, followed by two demagnetization

periods with negative d-axis current, then three additional no-load periods. This is followed

by two remagnetization periods with positive d-axis current, another sequence of three no-load

periods, and finally three load periods with q-axis current before concluding with two final

no-load periods (Fig.2.14).

This continuous-cycle setup makes it possible to analyze the entire operating behavior of the

motor within a single simulation, significantly reducing computational time and ensuring greater

consistency across the different phases. These improvements provided a more robust foundation

for the optimization process, whose results and performance assessment are discussed in the

following sections.

Figure 2.14: Study profile
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2.4.2 Optimization Setting

As in the previous method, a set of design variables was defined, but with some significant

modifications:

• Rotor diameter (new variable);

• Total machine length (range adjusted to 150-170 mm);

• Load current;

• Demagnetization current;

• Remagnetization current;

• Magnet dimensions (thickness and lenght);

(a) Optimization variables (b) CAD parameters

Figure 2.15

The objective functions remained essentially the same as in the first optimization, with one

key difference: the torque constraint was relaxed, requiring a minimum torque of 230 Nm instead

of 250 Nm. This adjustment aimed to increase the number of feasible solutions and provide

greater flexibility in finding an optimal trade-off between performance metrics.

The optimization objectives were defined as follows:

• Maximum torque: must be greater than 230 Nm;

• After-load Magnetization State (MS): must remain above 80%;
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• Remag/Demag current ratio (Iremag/Idemag): to be minimized, in order to reduce the

current required to restore magnetization relative to that needed for demagnetization;

• After-demagnetization MS: should be approximately 10%, with a maximum deviation

of ±1%;

• After-remagnetization MS: should be approximately 80%, with a maximum deviation

of ±1%.

A summary of the design variables and objective functions is provided in Fig.2.15a and

Fig.2.16.

Figure 2.16: Objective functions

These configurations set the stage for the Pareto set analysis, enabling the identification of

optimal solutions that balance torque performance, current efficiency, and magnetic stability.
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2.4.3 Pareto Set Analysis

As in the first optimization phase, the results of Optimization 2 were processed using a custom

Python script developed for the generation of the Pareto Set Machine.

The procedure consisted of two main steps:

1. Data filtering: Only the solutions fully compliant with the design constraints were

selected, narrowing the analysis to the most promising configurations.

2. Definition of optimization criteria: As in the previous phase, the analysis was per-

formed by imposing the minimization of the Iremag/Idemag ratio and the maximization of

the Magnetization State after load (MS after load).

In Fig.2.17, all the filtered solutions are shown in blue, while the Pareto-optimal solutions

are highlighted in orange. These represent the best trade-offs between the considered metrics

and therefore served as the foundation for selecting the final configuration.

Figure 2.17: Pareto front

Building on this analysis, the next step focused on a detailed evaluation of the selected

optimal solutions, whose performance and design characteristics are discussed in the following

section.
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2.4.4 Results

The optimization conducted with the second method yielded a larger number of valid solutions

compared to the previous phase. All the configurations obtained, along with the corresponding

values of the design variables, are summarized in Fig.2.18.

Figure 2.18: Best design solutions

For a more targeted analysis, three representative configurations were selected:

1. the first, characterized by the highest Magnetization State (MS);

2. the second, corresponding to the lowest Iremag/Idemag ratio;

3. the third, chosen as an intermediate solution, providing a balanced trade-off between the

two criteria.

The main values related to these three configurations are summarized in Fig.2.19, while a

graphical representation of the optimized geometry is shown in Fig.2.20.

Figure 2.19: Three best cases
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Figure 2.20: Geometry of case 2517

From an electrical standpoint, the analysis of the new circuit voltage waveform revealed a

particularly significant improvement: the after-load voltage profile closely matches the pre-load

waveform, indicating enhanced operational stability compared to the previous optimization.

Furthermore, the Magnetization State successfully reached the target value of 80%, confirming

the effectiveness of the method and the validity of the identified solutions (Fig.2.21).

Figure 2.21: Circuit voltage profile
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2.4.5 Selection of the Final Solution

Among the three configurations selected from the Pareto front, it was necessary to identify a

final solution to be adopted as the reference for the validation phase. The choice was guided by

a comparative assessment based on two main criteria:

1. The Magnetization State (MS) after load close to 80%, a key condition to ensure the

proper functionality of the machine in real-world applications.

2. Efficiency of the remagnetization process, expressed by the Iremag/Idemag ratio, which

should be kept as low as possible to minimize the energy impact of the operation.

Based on these considerations, the case 2517 was identified as the most balanced option.

While it does not achieve the absolute best result in any single parameter, it offers an effective

compromise between the two performance metrics, maintaining the post-load MS close to 80%

while ensuring a sufficiently low Iremag/Idemag ratio. This configuration was therefore selected as

the final design for subsequent in-depth analyses and validation activities.
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2.5 Reuse Demagnetization condition

During the simulation activities, an additional JMAG feature was identified that proved partic-

ularly useful for optimizing computation time, known as Reuse Demagnetization. This option

allows the magnetization state calculated in a previous study to be used as the initial condition

for a subsequent study, thereby avoiding the need to repeat the demagnetization phase in every

analysis (Fig.2.22).

Figure 2.22: Reuse demagnetization condition

For example, in cases where two separate studies are defined, the first can be used to perform

the demagnetization of the magnet, and the resulting magnetization state can then be imported

into the second study, which may focus on different operating conditions. The only requirement

is to properly configure the second study to reference the magnetic result from the first one

(Fig.2.23).

Figure 2.23: Condition Setting
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To validate the effectiveness of this feature, a direct comparison was performed between two

simulations:

• one implemented as a single study, containing the full demagnetization–remagnetization–load

sequence (Fig.2.26a);

• one structured as an analysis group, where the demagnetization and remagnetization

phases were separated from the load phase, using the Reuse Demagnetization option to

transfer the magnetic state from the first study to the second (Fig.2.26b).

(a) One study (b) Analysis group

Figure 2.24: Study definition

The results showed an almost perfect overlap between the two approaches: both the torque

waveform during the load period (Fig.2.25) and the circuit voltage profile (Fig.2.26) matched

with high accuracy. This confirms that the Reuse Demagnetization feature can be safely used,

providing a significant reduction in simulation time without compromising the accuracy or

reliability of the results.
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(a) One study (b) Analysis group

Figure 2.25: Torque profile

(a) One study (b) Analysis group

Figure 2.26: Circuit voltage profile
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2.6 Conclusion

This chapter has described the workflow adopted for the modeling, simulation, and optimization

of the Variable Flux Machine (VFM) using the JMAG software. After outlining the preliminary

model setup, including the integration of iron nitride magnetic material with its nonlinear

properties, the process moved on to the configuration of the analyses and the definition of the

key design variables.

The first optimization phase, based on a multi-study approach, provided valuable insights

into the machine’s behavior during demagnetization, remagnetization, and load conditions,

while also highlighting certain limitations, such as the difficulty in achieving the target torque.

The Pareto front analysis identified a set of optimal solutions, from which the most balanced

configuration was selected.

The second optimization phase introduced a more integrated and flexible setup, with an

expanded design range and a slightly relaxed torque constraint. This strategy enabled the identi-

fication of a larger number of feasible solutions and, in particular, the selection of a configuration

that offered a better balance between torque and a reduced remagnetization/demagnetization cur-

rent ratio.

Finally, the implementation of the Reuse Demagnetization feature demonstrated the potential

for further reducing computation times by allowing the reuse of the magnetic state across

multiple studies, without compromising the accuracy of the results. This functionality proves

to be particularly promising for future large-scale optimization campaigns, making simulations

more efficient and scalable.

In summary, the activities described in this chapter not only validated the proposed design

and simulation methodology for the VFM but also identified strategies to enhance the overall

efficiency of the optimization process. The next chapter will build upon these results, focusing

on the detailed analysis of the optimized VFM to validate its behavior and performance across

various operating conditions.
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3 Motor Analysis

In this chapter, the motor model obtained from the previous optimization process is analyzed

using the SyR-e software.

Figure 3.1: Syr-e interface

Since SyR-e requires a specific structure to process models, it was necessary to rebuild the

geometry by inputting into the software all the parameters derived from the model developed

in JMAG. To ensure compatibility between the two environments, the model had to comply

with predefined conventions regarding nomenclature, boundary conditions, and the definition

of circuits and studies. Once adapted to these requirements, SyR-e was able to automatically

generate a JMAG model ready for analysis.[9]

The outcome of this reconstruction is shown in Fig.3.2. From this model, it was then

possible to proceed with the generation of the demagnetization and remagnetization maps. The

only element that had to be added manually was the set of hairpins, which are not handled

directly by the software.
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(a) Without hairpin (b) With hairpin

Figure 3.2: Jmag model created with Syr-e

35



3.1 Demagnetization/Remagnetization Maps

The demagnetization and remagnetization maps represent the amount of id and iq current

required to either demagnetize or remagnetize the magnet. These maps illustrate the magnet’s

response to current excitation, expressing the Magnetization State (MS) as the ratio between the

instantaneous magnetic flux and the initial flux (100% MS).

The maps were generated using SyR-e, by setting appropriate current ranges and grid

resolutions for the calculations.

• For the demagnetization map (Fig.3.3), the id current was varied from –350 A to 0 A,

while iq was swept from 0 A to 400 A, with a grid resolution of 11×11 points.

• For the remagnetization map (Fig.3.4), the id current range was extended from 0 A to 3000

A, while iq remained in the range of 0 A to 400 A, with a finer grid resolution of 20×20

points.

As expected, the currents required for remagnetization are significantly higher than those

needed for demagnetization, in some cases up to ten times greater. These maps are therefore a

fundamental tool for determining the currents necessary to adjust the MS of the machine under

different operating conditions. They also provide essential insights for defining the motor’s

control strategy and ensuring optimal flux regulation.

Figure 3.3: Demagnetization map
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Figure 3.4: Remagnetization map

For example, consider a machine operating at MS = 80%. If currents of id = −300 A and

iq = 300 A are applied, the machine would demagnetize to an MS of approximately 50%. To

return to the initial state (MS = 80%) while maintaining the same iq, a id current of approximately

2000A would be required, a clear indication of the much higher effort needed for remagnetization

compared to demagnetization.

These maps provided the foundation for the subsequent analyses, enabling the generation of

flux maps and torque curves across different magnetization states. Such analyses are essential for

understanding the electromagnetic behavior of the machine and for evaluating its performance

under varying operating conditions.
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3.2 Flux maps and Torque curve

Following the generation of the demagnetization/remagnetization maps, the next step in the

motor analysis involved the computation of flux maps and torque curves as a function of the

Magnetization State (MS), considering values ranging from 40% to 80%. These analyses are

crucial to understanding how variations in magnet magnetization affect the overall performance

of the machine.

The flux maps (Fig.3.5 and Fig.3.6) describe the distribution of the magnetic flux within

the machine as a function of the axial currents id and iq and the current MS level. Due to

magnetic saturation and cross-saturation phenomena, the relationship between flux, currents,

and magnetization is nonlinear. This nonlinearity implies that small current variations in certain

operating regions can lead to very different flux responses depending on the MS level, making

the use of an accurate numerical model indispensable. For this reason, the flux maps were

generated using SyR-e, which allows the nonlinear effects to be properly captured and enables

a detailed analysis of the machine’s magnetic response.

It can also be observed that each MS level is associated with a specific current range.

Exceeding this range would inevitably drive the machine into either further demagnetization or

remagnetization, thus shifting the magnetization state to the adjacent MS level depending on

which limit is crossed.

Figure 3.5: Flux map λd, id with iq = 0
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Figure 3.6: Flux map λq, iq with id = 0

The torque curves (Fig.3.7), also obtained using SyR-e, confirmed the typical behavior of

Variable Flux Machines (VFM): as the machine becomes more demagnetized, the maximum

available torque decreases, while the operating speed range expands. This result highlights the

intrinsic trade-off between torque performance and flux modulation capability that characterizes

this class of machines.

Figure 3.7: T − n curve
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To complete the analysis, iso-torque curves were generated for each MS level (Fig.3.8, Fig.3.9

and Fig.3.10). These curves represent the torque behavior as a function of id and iq currents and

provide valuable insights for identifying the optimal current combinations required to maintain

constant torque. Such information is essential for defining the motor control strategy and for

optimizing overall performance across different magnetization states.

In this case as well, the current limits discussed earlier for the flux maps can be clearly

observed. They appear as white areas in the plots, corresponding to regions where no feasible

values exist since exceeding those limits would shift the machine into a different MS level

through either demagnetization or remagnetization.

Figure 3.8: Iso-torque for MS40
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Figure 3.9: Iso-torque for MS60

Figure 3.10: Iso-torque for MS80

These analyses laid the groundwork for assessing the machine’s operational limits, including

the voltage constraints during the remagnetization process, which are critical for defining feasible

control strategies and ensuring reliable performance in real-world applications.
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3.3 Remagnetization voltage limit

Every electric machine is subject to a voltage limit imposed by the maximum voltage the inverter

can supply. In Variable Flux Machines (VFMs), this constraint becomes particularly critical

during remagnetization operations, as the required currents are significantly high. It is therefore

essential to verify that these operations can be performed without exceeding the maximum

available voltage.

Near this limit, the machine voltage can be approximated as the product of the magnetic flux

and the electrical angular frequency.

|v dq| ≈ ω · λ (2)

Consequently, the constraint condition can be expressed by imposing that this voltage does not

exceed the maximum voltage deliverable by the inverter, which is equal to Vmax = vDC−link/
√
3.

|v dq| ≤ Vmax (3)

The maximum available flux is therefore obtained by dividing this voltage by the electrical

angular frequency,

λmax =
Vmax

ω
(4)

which in turn depends directly on the rotor mechanical speed, the number of pole pairs, and

the π/30 factor.

ω = n · p · π

30
(5)

Using SyR-e, it was possible to extract a curve, referred to as the Remag Curve, that represents

the flux required to remagnetize the machine to a specific Magnetization State (MS) level while

maintaining constant torque (Fig.3.11).
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Figure 3.11: MS vs λ Remag curve

This curve allows the determination, for any given rotational speed, of the maximum MS

achievable without violating the voltage constraint. The procedure involves first calculating

the maximum available flux at that speed, then identifying the corresponding MS level on the

remagnetization curve and finally interpolating the previously obtained T–n curves to estimate

the associated torque.

Figure 3.12: T-n curves with Remag voltage limit

43



The outcome of this analysis is shown in Fig.3.13, which presents the Remagnetization

Limit Curve (the black line). This curve defines the safe operating region for remagnetization,

highlighting that it is only possible to transition from a lower MS to a higher MS if the operating

point lies below this curve, i.e., at speeds lower than the imposed limit. Conversely, this constraint

is not present during demagnetization, as the currents involved are significantly smaller.

A practical example clarifies this behavior: if the motor initially operates at MS = 80%,

it can be accelerated along its corresponding curve until it intersects the curve of MS = 40%,

continuing to demagnetize the magnet as the speed increases. However, during deceleration, it

is not possible to return directly to the MS = 80% curve, as this would violate the voltage limit.

Instead, the motor must continue to operate along the MS = 40% curve until the speed drops

below the threshold defined by the Remag Limit; only then can remagnetization occur, raising

the MS back to a higher level.

Figure 3.13: Explaination of Remag voltage limit

This constraint introduces significant complexity in motor management, particularly in

typical automotive drive cycles, where frequent torque and speed variations make it challenging

to ensure smooth transitions between different magnetization states. One potential mitigation

strategy is to adopt a multi-step approach, performing the transition from a low MS to a high MS

through intermediate stages. Although this method can partially alleviate the issue, it requires
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a greater number of current pulses, thereby increasing control complexity and overall energy

losses [9].
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3.4 Efficiency maps

Efficiency maps were computed using JMAG for different magnetization states, ranging from

MS = 40% to MS = 80%. The procedure began with a preliminary demagnetization study,

which was required to set the machine at the desired MS level for the subsequent analysis. Once

the magnetization state was established, the efficiency map was generated through an Accuracy

Priority study (Fig. 3.14), making use of the Reuse Demagnetization condition (discussed in

the previous chapter). This option allowed the magnetization state obtained in the initial study

to be directly reused, thereby significantly reducing simulation time while preserving accuracy.

Figure 3.14: Accuracy priority setup

The maps were created by calculating efficiency at a discrete set of operating points within

the torque–speed curve of the respective MS. A differentiated sampling strategy was adopted: a

denser grid in the low-torque region (0–80 Nm), as this is the most frequently used operating area

in automotive applications, and a coarser grid in the range between 80 Nm and the maximum

torque achievable at that MS level (Fig. 3.15). The results were then interpolated to obtain the

complete efficiency map. Finally, the computed data were imported into MATLAB for post-

processing and for the generation of the corresponding loss maps, thus providing a comprehensive

overview of the machine’s energy behavior across different magnetization states.
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Figure 3.15: Simulated points for MS80

A particularly important result, shown in Fig. 3.16, is that as MS decreases, the region of

maximum efficiency shifts towards higher speeds at constant torque. This effect highlights the

benefit of flux modulation in extending the operational flexibility of the machine and optimizing

performance across different driving conditions.

Figure 3.16: Efficiency variation

The resulting maps are presented in the following figures.
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Figure 3.17: Efficiency map for MS40

Figure 3.18: Efficiency map for MS60

48



Figure 3.19: Efficiency map for MS80

In conclusion, the efficiency map analysis demonstrated that the controlled variation of the

magnetization state (MS) has a strong impact on the machine’s energy performance. Specifically,

decreasing MS results in a shift of the high-efficiency region towards higher speeds, enabling

better adaptation of the machine to the operating conditions of typical automotive drive cycles.

These findings confirm the potential of variable flux machines to enhance operational flexibility

and overall system efficiency, while also providing valuable insights for the development of

advanced control strategies.
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3.5 Drive Cycle

To assess the machine’s dynamic performance under realistic operating conditions, a drive cycle

simulation was carried out using a reference vehicle. The chosen driving profile was the WLTC

(Worldwide harmonized Light vehicles Test Cycle), shown in Fig.3.24.

Figure 3.20: WLTC Drive Cycle

In the first scenario, the simulation was performed with only two available magnetization

states: MS = 80% and MS = 40%. The results demonstrate that the vehicle was able to complete

the entire cycle without violating any design constraints: there were no instances where the

maximum torque limit (black line) was exceeded, nor situations where the remagnetization limit

(purple line) was surpassed. The machine operated mostly at MS = 80%, with a switch to MS =

40% required only in the final high-speed deceleration phase. As highlighted in the torque–speed

map, the last operating points (blue) were not enclosed within the torque envelope of MS = 80%,

but were fully contained within that of MS = 40%. At the end of the cycle, the transition back

to MS = 80% occurred without issues, since it took place below the speed threshold imposed by

the Remag Limit (3200 rpm).
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Figure 3.21: WLTC Drive Cycle, two MS scenario (MS40, MS80)

Figure 3.22: WLTC working points, two MS scenario (MS40, MS80)

A second case was then investigated, introducing three magnetization states: MS = 80%,

60%, 40%. In this configuration, the remagnetization limits were found to be approximately

3200 rpm for MS = 80% and 4200 rpm for MS = 60%. Once again, the vehicle successfully

completed the WLTC cycle without constraint violations. Interestingly, the MS = 40% state was

never engaged, as all operating points remained within the torque curve corresponding to MS =

60%, making the alternation between MS = 80% and MS = 60% sufficient to cover the entire

drive cycle.
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Figure 3.23: WLTC Drive Cycle, three MS scenario (MS40, MS60, MS80)

Figure 3.24: WLTC working points, three MS scenario (MS40, MS60, MS80)
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3.6 Cost Analysis and Environmental Load Unit (ELU)

To complete the study, a cost analysis and an environmental impact evaluation through the

Environmental Load Unit (ELU) were carried out. As shown in the table, the designed machine

exhibits considerable size and weight, with a total mass close to 50 kg. This is mainly the

result of design choices made during the optimization process, where both the rotor diameter

and the axial length of the machine were increased in order to meet the required performance

specifications.

Figure 3.25: Volume and weight contribution of each motor part

While these modifications enabled the achievement of the target performance, they also led

to higher overall costs compared to the benchmark machine. The analysis therefore highlights

that the optimized configuration is economically more demanding.

(a) Benchmark (b) Current model

Figure 3.26: Cost Analysis

On the environmental side, expressed in terms of ELU, the difference between the benchmark

and the optimized design is less pronounced. This outcome is due to the fact that, although

the developed machine requires a higher amount of copper, it does not contain neodymium.

Since neodymium is associated with a very high ELU per unit mass, its elimination significantly

reduces the environmental impact, partially compensating for the increase caused by the larger

copper content.
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Figure 3.27: Deviation from Benchmark
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3.7 Conclusion and Future Works

In this thesis, a design methodology for a Variable Flux Machine (VFM) intended for automotive

applications was developed and validated, with the primary goal of reducing the use of rare

earth elements while maintaining competitive performance in terms of torque, efficiency, and

controllability. The work was carried out in collaboration with Volvo Cars, which provided the

initial reference model and helped frame the project within an industrially relevant context for

sustainable mobility.

The methodology combined two complementary tools: JMAG, employed for advanced

modeling and optimization through finite element analysis, and SyR-e, used for the automated

generation of flux, torque, and efficiency maps as well as for the evaluation of the machine’s

magnetic behavior. Through a sequence of iterative phases, a coherent workflow was estab-

lished, starting from parametric modeling, proceeding with multi-objective optimization, and

culminating in the detailed analysis of constraints and control strategies.

The results confirmed the effectiveness of the proposed design methodology, demonstrating

that the VFM can adapt to different operating conditions while maintaining strong overall

performance. Simulations showed that it is possible to modulate the magnetization state to

extend the speed range and improve system efficiency at operating points typical of automotive

drive cycles.

A key outcome of the study was the identification of the voltage limit as a critical constraint

for remagnetization, highlighting the need for more sophisticated control strategies, such as

gradual transitions between magnetization states. Furthermore, WLTC drive cycle simulations

demonstrated that the optimized VFM design can satisfy real driving conditions without violating

torque or voltage constraints. The use of multiple magnetization states allowed the machine to

flexibly adapt to varying torque and speed demands, ensuring both efficiency and robustness.

The cost and environmental impact analysis revealed an important trade-off: while the

optimized design requires a larger amount of copper and results in higher costs compared to

the benchmark, it eliminates neodymium entirely. This represents a significant sustainability

advantage, as confirmed by the Environmental Load Units (ELU) analysis, where the absence

of rare earths offsets the increased copper usage.

In conclusion, this work demonstrated the feasibility of a rare-earth-free VFM design method-

ology, highlighting both its environmental benefits and the challenges related to control and
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dynamic performance. The strategies developed represent a step toward the advancement of

more sustainable electric machines tailored to future mobility. Future research could focus on

further geometry optimization to reduce weight and cost, the development of more robust control

algorithms to manage the Remagnetization Voltage Limit, and the extension of validation to

experimental testing on physical prototypes, thereby consolidating the simulation results and

moving the technology closer to industrial implementation.
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