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0Abstract
The importance of transitioning from fossil fuel cars to electric vehicles is a critical step in the global initiative
to mitigate the impacts of climate change. As electric vehicles become a central element of sustainable
transportation systems, countries worldwide, including Ethiopia, are working to achieve their carbon reduction
goals. One of the primary reasons for this shift is the absence of tailpipe emissions from EVs, unlike traditional
internal combustion engine vehicles, which release substantial amounts of carbon dioxide 𝐶𝑂2 and other
harmful pollutants into the environment. Hence, replacing conventional cars with electric ones significantly
reduces greenhouse gas emissions, which are a major contributor to global warming.

The first part of this dissertation focuses on the necessity of accurately estimating electrical parameters for
multiphase machines to be used in advanced control approaches. This necessity is especially pertinent for the
special subclass of multiphase machines identified as Variable Phase-Pole Induction Machines (VPPIMs). This
part of the research explores, calculates, and experimentally confirms various parameter estimation techniques
for a wound stator coil inductionmachinewith independent slot current control capable of dynamically adjusting
the phase-pole configuration in real time. The parameter estimation techniques covered are a traditional finite
element analysis-based stator impedance calculation and an application of the finite element-based harmonic
plane decomposition (HPD) method. Experimental validation demonstrates the proposed estimation methods
across different machine configurations. When comparing the two methods, parameter estimation based on
HPD theory aligns closely with practical outcomes. The classical method results in a 22% relative error for the
magnetizing inductance (𝐿𝑀 ) and a 62% overestimation for the leakage inductance (𝐿𝜎 ) in the 3-phase/2-pole
VPPIM compared to measurements. The HPD approach reduces these errors to 15% for magnetizing inductance
and 36% for leakage inductance. The conventional approach yields a 17% rate for the magnetizing inductance
𝐿𝑀 , which decreases to 6% with the HPD method. Similarly, for the leakage inductance (𝐿𝜎 ), the rate of 54% is
reduced to 23% in the 9-phase/2-pole VPPIM configuration. Additionally, the HPD model cuts computing time
to one-eighth of the conventional methods, significantly enhancing computational efficiency.

The latter portion of this research concentrates on variable phase-pole induction machines, which show
potential for electromobility applications because of their ability to electronically modify the number of mag-
netic poles during operation, consequently enhancing the machine’s torque-speed performance. This research
introduces a model reference adaptive system approach for the sensorless speed operation of a nine-phase
variable phase-pole induction machine. The same adaptive full-order observer estimates mechanical speed
in two distinct ways, each corresponding to a different pole-pair configuration of interest. Sensorless drive
operation is sustained during pole-pair configuration transitions through an appropriate switch between
the two speed-estimation strategies, ensuring accurate rotor flux linkage information for high-performance
control. The proposed method’s simulation and experimental outcomes strongly correlate, affirming the sen-
sorless methodology’s effectiveness under variable load scenarios and during positive/negative speed transitions.

Keywords: Electric drives, Electrical machine, Multiphase drive, Pole-phase changing, State-space model, Speed
control, Sensorless control.
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1 Introduction

1.1 Background
In recent times, there has been worldwide recognition of the difficulties posed by global warming. This problem
comes from the “greenhouse effect”, which is driven by the presence of𝐶𝑂2 and other gases such as𝐶𝐻4 in the
atmosphere. These gases capture the Sun’s infrared radiation reflected from the ground, holding energy in
the atmosphere and raising the temperature. The increase in the Earth’s temperature results in considerable
ecological harm to ecosystems, leading to natural disasters that influence human populations. One of the effects
of this, according to NOAA, has been the recent landslides in Ethiopia, which have killed more than 200 people.
Based on a recent publication by the NOAA, the average global surface temperature in July 2024 was 2.18
(°𝐹 ) higher than the mean of 60.4 (°𝐹 ). This set a new record as the hottest July and marked it as the month
with the second lowest extent of sea ice in the 175-year global record of NOAA, as illustrated in Figure 1.1.
Although the economic slowdown triggered by the coronavirus pandemic was significant, the concentrations
of the two main human-caused greenhouse gases, carbon dioxide and methane, continued to increase without
interruption in 2020 [1].

Figure 1.1: Significant climate anomalies and events (Image credit: NOAA)

Furthermore, the Global Monitoring Laboratory accurately measures the three main greenhouse gases: 𝐶𝑂2,
𝐶𝐻4, and 𝑁2𝑂 , from four separate monitoring stations. In 2020, the global average surface concentration of
carbon dioxide reached 412.5 ppm, increasing by 2.6 ppm over the year. This rise marks the fifth-highest rate
of change in the 63-year history of NOAA. Figure 1.2, depicts the average global atmospheric carbon dioxide
burden, based on data gathered by the NOAA global greenhouse gas reference network [1]. The figure illustrates
that predictions for 2030 foresee a persistent increase in 𝐶𝑂2 emissions. The increased focus on climate change
and the reduction of harmful emissions in the atmosphere has generated interest in environmentally friendly
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Figure 1.2: Global monthly mean of 𝐶𝑂2

modes of transportation. This interest has spurred significant advancements in areas such as electric ship
propulsion, more electric aircraft, electric and hybrid road vehicles, and electric locomotive traction [1], [2].

One strategy for reducing 𝐶𝑂2 emissions is to substitute gasoline-powered cars with EVs. Multiphase
electric machines are gaining recognition as up-and-coming candidates for electric vehicle applications and
have emerged as a fascinating topic within electric drive research.

1.1.1 Construction of the VPPIM
A subcategory of multiphase machines, known as Variable Phase-Pole Induction Machines (VPPIMs), is gaining
attention in applications requiring extensive torque-speed operating ranges, such as electromobility. An
illustration of a special VPPIM with individual stator slot coils wound on the external part of the stator [3], is
shown in Figure 1.3. Other types of VPPIMs with more conventional windings are possible [4]. The fundamental
feature of VPPIMs is their ability to change the number of phases and magnetic poles in real time, thereby
extending their operational range [5]. Nevertheless, the dynamic behavior of these machines during a magnetic
pole transition presents challenges for adequate control.

Figure 1.3: Variable Phase-Pole Induction Machine

VPPIMs are awakening interest in those applications where sizeable torque-speed operating areas are in
demand, like electromobility. The essence of VPPIMs lies in the capability of altering the magnetic pole number
in real time to increase their operational range. However, the dynamic nature of these machines during a
magnetic pole change poses challenges to effective control, particularly when speed sensors are not used.
Studies on sensorless-based speed control for VPPIMs are essentially non-existent. However, based on the
modeling and control approach established in [5], it is possible that conventional model-based sensorless
approaches could be extended to the VPPIM case with reasonable modifications.
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1.1.2 The space harmonics in multiphase machines
One intriguing technical feature of multiphase machines is the geometric distribution of their MMF compared
to traditional three-phase machines. The MMF geometric distribution around the air gap generates space
harmonics when coupled with time harmonics from sinusoidal or non-sinusoidal input voltages/currents at the
machine terminals. These space harmonics impact the geometric distribution of the flux linkage, which in turn
influences torque. The equation:

𝜈 = 𝑝 (𝑞 − 2𝑘𝑚) (1.1)

where 𝜈 denotes the frequency of a space harmonic, which refers to variations in the magnetic field pattern
around the stator. These variations depend on the number of phases and the number of poles in the machine. 𝑝
signifies the number of pole pairs in the machine, a factor linked to the design, impacting how the magnetic
field engages with the rotor. 𝑞 is the time-harmonic index, denoting the frequency component of the waveform
of the input current or voltage. To illustrate, 𝑞 = 1 indicates the fundamental frequency, while larger 𝑞 values
represent higher-order harmonics (for instance, 𝑞 = 2 for the second harmonic),𝑚 represents the number of
phases in the machine, 𝑘 is an integer which can be 0, ±1, ±2, ..., indicating the relational multipliers between
time and space harmonics for a given machine setup [6]. The equation 𝜈 = 𝑝 (𝑞 − 2𝑘𝑚) offers a link between
the space harmonic frequency (𝜈) and the time-harmonic frequency (𝑞), implying:

• For every time-harmonic associated with a particular 𝑞 value, there are several related space harmonics.
The frequencies of these space harmonics are influenced by the number of phases (𝑚) and the number
of pole pairs (𝑝).

• The term 2𝑘𝑚 in the equation accounts for the fact that the space harmonics are not necessarily directly
aligned with the time harmonics. They are spaced according to a function of both the number of
phases𝑚 and an integer 𝑘 , which allows for multiple space harmonics corresponding to the same time
harmonic.

• The spatial harmonics produced will change depending on the value of 𝑘 , indicating that for each 𝑞,
multiple space harmonics exist with frequencies that are influenced by the various values of 𝑘 .

Understanding the formation of space harmonics concerning 𝑞 and 𝑚 is crucial for multiphase machines
because:

• Space harmonics impact the magnetic field configuration in the air gap, consequently affecting the
machine’s torque generation, efficiency, and noise features.

• The number of phases (m) has a direct effect on the quantity of space harmonics produced per time
harmonic. An increase in the number of phases, such as in machines with 5 or 7 phases, usually results
in a more complex yet smoother MMF distribution.

• The number of pole pairs (𝑝) is crucial for establishing the exact frequency of space harmonics. The
pole count affects both the synchronous speed of the machine and the frequency at which the magnetic
field revolves around the stator.

In the fundamental time-harmonic scenario where (𝑞 = 1), examined the impact of fully pitched windings,
those that extend over the entire pole pitch of the machine. Here, harmonic generation is observed without
incorporating specific winding skew or other alterations. Fully pitched windings generally produce a straight-
forward, symmetric MMF pattern, reducing distortions in the space harmonic generation. This occurs because
no intentional shifts in the winding setup are made to mitigate harmonics or enhance field distribution. Figure
1.4 provides a 3D representation of the time and space harmonics in multiphase machines.

3



Introduction
Chapter
1

Figure 1.4: 3D Space Harmonic Visualization (p = 1 pole pairs)

1.1.3 Transformation of the multiphase machines
The Vector Space Decomposition (VSD) theory, which is used to model and control multiphase machines, is
exemplified with two different phase configurations. First, a 3-phase machine to represented in the VSD model
one vector space which is the fundamental and the homopolar axis are present as seen in (1.2).

𝑽𝑺𝑫𝑚=3 =
2
3


1 cos(𝜃 ) cos(2𝜃 )
0 sin(𝜃 ) sin(2𝜃 )
1 1 1

 (1.2)

where 𝜃 = 2𝜋
3 ,

Second in 6-phase machines, three vector spaces are present: the fundamental, the third, and the fifth vector
space as described in (1.3).

𝑽𝑺𝑫𝑚=6 =
1
3



1 cos(𝜃 ) cos(2𝜃 ) cos(3𝜃 ) cos(4𝜃 ) cos(5𝜃 )
0 sin(𝜃 ) sin(2𝜃 ) sin(3𝜃 ) sin(4𝜃 ) sin(5𝜃 )
1 cos(3𝜃 ) cos(6𝜃 ) cos(9𝜃 ) cos(12𝜃 ) cos(15𝜃 )
0 sin(3𝜃 ) sin(6𝜃 ) sin(9𝜃 ) sin(12𝜃 ) sin(15𝜃 )
1 cos(5𝜃 ) cos(10𝜃 ) cos(15𝜃 ) cos(20𝜃 ) cos(25𝜃 )
0 sin(5𝜃 ) sin(10𝜃 ) sin(15𝜃 ) sin(20𝜃 ) sin(25𝜃 )


(1.3)

where 𝜃 = 𝜋
3 ,

The above two equations show an inconsistent number of vector spaces presented in phase-changing mode.
The VSD encounters difficulties managing currents within neighboring slots of the same phase belt, especially

during PPC transitions. To mitigate this, a generalized VSD approach called HPD was proposed in [5]. This
method defines a fixed number of subspaces, equating to a predetermined number of current controllers. Unlike
conventional VSD models, this approach preserves model consistency regardless of the PPC, thus solving
the continuity problem linked with VSD-based modeling across various PPCs. The HPD accomplishes this
by separating all possible magnetic pole numbers. For a VPPIM with stator space 𝑄𝑠 with independent coil
excitation, the number of subspaces is 𝑄𝑠/2, based solely on 𝑄𝑠 . Each harmonic plane in the HPD, similar to
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the VSD, is independently represented by a lumped parameter model, such as the inverse-𝛤 or T-equivalent
model. In particular, the parameters of VSD and HPD are interrelated, as detailed in [7]. All odd harmonics of
the base case are present since HPD is a DFT of the slot variables, and the fundamental reference frame unifies
the magnetic axes for the VSD as described in the following equations.

𝑋
𝛼𝛽,ℎ

=
4
𝑄𝑠

𝑄𝑠/2−1∑︁
𝑘=0

𝑥𝑘+1𝑒

(
𝑗2𝜋𝑘ℎ
𝑄𝑠

)
=

4
𝑄𝑠

−1∑︁
𝑘=−𝑄𝑠/2

𝑥𝑘+1𝑒

(
𝑗2𝜋𝑘ℎ
𝑄𝑠

)
(1.4)

𝑋
𝛼𝛽,ℎ

=
2
𝑄𝑠

𝑄𝑠/2−1∑︁
𝑘=−𝑄𝑠/2

𝑥𝑘+1𝑒

(
𝑗2𝜋𝑘ℎ
𝑄𝑠

)
(1.5)

Depending on the pole number, each phase-pole configuration is assigned to one base case. Multiple base
cases, i.e., odd and even, are needed to cover all phase-pole configurations. Matrix repetition is also required to
maintain dimensionality. The transformation of the space-vector quantities from the fundamental 123 reference
frame [8] to the stationary 𝛼𝛽0 reference frame is as follows:

x𝛼𝛽 =

(
2

𝑚𝑏,𝑜

)𝐾
K𝑑C

´¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¶
T123→𝛼𝛽

·x123 (1.6)

x123 =

(
2

𝑚𝑏,𝑜

)1−𝐾
CTK𝑑

´¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¶
T𝛼𝛽→123

·x𝛼𝛽 (1.7)

C =



1 cos(𝛿) cos(2𝛿) . . . cos((𝑚 − 1)𝛿)
0 sin(𝛿) sin(2𝛿) . . . sin((𝑚 − 1)𝛿)
1 cos(3𝛿) cos(6𝛿) . . . cos((𝑚 − 1)3𝛿)
0 sin(3𝛿) sin(6𝛿) . . . sin((𝑚 − 1)3𝛿)
...

...
...

. . .
...

1 cos(𝜉𝛿) cos(2𝜉𝛿) . . . cos((𝑚 − 1)𝜉𝛿)
0 sin(𝜉𝛿) sin(2𝜉𝛿) . . . sin((𝑚 − 1)𝜉𝛿)


Where,

𝛿 =
𝜋

𝑚

Assuming half-wave symmetry, which is given by the windings. Therefore, only half of all slots are taken
for the transformation, limiting the frequency resolution and considering only the odd harmonics. However,
it needs to be incorporated into the even base cases as well. So the solution is to discard the assumption of
half-wave symmetry and take all slots into account for Clarke transformation using only mechanical angles.

𝑥𝛼𝛽,ℎ =
2
𝑄𝑠

𝑄𝑠−1∑︁
𝑘=0

𝑥𝑘+1 𝑒
𝑗

(
2𝜋𝑘
𝑄𝑠

ℎ

)
(1.8)

In contrast to the traditional 𝛼𝛽0 and 𝑑𝑞0 transformation theories used for three-phase machines, the VSD
approach necessitates an extra intermediary reference frame, referred to as the “fundamental winding con-
figuration.” Beyond this, the rest of the transformation method mirrors that used in three-phase machines,
with the exception that the matrices utilized in the computations are𝑚-by-𝑚, not three-by-three. Figure 1.5
illustrates the transformational flow of the VSD concept to derive variables in a rotating reference frame, where
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𝑥 represents a generic vector corresponding to any machine variable, such as current or voltage vectors.

Practical

Reference

Frame

Fundamental

Reference

Frame

Stator

Reference

Frame

Rotor

Reference

Frame

Tabc→123
T123→αβ Tαβ→dq

xabc x123
xαβ xdq

Figure 1.5: Transformation chain in the Vector Space Decomposition approach.

1.1.4 Phase-Pole Modulation in the VPPIM
There is a trade-off between phase and pole configurations in the operation of electrical machines. Machines
with more phases offer greater fault tolerance, enhancing reliability. Increasing the number of poles results
in higher maximum torque but reduces maximum speed. When selecting the maximum phase number, it
is essential to consider the given pole number. However, not every phase-pole arrangement is practical or
beneficial in real-world applications. Phase belts with only one slot are particularly noteworthy for their unique
characteristics. As illustrated in Figure 1.6, the relationship between the mechanical speed and torque for two
different sets of parameters: (𝑚1, 𝑝1) and (𝑚2, 𝑝2).

Figure 1.6: Torque-Speed envelope.

The concept of pole changing extends the torque-speed envelope to the right. This means that by adjusting
the pole number, the machine can achieve higher speeds while maintaining adequate torque. This flexibility
allows for a broader range of operating conditions, making the machine more versatile and adaptable to various
applications. By strategically changing the pole number, one can optimize the machine’s performance for
both low-speed, high-torque scenarios and high-speed, lower-torque scenarios, thereby enhancing the overall
efficiency and effectiveness of the system.

This dissertation examines and leverages the benefits of using VPPIM to mitigate the greenhouse effect,
proposing its application in the electromobility sector.
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1.2 General Objective
The primary objective of this dissertation is to analyze the VPPIM model through the application of the finite
element method, evaluate its performance using advanced numerical methods, and compare it with conventional
analytical techniques. Additionally, the research employs the HPD modeling approach to explore effective
parameter estimation strategies for the VPPIM drive, highlighting its ability to adjust phase and poles during
real-time operation. The study also develops a sensorless MRAS-based speed control system tailored to the
unique characteristics of the VPPIM, with a focus on reliable speed estimation methods that have been validated
through experimental testing.

1.2.1 Specific Objectives
• The VPPIM model is analyzed using the finite element approach, and its effectiveness is thoroughly
assessed through sophisticated numerical methods.

• Finding suitable methods for parameter estimation for the VPPIM drive, focusing on the drive’s ability
to change the phase and magnetic pole during real-time operation.

• The creation of a sensorless MRAS-based speed control method for the VPPIM drive which was verified
through experimental testing and focused on the machine’s special features and speed estimation
techniques.

• Enhancing estimation accuracy in the presence of parameter mismatches and load torque disturbances.

• Combining sensorless control and parameter estimation to guarantee real-time flexibility in changing
circumstances.

• Creating a closed-loop sensorless control system for multiphase IM drives, such as Field-Oriented
Control.
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1.3 Problem Statement
According to data reviewed by Darwin Motion, a manufacturer of variable-speed drives, the global implemen-
tation of these drives results in substantial energy savings. Specifically, it is estimated that their use leads to
annual energy savings exceeding 115 million megawatt hours. This significant figure underscores the potential
for variable-speed drives to reduce global energy consumption and improve energy efficiency. Nevertheless,
the data also reveals a recurring problem: less than 10% of motors used globally have variable-speed drives
installed, despite these encouraging advantages. This suggests that there is a great deal of unrealized potential
for increasing energy efficiency by using variable-speed drive technology more widely [9].

Sustainable Development Goal seven of the UN seeks to guarantee everyone access to modern, reasonably
priced, dependable, and sustainable energy by 2030, making this difficulty especially pertinent. Doubling
the rate of global gains in energy efficiency is one of the main objectives of this aim. Since variable-speed
drives may improve energy utilization, eliminate waste, and lower operating costs, their incorporation into
industrial applications is essential to achieving this goal. Given that only a small portion of motors now employ
variable-speed drives, there is a big chance to accelerate the achievement of these international energy efficiency
targets.

Furthermore, variable-speed drive technology is a promising candidate for applications in the quickly expand-
ing field of electromobility due to the advantages of increasing power efficiency. EVs and other electromobility
technologies mainly depend on effective power conversion systems to improve performance, lower energy
consumption, and prolong battery life. VPPIMs are perfect for increasing the energy efficiency of EVs and
other electric-powered systems because of their adaptability to a variety of electromobility applications, which
include their capacity to support a broad range of phase-pole configurations. Provided a multitude of phase-pole
configurations:

• How can a set number of controllers regulate the currents in each stator coil while preserving the
dynamic characteristics?

• How can the parameters of the VPPIM be precisely estimated using harmonic plane decomposition and
finite element methods?

• How can the VPPIM drive’s sensorless speed control be implemented in several harmonic planes?
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1.4 Original Contributions
The original contributions of this dissertation are listed as follows:

• The HPD parameter estimate method for the VPPIM, which has not yet been empirically verified
in practical applications, is extensively examined in this dissertation. This approach’s efficacy in
precisely estimating important VPPIM characteristics, including inductance, resistance, and flux linkage,
under various operating situations is examined and contrasted with other well-established analytical
and numerical techniques. The study intends to evaluate the HPD method’s potential benefits, such
as its accuracy, computing efficiency, and adaptability to the dynamic characteristics of the VPPIM,
by comparing it with alternative parameter estimate strategies. The thesis also highlights the HPD
method’s shortcomings and recommends areas for additional study or development, which advances
our knowledge of its usefulness in sophisticated motor control systems.

• The dissertation focuses on experimentally validating the improved torque-speed profile from the
magnetic pole change in a VPPIM to create an adaptive flux and speed observer in a sensorless system.
Sensorless control schemes are a well-established topic in the scientific literature. However, their
application to multiphase machines represents a novel area of research, as evidenced by the limited
number of publications on the subject. The extension of the algorithms to multiphase machines is not
merely a matter of applying the algorithms already known to machines with many phases that are a
multiple of three. Rather, it takes advantage of the degrees of freedom available by this technology to
enhance the performance of the drive and its reliability. Additionally, no prior studies have investigated
sensorless speed control for Variable Phase-Pole Induction Machines. This research delves into this
approach by integrating it with the Harmonic Plane Decomposition method. Without the HPD model,
achieving speed sensorless operation with the same performance would not be possible. Thus, this work
represents a relevant scientific advancement.
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1.5 Outline of the Dissertation
The format of this doctoral dissertation is a collection of works. The thorough scientific contributions are
described in detail in the included publications. The purpose of the following chapters is to give an overview of
the appended papers and highlight the main ideas and important discoveries.
The dissertation’s writing is structured as follows:
Chapter 2 explores the most recent developments in the literature about VPPIM’s modeling, parameter esti-
mation, and sensorless control. It gives a thorough overview of the many modeling approaches—including
steady-state and transient analysis—that have been developed to accurately represent the behavior of VPPIMs un-
der different operational conditions. To ensure correct motor performance in real-world applications—especially
when coping with uncertainties and fluctuating load conditions—the chapter also examines parameter estimate
approaches.
Chapter 3 gives a thorough analysis of FEA, a computer technique used to solve complex physical problems
by breaking the problem domain down into smaller components. This method makes it easier to approximate
the behavior of the system. In order to comprehend and model the machine’s mechanical and electromagnetic
characteristics under various operating conditions, VPPIM relies heavily on FEA. To ensure accurate and reliable
results, the finite element modeling for VPPIM includes a number of crucial procedures and considerations.
Chapter 4 investigates the use of FEM for VPPIM parameter estimation, emphasizing both the theoretical
approach and its experimental support. Key characteristics that characterize the machine’s behavior under
different operating situations, including inductances, resistances, and magnetic flux couplings, are derived
in this chapter using the FEM approach. To acquire accurate and trustworthy estimates of these electrical
and magnetic parameters—which are essential for precise machine modeling and performance prediction—the
chapter describes how FEM simulations are combined with parameter estimation approaches.
Chapter 5 An important advancement in the realm of sophisticated motor control approaches is examined
in this section: the implementation of a sensorless speed control strategy for the VPPIM based on a Model
Reference Adaptive System. Physical speed sensors, which are commonly employed in traditional motor
control systems but can introduce complexity, expense, and maintenance concerns, are not necessary for speed
estimates when using the MRAS technique. The MRAS algorithm continuously adjusts to deliver precise speed
estimations by using a reference model that replicates the intended behavior of the VPPIM under various
operating situations and compares it with the actual motor performance.
Chapter 6 Key findings about the VPPIM’s performance and potential, control strategies, and methods are
derived from the thorough analysis and experimental results provided in this chapter. The chapter shows how
well the MRAS-based sensorless speed control works to improve the operational efficiency and flexibility of
the VPPIM, and it also emphasizes how well FEM estimates the machine’s parameters. The importance of
parameter estimation and sensorless control methods in overcoming typical obstacles like expense, intricacy,
and dependence on physical sensors is also emphasized, making the VPPIM a strong contender for cutting-edge
applications like electric traction and electromobility in general.
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2 Literature Review

2.1 Background
Since the late 1990s, various studies have emphasized the advantages of multiphase machines over traditional
three-phase machines, particularly in their modeling, parameter estimation, and control. One can look at the
trend in publication counts over time in IEEE to assess interest in multiphase drives, as shown in Figure 2.1.

Figure 2.1: Evolution of multiphase electric drives in IEEE database.

A straightforward search in IEEE Xplore illustrates the progression of conference and journal publication
counts as depicted. The early twentieth century marked the onset of a significant surge in research publications
in this domain. Moreover, as shown in the figure above, the total number of publications increased twofold
during the five years from 2015 to 2020.

2.2 Recent Developments in Modeling of the Multiphase
Machines

Recent progress in multiphase machine modeling has been driven by the need for more reliable, efficient,
and fault-tolerant systems in various fields such as electric vehicles, renewable energy, and industrial drives.
Compared to conventional three-phase machines, machines with five or more phases have several advantages,
such as increased power density, decreased torque ripple, and improved fault tolerance. These characteristics
provide efficiency and dependability, making them perfect for applications that need to run continuously even
in the case of a phase failure. Recent attempts to improve fault condition modeling have been prompted by the
remarkable advantages that multiphase machines provide for fault-tolerant applications. Maintaining system
functionality during faults requires efficient fault detection, diagnosis, and recovery techniques such as phase
reconfiguration. According to [10], these developments are especially important in sectors that place a high
value on operational uptime and reliability, such as electric vehicles and renewable energy solutions.
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Comprehending the intricate electromagnetic interactions between the stator and rotor components is
essential to building models for multiphase machines. This involves computing flux linkages for each phase,
which are frequently coupled, and generating equations for both voltage and current. The distribution of flux and
current in such devices is widely analyzed using space vector models, which offer lucid insights into the behavior
of the system under various operating conditions. These models serve as the foundation for sophisticated control
schemes and performance forecasts. Furthermore, modeling techniques for a variety of multiphase machines,
such as those with permanent magnets and induction types, have been extensively studied. For instance,
permanent magnet multiphase machines combine the great efficiency of permanent magnet technology with
the advantages of multiphase structures. To model these machines, flux linkage, and torque generation changes
must be considered, along with the interaction of permanent magnets with multiphase currents. According to
[11], research on induction-based multiphase machines has also concentrated on enhancing the precision of
steady-state and dynamic performance estimations, which are crucial for high-power applications.

The modeling of multiphase machines has advanced significantly in the last few years. One significant
development is the increasing use of numerical techniques, such as FEA, to more accurately model and predict
these machines’ performance. These techniques make it possible to analyze electromagnetic fields in great
detail, which makes it easier to anticipate losses, efficiency, and thermal behavior. Furthermore, the prediction
of transient behaviors in multiphase machines has been improved by the development of dynamic modeling
tools, particularly during failures like open-phase or short-circuit circumstances. According to [12], this is
essential for ensuring the safe and dependable operation of multiphase systems.

A generalized 𝑑𝑞 model for multiphase induction motor drives has been investigated in a large and expanding
body of research. These multiphase (n-phase) induction motor drives, which have more than three phases, have
several benefits over traditional three-phase drives, according to [13]. These include reduced torque ripple,
increased torque density, enhanced fault tolerance, stability, high efficiency, and a lower current per phase
without raising the voltage per phase. Additionally, the study showed that a larger power output inside the same
frame is possible when the number of phases is increased. A generalized model 𝑑𝑞 for n-phase induction motor
drives has been investigated in a thorough and expanding body of research. Multiphase (m-phase) induction
motor drives, which have more than three phases, provide many benefits over conventional three-phase drives,
as demonstrated by reference [13]. Among these benefits are reduced torque pulsation, increased torque density,
enhanced fault tolerance, stability, high efficiency, decreased current ripple, and a drop in current per phase
without raising the voltage per phase. Additionally, they talked about how adding additional phases enables
higher power within the same frame.

In two volumes, [11] has discussed recent developments in the design, modeling, and control of multiphase
machines. Using the extra degrees of freedom in multiphase machines and taking advantage of their fault-
tolerant features without the need for additional hardware is explored in the first volume. The second book looks
at multiphase generation, particularly in freestanding and grid-connected wind energy conversion systems.
Multiphase machines have many advantages, including lowering the stator current per phase without increasing
the voltage per phase, lowering the DC link current harmonics, and increasing dependability, even though their
main purpose was initially to reduce torque pulsation. It is also possible to increase the torque per RMS ampere
while maintaining the same machine volume by increasing the number of phases. In multiphase systems, the
additional degrees of freedom enable the supply of numerous motors from a single inverter or the injection
of harmonic currents. Better noise characteristics and lower stator copper losses are two more benefits of
multiphase systems. It is anticipated that high-phase order drives will only be used in specific applications
that demand a high degree of reliability, such as ship propulsion, aircraft, electric/hybrid cars, and high-power
applications where one leg of the drive consists of merging multiple solid-state devices. Because many of
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the required components are already included in contemporary designs, large drives are not burdened by the
requirement for separate drive units in a multiphase system.

A decoupled machine model and the unique mapping of all odd-order harmonics into the resulting subspaces
are two benefits of utilizing VSD to describe a multiphase machine, according to research on the VSD method
for asymmetrical multiphase machines by [14]. Recently, [15] converted the conventional three-phase induction
motor into a device with coiled stator coils that are independently regulated. The stator winding design, which
makes it easier to independently energize and operate each coil in the stator slot, is the distinctive characteristic.
As a result, the possibility to change the stator winding’s active phases and pole count while it is operating is
investigated.

Particularly in electromobility, VPPIMs are becoming more and more important for applications requiring
a broad range of torque and speed. According to [5], [16], one of the main advantages of VPPIMs is their
capacity to alter the number of magnetic poles in real-time, therefore increasing their operating capabilities.
These studies highlight the importance of VPPIMs in applications like electromobility that call for a variety of
torque-speed profiles. The primary benefit of VPPIMs is their ability to dynamically modify the number of
magnetic poles while in use, significantly increasing their adaptability and functional range. Furthermore, the
machine modeling is covered in great detail by the HPD theory[17], [18].

2.3 Recent Developments in Multiphase Converters
The growing need for high-performance, energy-efficient, and dependable power conversion systems in a
variety of applications, such as industrial drives, EVs, and renewable energy, has fueled recent advancements
in multiphase converters. Compared to conventional three-phase converters, multiphase converters—which
function with more than three phases—offer a number of benefits, including enhanced thermal performance,
decreased harmonic distortion, and enhanced fault tolerance. Because of these benefits, they are very appealing
for high-power applications where compactness, efficiency, and resilience are crucial. The increasing needs
of contemporary electrical systems have necessitated improvements in multiphase power electronics’ design,
control schemes, and integration.

The creation of more effective topologies is one of the major developments in multiphase converters.
Despite their widespread use, traditional three-phase converters can have substantial harmonic distortion and
decreased efficiency at high power levels. Higher efficiency and better power quality are the outcomes of
multiphase converters, especially those built on five- or six-phase topologies, which provide a more balanced
load distribution and lower THD. In order to capitalize on these advantages, researchers have concentrated
on creating novel converter topologies, such as hybrid converters, modular multilevel converters (MMC),
and multilevel converters. These topologies make better use of the available voltage levels, which lowers the
converter’s size and cost while increasing its overall performance and efficiency. For example, scalability is
made possible by the use of modular converters, which is especially helpful in applications where the converter
must manage different power levels, such as renewable energy generation [19].

Control strategies for multiphase converters have also seen significant advancements. One major develop-
ment is the implementation of more sophisticated modulation techniques, such as SVM, which can effectively
control the output voltage and current waveforms in multiphase systems. SVM has become the preferred tech-
nique for multiphase converters due to its ability to reduce harmonic distortion, improve efficiency, and provide
better dynamic response. Researchers have developed various SVM approaches tailored to multiphase systems,
including optimized algorithms for multi-level and multi-phase converters that help minimize switching losses
and improve the overall performance of the converter [20]. Additionally, predictive control methods, such as
MPC, are gaining popularity in multiphase converter applications. MPC allows for better regulation of output
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voltage and current, especially under varying load conditions, by predicting future states of the system and
adjusting control inputs accordingly [21].

Research on the fault tolerance and dependability of multiphase converters has also been ongoing. The
capacity of multiphase systems to function even in the face of faults, including open-phase failures, is one of its
intrinsic advantages. The goal of recent research has been to create fault-tolerant control schemes that allow
multiphase converters to function in deteriorated environments without suffering appreciable performance
losses. To increase the dependability of multiphase converters in industrial and automotive applications,
for instance, phase reconfiguration techniques have been developed, in which the converter dynamically
reconfigures its operation to avoid problematic phases [22]. These methods not only increase the converter’s
fault tolerance but also help systems last longer and require less maintenance.

Integrating power electronics with digital control systems is another significant advancement in multiphase
converter technology. More accurate and real-time management of multiphase converters is now possible
thanks to the growing availability of high-performance DSPs and FPGAs. These digital platforms make it
possible to apply sophisticated algorithms that enhance the overall robustness and performance of multiphase
converters, such as adaptive control and fault detection. Additionally, multiphase converter designs are more
flexible and scalable due to the ease with which digital control systems can adapt sophisticated modulation
methods [23]. Better integration with renewable energy systems, where the converter must manage fluctuating
power input and output conditions, is also made possible by the combination of multiphase converter topologies
and improved digital control. An ideal pulse pattern PWM was suggested in [24] for a high-capacity nine-phase
VSI powering a nine-phase induction motor (which has a single three-phase winding on the rotor and three
sets of independent three-phase windings on the stator). The current control loop was removed from the
inverter’s control system. A new setup was introduced, incorporating nine low-rating (20%) of the motor
capacity) single-phase reactors. The reactor turns ratio was chosen to be 1:2 sin(𝜋/18):1 to eliminate lower
order harmonics (5th, 7th, 11th, and 13th) from the inverter/motor phase voltages and currents and to balance
fundamental currents during unbalances. To remove even harmonics from the current/voltage waveform, an
optimal pulse pattern based on the Lagrangian multiplier method was developed. The proposed optimal pulse
pattern PWM technique was compared to the ramp comparison PWM and demonstrated a significant reduction
in harmonic amplitude. Additionally, the new configuration significantly reduces the electromagnetic noise of
the motor.

Looking forward, the future of multiphase converters lies in continued advancements in converter topologies,
control strategies, and fault tolerance methods. As the demand for more efficient and reliable power conversion
systems grows, research will likely focus on optimizing multiphase converters for even higher power levels,
greater scalability, and better integration with emerging technologies, such as electric grid systems and
distributed energy resources. Additionally, the development of more compact, cost-effective components and
the integration of advanced digital control methods will continue to push the boundaries of what multiphase
converters can achieve in both commercial and industrial applications.

2.4 Recent Developments in Multiphase Controllers
Direct torque control stands as a highly effective technique for achieving superior performance in motor
drive regulation and is widely recognized across industries for controlling three-phase induction motors. DTC
operates fundamentally on instantaneous space vector theory, harnessing the non-ideal characteristics of
inverters to provide exceptional dynamic control. The idea of DTC was recently modified for five-phase
induction motor control in [25], and a comparison of three-phase and five-phase DTC systems was provided.
To implement the control architecture, a 32-bit floating-point TMS320C32 DSP was used. A five-phase inverter
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has 32 potential voltage space vectors, allowing for more flexible control than a three-phase inverter, which
can only use up to eight in motor applications. In comparison to three-phase induction systems, the use of a
five-phase drive system resulted in improved performance with the induction motor, offering more accurate
and quick control over flux and torque as well as noticeably less torque and flux ripple.

In addition to these advancements, multiphase converters are being increasingly used in renewable energy
and electric vehicle systems, where dependability and efficiency are crucial. Multiphase converters are utilized
in the propulsion systems of electric vehicles to regulate the power supply to the electric motor, resulting in
improved performance and a longer lifespan. Multiphase converters are used in renewable energy systems, such
wind and solar power, to effectively transform power from variable sources into usable electricity, guaranteeing
increased system efficiency and reduced losses. Multiphase converters are perfect for these energy-intensive
applications because of their versatility to various power levels and capacity to lessen component stress under
high load situations [26].

The use of multiphase inverters was first reported by [27] in a variable-speed five-phase inductionmotor drive
application. It utilized a forced commutated thyristor-based inverter in ten-step operating mode. The torque
ripple decreased to one third compared to the equivalent three-phase case and was at an increased frequency.
However, the machine current contained a strong third-harmonic component, which generated additional
losses. To avoid these losses and obtain fast current control, several PWM techniques have been developed
for multiphase VSIs, such as those reported in [28]. A novel SVPWM algorithm for multilevel multiphase
voltage source converters is presented by [29]. This algorithm is the result of the two main contributions
of this paper: the demonstration that a multilevel multiphase modulator can be realized from a two-level
multiphase modulator, and the development of a new two-level multiphase SVPWM algorithm. It also has low
computational complexity, and it is suitable for hardware implementations. A complete mathematical model
of a five-phase VSI, based on space vector representation, was developed by [30]. The inverter operation in
ten-step mode and PWM mode was discussed. The hysteresis-type PWM current regulation was used for the
drive under rotor flux-oriented indirect vector control conditions. An SVPWM was proposed by [31] for a
five-phase VSI control in conjunction with induction motor drives. The same strategy was employed by [32]
in a five-phase synchronous reluctance motor drive.[33] employed the SVPWM technique in a split-phase
induction motor drive fed by a six-phase VSI.

Vector control and direct torque control of a five-phase induction motor with concentrated full-pitch winding
was also developed and implemented again using 32 bit floating point DSP TMS320C32 in [25]. The proposed
vector controller uses fundamental current in conjunction with 15 third harmonic stator current injection to
provide quasi-rectangular current, which yields a rectangular air gap flux in the concentrated winding induction
motor. It was shown that this approach enhances the torque output by 11.2% under dynamic conditions and
by 10 during the steady state operation, compared to the case when only fundamental current is fed to the
machine. The DTC provides high performance in terms of smaller current, flux, and torque ripples due to a
large number of space vectors for controlling the machine. Further, zero switching vectors are not needed
to implement space vector modulation for five-phase PWM inverter for DTC, and thus, the wear and tear of
motor bearing can be avoided. In [32], a vector control method utilizing space vector PWM was developed for
a five-phase synchronous reluctance motor drive. This drive’s control system was also realized using a 32-bit
floating point DSP TMS320C32.

MPC for multiphase electric drives has garnered more attention in recent years because of its many benefits
for managing non-linearity in power systems and attaining quick dynamic response. MPC is a control approach
that anticipates and responds to changes in system circumstances more effectively than traditional controllers
because it solves an optimization problem at each sample time to forecast the future behavior of the system.
The intricacies of multiphase converters, which are frequently exposed to fluctuating load circumstances,
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suboptimal components, and dynamic disturbances, benefit greatly from this predictive capabilities. MPC has
proven to be a successful strategy in the context of renewable energy systems, where electricity output from
sources like solar and wind is erratic and intermittent. Through improved voltage management, smoother
power conversion, and increased overall efficiency, it can maximize the performance of multiphase converters.
As explained in [34], MPC’s capacity to handle these difficulties makes it a viable option for enhancing the
control and stability of multiphase converters in renewable energy applications, where accuracy and flexibility
are essential for preserving grid reliability and optimizing energy efficiency.

2.5 Recent Developments in VPPIMs
Recent advancements in VPPIMs have drawn a lot of interest because of their potential benefits in a number
of applications, most notably in enhancing electric drive performance, flexibility, and efficiency. An electric
motor type known as a variable phase-pole induction machine has a distinct advantage over conventional
fixed-pole machines in that its number of poles may be dynamically changed while it is operating. These
machines are appropriate for applications where efficiency, adaptability, and performance are critical, such as
electric vehicles, renewable energy systems, and industrial machinery, because of their capacity to adjust the
number of poles, which enables a wider variety of operating speeds and torque capacities.

The difficulty of simulating and managing the behavior of the machines under varying operating settings
is one of the main obstacles in the development of VPPIMs. Induction machines are often modeled using a
set number of poles, and their steady-state performance is examined. However, the electrical and mechanical
properties of the machine, including inductance, back EMF, and torque generation, get more complicated in
VPPIMs as the pole number varies dynamically. The development of precise mathematical models that can
forecast these devices’ performance under various pole configurations has been the focus of recent studies.
These models usually include dynamic simulations that consider the interactions between the stator and rotor
as the number of poles changes, as well as a complete examination of the electromagnetic field [35]. To increase
the precision and effectiveness of these simulations, sophisticated methods like FEA and multiphase modeling
are being utilized more and more.

The control strategies for VPPIMs have been another important area of development. Constant-frequency
control, which is best suited for a fixed pole arrangement, is used in conventional induction devices. VPPIMs,
on the other hand, call for more complex control methods that can adapt to variations in the number of
poles while preserving peak performance throughout a broad range of operating speeds. Sensorless control,
MPC, and adaptive control approaches—which enable real-time modifications to the machine’s operational
parameters—have been the main focus of recent developments in control strategies for VPPIMs. These methods
ensure that the machine operates efficiently even when the pole number is dynamically changed, minimizing
losses and maximizing torque output at various speeds. In particular, sensorless control strategies, which do
not require direct measurement of rotor position or speed, are a promising development that can reduce system
complexity and cost in practical applications [36].

From a design perspective, VPPIMs present unique challenges. The mechanical design of the rotor and
stator must accommodate the ability to change the number of poles without sacrificing structural integrity
or efficiency. Researchers have explored innovative rotor topologies and stator winding configurations that
enable seamless transitions between different pole numbers while maintaining good performance and reducing
the risk of mechanical failure. In addition, advancements in materials, such as the use of high-performance
magnetic materials, have contributed to improving the overall efficiency and torque density of VPPIMs [37].
These design improvements, coupled with enhanced cooling systems, help in managing the thermal challenges
that arise from the increased complexity of variable pole operations.
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Applications for VPPIMs include renewable energy systems like wind turbines and electric vehicles (EVs)
that need variable speed drives. VPPIMs give EVs the adaptability to effectively change operating speeds, which
enhances overall energy efficiency and lessens component wear. The ability to change the pole number in
wind energy systems optimizes power generation and lessens mechanical stress on the system by enabling
the machine to function more effectively throughout a variety of wind speeds. VPPIMs’ capacity to adapt to
various operating situations also makes them ideal for industrial settings where exact speed and torque control
is essential for energy conservation and process optimization.

Future developments for VPPIMs are probably going to require more improvement in mechanical designs,
control schemes, and modeling methodologies. Integrating VPPIMs with cutting-edge power electronics, such
solid-state transformers and sophisticated inverters, to allow for more adaptable and effective operation, is
one exciting field of study. Furthermore, the performance of VPPIMs in a variety of applications could be
further improved by the creation of machine learning algorithms for real-time machine parameter optimization,
making them even more adaptable and efficient in satisfying the needs of contemporary energy systems [8].

After identifying the variables that affect pole phase changing, this research created a thorough framework to
help designers examine how multiphase drive pole phase change affects controller performance. [38] described
pole-changing winding with close ratio and 1:N ratio utilizing the 3//Y / 3//y approach, and [39] provided a
thorough description of the design, modeling, and control for pole-phase modulation induction motors. [40]
used a multi-harmonic technique to analyze a phase-pole variable induction machine. Discrete DFT will be
used to interpret the Clarke transform as a space, making it easier to distinguish between vector and harmonic
spaces. For every phase-pole arrangement, the same amount of harmonic spaces will be produced using this
interpretation. The obtained transform will then be used to convert the WICSC machine parameters into the
𝛼𝛽0 and 𝑑𝑞0 reference planes.

[41] has discussed finite element and experimental studies of an electronic pole-change drive. An induction
motor drive with a wide speed range that uses electronic pole change has been studied and examined. [42]
examines modular multiphase drives for variable pole induction machines in electric vehicles. Electric vehicles
require high-power drivetrains that are reliable, efficient, and small. Significant results show that, in comparison
to fixed-pole machines, variable-pole induction machines (IM) provide a feasible magnet-free solution with
notable benefits, including a wider speed range and improved performance under all load circumstances. [43]
investigates the viability of rearranging multiphase machine windings for all-electric cars. The objectives are
to increase the machine’s constant torque area, prevent torque pulsations related to gear shifts, postpone the
onset of field weakening, and reduce the dangers connected with it. Measurement data from a test setup using
a six-phase machine is used to develop and validate the reconfiguration approach.

In [44], a dynamic pole-phase modulation induction machine model has been examined. The model and the
paper’s conclusions explain machines with any number of electrical inputs and combinations of pole counts.
For each number of poles, decoupled energy conversion subspaces are constructed using the degrees of freedom
available in multiphase vector space decomposition. This makes it possible to use traditional control methods.
Results from simulations that use field-oriented control approaches to show a smooth 2-pole/6-pole transition
are shown.

PAM’s approach in [45] tackles the problem of extending the speed range without increasing the size of high-
speed induction motors. In the article, a possible nine-phase six-terminal induction motor having a distributed
wind fractional slot concentrated winding schema. This configuration makes electronic pole-changing with a
2:1 pole ratio, achieving equal magnetizing current for both winding pole sets. The machine has shown through
simulations and experiments constant power operation over a speed range surpassing 4 per unit.
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2.6 Recent Developments in Multiphase Machine
Parameter Estimation Methods

Since they are essential to improving the performance and dependability of multiphase machines, recent
advancements in parameter estimation approaches have attracted a lot of interest. Accurate estimation
of machine characteristics is crucial for optimal machine design, control, and diagnostics, as multiphase
machines such as five-phase and six-phase systems are utilized more frequently in applications requiring
high power, efficiency, and fault tolerance. Greater fault-tolerant capabilities, increased energy economy, and
greater machine control are all made possible by accurate parameter estimates. Machine variability, operating
conditions, and the complexity of multiphase designs make traditional parameter estimation techniques like
direct measurements or depending on manufacturer data often inadequate. Newer methods have therefore
been created to get around these restrictions.

System identification methods, which model the machine’s dynamic behavior and compare it to observed
data to extract the machine parameters, are one of the most well-known modern approaches to parameter
estimation. These strategies fall into two categories: offline and online. Through controlled experimental
data, offline methods determine machine characteristics that may be utilized for analysis and simulation.
However, offline approaches frequently overlook real-time operational conditions. Online system identification
techniques have been created to get around this, enabling real-time estimation of parameters, including mutual
coupling between phases, resistance, and inductance. Online techniques use real-time machine data, which
increases their flexibility in response to changing operating conditions and yields more precise findings for
control purposes [46], [47].

Combining AI and ML approaches is another important development in parameter estimation for multiphase
machines. The use of machine learning methods, such as support vector machines, neural networks, and
evolutionary algorithms, to estimate parameters from massive datasets has grown in popularity. Because multi-
phase systems are complicated and nonlinear, these techniques are especially useful when more conventional
approaches cannot produce reliable estimates. For example, the link between the input voltages, currents, and
mechanical outputs of multiphase machines has been modeled using neural networks. Then, under various
operating situations, these models can be utilized to estimate machine parameters like resistance and inductance
[48]. Furthermore, by decreasing the error between anticipated and measured values, genetic algorithms have
been utilized to optimize parameter estimation, providing a reliable solution to multivariate problems.

Notable developments have also been made in applying optimization methods for parameter estimation.
Techniques such as PSO, Kalman filtering, and least-squares estimation have been used to improve parameter
estimation in multiphase machines. For instance, Kalman filtering has been used to monitor real-time machine
parameter changes while accounting for measurement noise and uncertainty. This is especially helpful for
multiphase machines, whose characteristics may fluctuate due to different operating conditions and failures.
By mimicking the behavior of particles in a swarm, PSO, on the other hand, has been used to determine the
ideal parameter values. Iteratively, it finds the best answer. PSO works especially well for complex multiphase
machine problems, including high-dimensional parameter estimates [49].

Furthermore, the necessity for hybrid approaches that incorporate several estimating techniques has arisen
due to the growing complexity of multiphase machines. These hybrid techniques seek to increase accuracy and
resilience by utilizing the advantages of different methodologies. For example, more precise and trustworthy
parameter estimates can be obtained by integrating machine learning or optimization methods with system
identification. Studies have demonstrated that hybrid approaches, including fusing neural networks with
particle swarm optimization, can significantly enhance the efficiency of parameter estimation algorithms in
multiphase machines, resulting in improved fault detection and control [50].
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In fault diagnosis and fault-tolerant control, the significance of precise parameter estimation is especially
noticeable. In multiphase machines, defects like insulation deterioration or winding short circuits can alter
parameters like resistance and inductance. To guarantee the ongoing and dependable operation of these devices,
early and precise problem detection is essential. By comparing the estimated parameters with nominal values
and discovering any discrepancies that might point to possible problems, parameter estimating algorithms have
beenmodified to detect these defects. The increasing usage of multiphasemachines in safety-critical applications
such as electric vehicles, industrial automation, and aerospace has been facilitated by these advancements in
fault detection and diagnosis [51].

The identification of parameters for distributedmultiphasewinding inductionmachines has been documented
in two volumes by [52]. This study suggests straightforward offline techniques to estimate the stator resistance
and stator leakage inductance of multiphase IMswith distributedwindings under different conditions, leveraging
the degrees of freedom provided by the non-flux/non-torque producing current components. In the initial
paper, once these parameters are identified, the rotor parameters can be easily derived by combining them
with the total values obtained from locked-rotor tests. This process allows the simple differentiation of the
stator and rotor parameters, which is notoriously challenging in three-phase IMs, where the equality of leakage
inductances and a constant stator resistance are typically presumed.

Thus, the magnetizing inductance can be more precisely evaluated from no-load tests, as this avoids the
estimation error that would occur if both leakage inductances were assumed to be the same. The proposed
methods are experimentally validated on two different five-phase induction motors. The second paper details
and applies a procedure to estimate the parameters of a five-phase induction machine, which can also be
extended to other multiphase machines with a higher number of phases. The method relies on standstill
time-domain tests and recursive least-squares algorithms. Experimental results demonstrate the identification
method developed by tests on two different five-phase induction machines. The results are correlated with
parameters obtained in Part 1 of this paper, where the electrical parameters of the same two five-phase inverter-
fed induction motors were identified using different procedures based on the sinusoidal excitation of the
machine.

Reference [53] presents a detailed analysis of methodologies for estimating the parameters of RFO induction
motors. The paper includes experimental and simulation examples to illustrate different parameter estimation
techniques.

2.7 Recent Developments in Sensorless Drives
Recent developments in multiphase sensorless drives have sparked significant interest due to their ability
to enhance the performance, reliability, and cost-effectiveness of electric drives, particularly in high-power
applications such as electric vehicles (EVs), industrial automation, and renewable energy systems. Position
and speed sensors are frequently used in conventional drive systems to supply feedback for motor control.
However, using sensors adds complexity, expense, and reliability problems, particularly in severe situations.
A possible way to get around these issues while preserving high performance and fault tolerance is to use
sensorless control approaches for multiphase machines, such as five-phase and six-phase systems.

Creating more precise rotor position and speed estimate techniques is one of the significant developments
in multiphase sensorless drive technology. Because multiphase machines have intricate electromagnetic
interactions, it can be challenging to estimate rotor position and speed without physical sensors. Conventional
approaches to sensorless control have been widely employed, including model-based observers and back
EMF-based systems. Nevertheless, these methods frequently suffer from transitory circumstances, noise, and
parameter fluctuations. To improve the robustness and accuracy of rotor position and speed estimates in
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multiphase systems, recent research has concentrated on utilizing sophisticated filtering techniques, such as
Kalman filters and sliding mode observers [54]. More accurate control in dynamic and fault-prone contexts is
made possible by these filters, which lessen the impacts of measurement noise and parameter uncertainties.

Incorporating cutting-edge ML and AI approaches is another noteworthy advancement in multiphase
sensorless drives. By understanding the fundamental dynamics of the multiphase machine, machine learning
algorithms—in particular, deep learning and neural networks—have demonstrated promise in raising the
accuracy of sensorless control. These methods can simulate intricate, nonlinear interactions betweenmechanical
and electrical variables that are hard to capture with conventional control techniques. To estimate rotor position
and speed in real time, for example, researchers have used DNNs. This has increased performance in situations
when traditional estimating techniques are not as effective, including when operating at low speeds or when
there is a lot of noise [55]. AI-based methods are ideal for complicated multiphase sensorless drives because
they provide several benefits, including fault tolerance, adaptability to changing operating conditions, and the
capacity to learn from past data.

To enhance sensorless operation in multiphase machines, model-based approaches have been developed
alongsidemachine learning. Advanced observers like the Luenberger observer and extended Kalman filters (EKF)
have been investigated to improve rotor position and speed estimation under dynamic operating conditions.
These observers use multiphase machine models and update their estimates regularly using stator voltage
and current measurements. The creation of adaptive observers—which react in real time to shifting machine
parameters like resistance and inductance that are impacted by load and temperature—has been the focus
of recent study. The sensorless drive system is guaranteed to stay dependable and efficient under various
operating situations thanks to these adaptive mechanisms [56].

Multiphase sensorless drives must also include fault detection and tolerance, especially in applications
where safety is a top priority. Sensorless control techniques can be modified to improve fault detection and
recovery tactics, and multiphase systems, by nature, have greater fault tolerance than conventional three-
phase systems. To identify problems like phase failures, short circuits, and open circuits, researchers have
created sophisticated fault detection algorithms that rely on estimating machine parameters and analyzing the
electrical behavior of the machine. When paired with sensorless control strategies, these approaches can assist
guarantee uninterrupted operation even when malfunctions occur. One significant development that enhances
the robustness and dependability of multiphase sensorless drives in industrial and automotive applications is the
capacity to identify and correct errors without needing external sensors. Furthermore, multiphase sensorless
drives can now be used in real-time applications thanks to advancements in hardware and computational
methods. Complex algorithms necessary for sensorless control may now be executed more quickly due to the
growing processing capacity of DSPs and FPGAs. Because of this, sensorless drives are now more feasible for
high-performance applications where quick reaction times are crucial. Additionally, by facilitating smoother
and more effective operation of multiphase machines, developments in power electronics, such as creating
more compact and efficient inverters, have supported the expansion of sensorless drive systems [57], [58].

There are virtually no studies on sensorless-based speed control for VPPIMs. However, standard model-
based sensorless techniques might be extended to the VPPIM scenario with appropriate changes, based on
the modeling and control methodology presented in [5]. VPPIMs’ most notable technical feature concerns
their MMF distribution relative to their traditional three-phase equivalents. The MMF can assume extremely
particular characteristics with specified space harmonic content because VPPIMs are multiphase. This then
translates into the potential for producing torque with various chosen space harmonics, or, to put it another
way, producing torque with various pole pair numbers. Using the HPD theory to simulate the variable pole
machine’s air gap MMF, non-sinusoidal current, voltage, and air-gap flux linkage waveforms can be produced
using harmonic injection techniques.
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The need for sensorless algorithms for VPPIMs may be addressed by MRAS, Luenberger observers, EKFs,
or other methods used for three-phase and multi-phase machines, as the HPD theory is an extension of the
VSD used to control multiphase machines [59]–[63]. Although EKFs have a high computational cost, they
are well known for producing highly accurate estimates of state variables in noisy environments. To reduce
the discrepancy between, say, the estimated and actual rotor flow, the adaptive type observer modifies the
parameters in real time. Because of this, it is a helpful tool for regulating and estimating the motor’s speed
and torque. The MRAS algorithm’s adaptability guarantees that the estimation is accurate even in the face of
shifting circumstances, including alterations in load and temperature cite1360072. However, how the rotor flux
and speed estimation function while a VPPIM alters the number of magnetic poles is crucial to its application
for VPPIMs.

2.8 Identification of the knowledge gap
According to the literature assessment, the challenges of calculating parameters and controlling the speed of
these machines without using sensors are not sufficiently addressed by current research. This deficiency can
result from the complex nature of VPPIMs, where precise estimation of the parameters and operating speed of
the induction machine is essential for maximum efficacy, and an overall general lack of a universal modelling
approach for VPPIMs. Existing approaches either fall short or require large sensor-dependent systems.

The study suggests the adoption of an HPD technique to get around this. Without requiring direct readings
from physical sensors, this innovative method of modeling VPPIMs enables the extraction of essential charac-
teristics and speed control. By separating and analyzing the machine’s harmonic components, the HPD method
dramatically improves the accuracy of speed control and parameter estimation, enabling the achievement
of comparable or even higher performance levels than conventional, sensor-based methods. Since current
methods are not as precise or effective in addressing the intricacies of VPPIMs in sensorless situations, it
would be difficult, if not impossible, to achieve the same level of performance without using the HPD method.
Accordingly, the paper contends that implementing HPD results in substantial scientific progress, bridging the
knowledge gap and offering a fresh approach to the study and use of VPPIMs across various industries. By
providing a novel technique (HPD) to produce a more efficient, sensorless approach to parameter estimation and
speed control, the research essentially underlines the significance of the study in advancing the state-of-the-art
in VPPIMs, marking a significant advancement in the field.





3 Modeling of the VPPIM

This chapter describes the determination of electric motor finite element-based modeling for variable phase-pole
induction machines, serving as a general introduction of this thesis. This section is based on paper III.

3.1 Background
In the transportation industry, electric vehicles are being considered as a potential solution to reduce CO2

emissions. Despite the enormous efforts toward fulfilling the stringent torque-speed and energy efficiency
requirements of the propulsive units with synchronous machines, it seems that induction machines are still
attracting some interest because of their rugged, affordable, and magnet-free construction [37].

The so-called VPPIMs represent a particular development in this field. The VPPIMs are essentially multiphase
machines capable of changing the number of magnetic poles during real-time operation. In contrast to a
conventional three-phase machine, this capability enables a larger torque-speed envelope that suits typical
electromobility requirements [44], [64], [65]. Within VPPIMs, the literature presents essentially two design
philosophies. On the one hand, there is the ISCAD [65], which uses a stator cage where each stator bar is
individually supplied with a power electronics module. This approach brings high current and low voltage
demands on the stator side, which might contrast with the increasing voltage levels in traction systems.

The other VPPIM option is constructing the stator using toroidal coils, each multi-turn coil wound around a
single slot [44], [66], [67]. This approach allows for lower currents and higher voltages, potentially matching
the voltage levels of the rest of the electrical system. There are also possible modifications of the single-slot
toroidal coil approach, where multiple slots are wound together in a multi-turn coil. In this case, the stator
winding manufacturing is simplified, although the VPPIM loses some phase-pole reconfigurability.

There are positive indicators that interest in VPPIMs is expanding. References [68], [69], suggest that
variable phase-pole drives offer a less expensive, robust alternative capable of handling high overloads. VPPIMs
have a torque density that is greater than that of conventional three-phase induction machines. Moreover,
they are potentially equally torque-dense and more efficient than interior permanent magnet synchronous
machines designed for electric traction applications if one considers a specific high-speed and low-torque
operating point related to highway cruising speed [41], [70]. In electrical machinery, the primary focus is on
the electromagnetic fields that dictate their functionality. As a result, the foundation lies in Maxwell’s equations
(3.1), (3.2), (3.3) and (3.4), a quartet of coupled partial differential equations that integrate the principles of
electricity and magnetism in low-frequency approximation.

∇ · 𝐷 = 𝜌 (3.1)

∇ · 𝐵 = 0 (3.2)

∇ × 𝐸 = − 𝜕𝐵
𝜕𝑡

(3.3)

∇ × 𝐻 = 𝐽 + 𝜕𝐷

𝜕𝑡
≈ 𝐽 (3.4)
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Table 3.1: geometrical data and material properties of the VPPIM.

Parameters Symbol Value Unit
Number of stator slots 𝑄𝑠 36 −
Number of rotor bars 𝑄𝑟 26 −
Number of turns 𝑛𝑠 52 −
Air-gap 𝛿 0.3 mm
Axial Length 𝐿𝑎 135 mm
Stator radius 𝑟𝑠,𝑖𝑛 75.1 mm
Rotor radius 𝑟𝑟 74.25 mm
Shaft radius 𝑟𝑠ℎ𝑎𝑓 𝑡 18.3 mm
Description Material 𝜇𝑟 𝜎 [𝑆𝑚−1]
Stator lamination Iron 1𝑥104 0
Stator slot coil Copper 1 48𝑥106

Stator slot wedge Air 1 0
Air-gap Air 1 0
Rotor lamination Iron 1𝑥104 0
Rotor bar Aluminum 1 26𝑥106

Shaft Steel 1 0

3.2 FEA Model of the VPPIM
VPPIMs are, in principle, induction machines with a couple of important modifications. When the single slots
(or groups of slots) are wound independently, they allow the freedom to choose currents with amplitudes and
phases resembling different phase-pole configurations. This phase-pole modulation capability resembles (but
does not fully substitute) a multi-stage transmission drive. Moreover, they are inherently fault-tolerant values
[66], [71]. The main drawback of VPPIMs is the potential complexity of the stator design and its supply, which
needs to be a multiphase system with a centralized controller.

The VPPIM machine’s 3D model, showing the squirrel cage rotor, the shaft, the internal stator coils, which
are the path for the torque-producing currents, and the external stator coils, which serve as the returning
current path, is illustrated in Figure 3.1 (a). The domain discretization (triangular mesh) and geometrical FEA
model of the VPPIM is also illustrated in Figure 3.1 (b). Additionally, in Table 3.1, the geometrical parameters

(a) The VPPIM (b) Geometry and mesh

Figure 3.1: 3D-CAD and FEA VPPIM design.

and defined materials for the analyzed VPPIM are illustrated. Once the prototype FE model has been developed,
the subsequent action involves simulating the model, as depicted in the flowchart in Figure 3.2, followed by a
verification of the results utilizing data from the data plate.
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Start

Pre-processing (Geometry, Material, Boundary Conditions)

Meshing

Solving the System of Equations

Post-processing (Results Analysis)

End

Figure 3.2: Flow chart of the Finite Element Method (FEM) process in COMSOL software.

3.2.1 Performance Analysis of the VPPIM
The design of an electrical machine is based on knowledge of the machine’s magnetic field, which is used
to compute the developed electromagnetic torque. However, solving the field equations is exceedingly time-
consuming due to the complex shapes of electrical machines and the nonlinearity caused by the saturation of
the iron core [64].

Squirrel-cage or wound-rotor induction motors supplied by sine-wave voltages have typically been the
subject of conventional calculation techniques. However, these techniques are not capable of adequately
analyzing motors with a unique geometry, such as VPPIM. The finite element method is effective when dealing
with the complex geometry of the electrical machine [37]. Finite element methods are used to analyze the
transient operation (locked-rotor) operation as well as the steady-state operation close to the synchronous
speed. As creating real-scale prototypes is expensive and time-consuming, reliable calculations are required to
ascertain whether the design is viable [72].

In the subsequent subsections, the VPPIM’s performance, the developed electromagnetic torque, and the
magnetic flux density distribution are analyzed in two different finite element-based techniques.

3.2.2 Computing torque using the Maxwell stress tensor method
The results of finite element analysis are typically used to determine the torque using the Maxwell stress tensor
technique. In this method, the torque is determined by integrating the air-gap flux density in several contours
that surround the rotor. In [73], the relation between electromagnetic torque based on Maxwell’s stress tensor
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and the MMF, is related as:

𝑇𝑒 =
𝐿𝑎𝜇0𝑟

2
𝑠,𝑖𝑛

𝛿

∫ 2𝜋

0
𝑆𝑠,1 (𝐹𝑠,1 + 𝐹𝑟,1)𝑑𝜑 (3.5)

In the air-gap, the magnetic flux density’s radial component is also defined as:

𝐵𝑟 =
𝜇0 (𝐹𝑠,1 + 𝐹𝑟,1)

𝛿
(3.6)

Following that, the line integral of the magnetic field intensity, 𝐻 is evaluated along the circular path, 𝐶 as:∮
𝐶

𝐻.𝑑𝑙 = 𝐻𝜑𝑟𝑠,𝑖𝑛𝑑𝜑 (3.7)

Since the stator current is represented as an (infinitely thin) current sheet located at the radius 𝑟 = 𝑟𝑠,𝑖𝑛 , and
integrating the current density over the surface, 𝑆 , which is enclosed by the curve, 𝐶 , along the circumference
of the air-gap yields: ∫

𝑆

𝐽 .𝑑𝑆 =
𝜕𝐹𝑠,1
𝜕𝜑

(3.8)

From the definition of Ampere’s law, the magnetic field intensity is also obtained as:

𝐻𝜑 =
1
𝑟𝑠,𝑖𝑛

𝜕𝐹𝑠,1
𝜕𝜑

= 𝑆𝑠,1 (3.9)

Now, since 𝐵𝜑 = 𝜇0𝐻𝜑 , then the stator linear current density, 𝑆𝑠,1 can be equivalently expressed as:

𝑆𝑠,1 =
𝐵𝜑

𝜇0
(3.10)

As a result, a linear current density at the stator’s inner radius corresponds to the flux density’s tangential
component in the air gap. By inserting (3.6) and (3.10) into (3.5), the electromagnetic torque can be calculated
as:

𝑇𝑒 =
𝐿𝑎𝑟

2
𝑠,𝑖𝑛

𝜇0

∫ 2𝜋

0
𝐵𝑟𝐵𝜑𝑑𝜑 (3.11)

Different electrical machine characteristics, such as electromagnetic torque and magnetic flux density, are
computed in a time-stepping and a time-harmonic analysis using FEA. The analysis then offers the model’s
dynamic and steady-state numerical solutions. The physics studies, in the subsequent subsections, discuss the
above mentioned solutions approach.

3.2.2.1 Time-stepping study

The magnetic field of the induction machine is solved by using a time-stepping method, in which the rotor
is rotated by an angle equivalent to the angular velocity of the rotor at each time step. The calculation of
the magnetic field is a 3-dimensional problem by nature, but if effects like the skew of the rotor slots and
end-winding fields are taken into consideration, it can be accurately expressed in a 2-dimensional model [72].

The axial effects are frequently neglected in a two-dimensional problem. When computing a fast-moving
rotor, a small step length should be utilized. This results in long computation times [71]. To start with finding a
numerical solution, the magnetic vector potential is introduced as:

𝐵 = ∇ ×𝐴 (3.12)
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Using Ampere’s law formulation and inserting (3.12) into it results in:

∇ × (∇ ×𝐴) ≈ 𝜇𝐽 (3.13)

The current density resulting from a time-varying charge distribution and an additional voltage is then further
expressed:

∇2𝐴

𝜇
− 𝜎 𝜕𝐴

𝜕𝑡
= −𝐽𝑧 + 𝜎∇𝑉𝑝𝑜𝑡 (3.14)

For the rotor slots, which are short-circuited on each axial end, 𝑉𝑝𝑜𝑡 = 0 holds. Hence, the reduced electric
scalar potential only contains 𝑧 component, and is described as follows:

∇𝑉𝑝𝑜𝑡 =
𝜕𝑉𝑝𝑜𝑡

𝜕𝑥
𝑥 +

𝜕𝑉𝑝𝑜𝑡

𝜕𝑦
𝑦 +

𝜕𝑉𝑝𝑜𝑡

𝜕𝑧
𝑧 =

𝜕𝑉𝑝𝑜𝑡

𝜕𝑧
𝑧 (3.15)

With the above assumptions, the equation has been re-expressed as:

∇2𝐴𝑧
𝜇

− 𝜎 𝜕𝐴𝑧
𝜕𝑡

= −𝐽𝑧 + 𝜎
𝜕𝑉𝑝𝑜𝑡

𝜕𝑧
(3.16)

Then the magnetic flux density 𝐵 is readily obtained from the magnetic vector potential as:

𝐵 = 𝐵𝑥𝑥 + 𝐵𝑦𝑦 = ∇ ×𝐴𝑧𝑧 =
𝜕𝐴𝑧

𝜕𝑦
𝑥 − 𝜕𝐴𝑧

𝜕𝑥
𝑦 (3.17)

The magnetic flux lines are, hence, useful for understanding how the flux is distributed in different parts of the
machine. Hence, the Maxwell stress tensor approach calculates the electromagnetic torque as follows from the
above-described equations:

𝑇𝑒 =
𝐶𝑠,𝑙𝑎𝑚𝐿𝑎

𝜇0

(𝑟𝑟 + 𝑟𝑠,𝑖𝑛
2

)2 ∫ 2𝜋

0
𝐵𝑟𝐵𝜑𝑑𝜑 (3.18)

3.2.2.2 Time-harmonic study

Induction machine steady-state operation can be predicted with the use of time-harmonic modeling. Time-
stepping is a more complex simulation because of the time dependence [73]. To circumvent the problem with
time dependence as expressed in (3.14), it can be assumed that all the field quantities are varying sinusoidally
with a single, fixed frequency 𝜔 . Thus, a 𝑗𝜔-phasor is introduced in the expression of the 𝑧-component of the
magnetic vector potential and current density elaborated as:

∇2𝐴𝑧
𝜇

− 𝑗𝜔𝜎𝐴𝑧 = −𝐽𝑧 (3.19)

Once a solution is found for the above equation, the magnetic vector potential is found as:

𝐴𝑧 = ℜ(𝐴𝑧𝑒 𝑗𝜔𝑡 ) = ℜ(𝐴𝑧)𝑐𝑜𝑠 (𝜔𝑡) − ℑ(𝐴𝑧)𝑠𝑖𝑛(𝜔𝑡) (3.20)

Hence, the flux density 𝐵 is calculated from the magnetic vector potential computation as:

𝐵 = 𝐵𝑥𝑥 + 𝐵𝑦𝑦 = ∇ ×𝐴𝑧𝑧 =
𝜕𝐴𝑧

𝜕𝑦
𝑥 − 𝜕𝐴𝑧

𝜕𝑥
𝑦 (3.21)
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The Maxwell stress tensor torque computation in the case of time-harmonic analysis is expressed as:

𝑇𝑒 =
𝐶𝑠,𝑙𝑎𝑚𝐿𝑎

2𝜇0

(𝑟𝑟 + 𝑟𝑠,𝑖𝑛
2

)2 ∫ 2𝜋

0
ℜ(𝐵𝑟𝐵𝜑 ∗)𝑑𝜑 (3.22)

Provided that, the integral should be evaluated in the middle of the air gap.

3.2.3 Computing torque using Arkkio’s method
An electrical machine’s design is based on knowledge about the machine’s magnetic field for calculating the
developed electromagnetic torque. Averaging a large number of various integration pathways is one strategy
to increase the precision of the stress tensor method. For this, the so-called Arkkio’s approach is frequently
applied. Instead of using a line integral, this approach uses a surface integral to calculate the torque. In a
numerical solution, Arkkio discovered that the effect of the integration path on the result can be as much as
50% from the average torque [72].

Therefore, volume consideration is applied to determine torque throughout the meshing process. Hence,
most of the numerical ripple will cancel out. It is an illustration of the weighted stress tensor technique and is
effective for cylinder-shaped air gaps [73]. As a result of this, Arkkio’s method can be used to calculate the
electromagnetic torque to improve the numerical inaccuracies further and is expressed as:

𝑇𝑒 =
𝐿𝑎

2𝜇0 (𝑟𝑠,𝑖𝑛 − 𝑟𝑟 )

∫
𝑆

ℜ(𝐵𝑟𝐵𝜑 ∗)𝑟𝑑𝑆 (3.23)

Then electromagnetic torque computation is performed in the time-dependent and time-harmonic simulation
using the COMSOL Multiphysics platform.

3.3 Simulation Results
Two different phase-pole configurations of the VPPIM are simulated to analyze the performance in the applica-
tion for electric traction. For simulation purposes, different COMSOL multi-physics interfaces are used. Namely,
the Rotating Machinery Magnetic interface (rmm), which models the electromagnetic field and rotation in the
time domain, the inputs are the currents from the stator coils and voltages across the rotor bars. This module
solves the magnetic vector potential in the 𝑧 direction, 𝐴𝑧 . Hence, the induced voltages across the coils, induced
currents in the bars, and axial torque on the rotor are achieved. Also, the electrical interface module is used to
examine the end winding impacts on the rotor model.

The time-harmonic and time-stepping studies are made to obtain the machine’s steady state and dynamic
performance, respectively, at the rated current of 4.89 [𝐴] peak for the 3-phase/4-pole and 3.45 [𝐴] peak for
the 6-phase/2-pole VPPIM. The results for the two machine configurations are discussed in the following
subsections.

3.3.1 Time-harmonic results for 3-phase/4-pole VPPIM
In Figure 3.3, the magnetic flux density of the VPPIM is depicted in time-harmonic simulation. The contour
lines represent the magnetic vector potential and the surface plot is the magnetic flux density. The result shows
that the magnetic flux density is higher close to the tooth of the stator slots and the rotor bars. The stator yoke
has a lower value as compared to the stator tooth, which has a peak value of approximately 2 [𝑇 ], and becomes
close to the saturation point at rated values.
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The time-harmonic result of the electromagnetic torque is also shown in Figure 3.4(a). Given the 2D nature
of the adopted motor model, it can be shown that the rated torque is predicted at the specified slip frequency.
The machine’s field-weakening mode of operation is studied as a result of this finding. A much sharper peak is
shown at a lower slip frequency value and the breakdown torque is limited by magnetic saturation. As a result
of failing to take into consideration the volume-wise computation of the Maxwell stress tensor method during
the mesh pre-processing procedure, which is less sensitive to meshing errors, the findings of this computation
are, nonetheless, a bit different from Arkkio’s method result. Additionally, Figure 3.4(b) illustrates the radial
direction magnetic field plot.

Figure 3.3:Magnetic flux density distribution: Time-harmonic study result for 3-phase/4-pole VPPIM.

(a) (b)

Figure 3.4: (a) Electromagnetic torque for the machine configurations in time-harmonic study: Time-
harmonic study result for 3-phase/4-pole VPPIM. (b) The spatial air-gap flux density along the middle
of the air-gap over 4 poles.

3.3.2 Time-stepping results for the 3-phase/4-pole VPPIM
Time-stepping simulation result of the magnetic flux distribution of the VPPIM is illustrated in Figure 3.5. The
figure shows the magnetic flux density peak value is around 2.5 [𝑇 ] at both the stator and rotor tooth and
showed less intense distribution at the stator and rotor yoke. Furthermore, the time-dependent simulations of
the VPPIM are important to predict non-steady-state operating conditions. The torque time-stepping simulation
result for the VPPIM with different torque calculation methods are shown in Figure 3.6. The result demonstrated
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Figure 3.5:Magnetic flux density distribution: time-stepping study results for 3-phase/4-pole VPPIM.

that the torque computed in the two finite-element methods has agreed well. At 2 seconds, a step change in the
load torque is applied. The motor gradually generates an equal amount of torque by sacrificing some speed.
The torque ripples during startup should be mitigated with the use of suitable controllers.

Figure 3.6: Electromagnetic torque for the machine configurations in time-stepping study: time-
stepping study result for 3-phase/4-pole VPPIM.

3.3.3 Time-harmonic results for the 6-phase/2-pole VPPIM
Time-harmonic simulation result of the magnetic flux distribution of the VPPIM is illustrated in Figure 3.7.
At the stator yoke, the magnetic flux density peaks at a value of around 2 [𝑇 ], near the stator tooth, it is less
intense. Because more magnetic flux lines are crossed at the stator’s yoke. As can be seen from the result, the
6-phase/2-pole VPPIM operates close to the saturation point at nominal values.

The simulated electromagnetic torque result for 6-phase/2-pole VPPIM is shown in Figure 3.8(a). The result
demonstrated good agreement between the torque computed by both torque methods of the FEA analysis. The
peak of the torque curve is substantially sharper, and the maximum torque is reached at a lower slip frequency.
From the result also, it can predict the rated torque at the rated slip frequency. These findings are also used to
examine the machine operation in the field weakening region. Furthermore, Figure 3.8(b) presents the magnetic
field plot oriented in the radial direction.
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Figure 3.7:Magnetic flux density distribution: Time-harmonic study result for 6-phase/2-pole VPPIM.

(a) (b)

Figure 3.8: (a) Electromagnetic torque for the machine configurations in time-harmonic study: The
time-harmonic study results for 6-phase/2-pole VPPIM. (b) The spatial air-gap flux density along the
middle of the air-gap over 2 poles.
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3.3.4 Time-stepping results for the 6-phase/2-pole VPPIM
Time-stepping simulation result of the magnetic flux distribution of the VPPIM is illustrated in Figure 3.9. The
magnetic flux density peak value is about 2 [𝑇 ], at the stator and rotor yoke and has less magnitude at the
tooth of the stator slots and rotor bars.

The electromagnetic torque time-stepping simulation results for the VPPIM are shown in Figure 3.10. The
result demonstrated the agreement between the two methods. In addition, the magnitude of the torque at the
rated speed is reduced when compared with the 3-phase/4-pole counterparts. Fewer torque ripples are also seen
during the start, highlighting the importance of the VPPIM’s multi-phase nature. Hence, the above-mentioned
merits lead to the application of traction being perfectly fitted.

Figure 3.9:Magnetic flux density distribution: time-stepping study results for 6-phase/2-pole VPPIM.

Figure 3.10: Electromagnetic torque for the machine configurations in time-stepping study: time-
stepping study result for 6-phase/2-pole VPPIM.

3.3.5 Torque-speed plot for the 3-phase/4-pole VPPIM
A time-stepping simulation at rated torque and rated speed for 3-phase/4- pole machine is depicted in Figure
3.11. At the rated torque of 10 [𝑁𝑚], the rated speed is approximately 1500 [𝑟𝑝𝑚]. The electromagnetic torque
exhibits an oscillatory behavior during the start-up and gradually reaches a peak value at around 1 𝑠 . The load
torque is changed stepwise at 2 𝑠 . By reducing speed slightly, the motor progressively produces an equivalent
amount of torque.
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Figure 3.11: Torque-speed plot for 3-phase/4-pole VPPIM at rated load.

3.3.6 Torque-speed plot for the 6-phase/2-pole VPPIM
A time-stepping simulation at rated torque and rated speed for 6-phase/2- pole machine is depicted in Figure
3.12. With torque rated 5 Nm, the speed is rated around 3000 [rpm]. The electromagnetic torque oscillates
during startup and increases steadily until it reaches a maximum value of about 1.7 s. After 2 s, the load torque
is changed stepwise at 2 s. The VPPIM gradually generates an equivalent amount of torque by lowering the
speed. As a result, to precisely match the field-weakening operation needs of the electric traction, the speed
range is expanded at the expense of the electromagnetic torque.

Figure 3.12: Torque-speed plot for 6-phase/2-pole VPPIM at rated load.

3.4 Summary
The chapter explores the advantages of induction machines over synchronous machines due to their durable
and magnet-free construction. Particularly, VVPPIMs are discussed for their ability to modify the number
of magnetic poles in real time, fitting well with the needs of electromobility. Two primary VPPIM designs
are contrasted: the Intelligent Stator Cage Drive (ISCAD) and stators with toroidal coils. The VPPIM shows
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promise with its high torque density and efficiency, superior to traditional three-phase induction machines
and comparable to permanent magnet synchronous machines in certain conditions. Finite element analysis
(FEA) is utilized for simulation, addressing the machine’s electromagnetic torque and magnetic flux distribution.
Results indicate that VPPIMs effectively maintain performance under high-speed and low-torque conditions,
suggesting further research into optimal pole-phase configurations.
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4 Parameter Estimation of the VPPIM

This chapter describes the determination of finite element-based parameter estimation techniques for variable
phase-pole induction machines. This section is based on paper I.

4.1 Background
There is a class of electric machines known as variable phase-pole induction machines, where the number of
pole pairs can be changed in real time by shaping the stator magnetomotive force shape through an increased
amount of independent phases [44]. These machines are attractive for applications with a stretched torque-
speed map over a wide area, like in electromobility, where it is challenging to design a conventional machine
with a fixed number of pole pairs. VPPIMs could be surprisingly beneficial in this matter, with competitive
efficiency and no use of magnets [74]–[76].

If such machines are supposed to be modeled and regulated in torque and speed with vector-controlled
strategies, the knowledge of the electrical parameters in every phase-pole configuration is essential. While it is
not an issue for three-phase inductionmachines [53], [77], [78], the situation is different for multiphase machines
where parametric identification techniques are rather recent and there is still room for improvement. In a
two-part article [52] and [79], an offline parameter identification algorithm for a multiphase induction machine
with distributed windings in sinusoidal and time-domain excitation techniques is proposed, respectively. The
technique focuses on parameter estimation based on current injection into non-flux and non-torque-producing
vector spaces. Therefore, it has been shown that the segregated parameters of the stator and rotor can be
accurately estimated.

The estimation procedures for multiphase machines found in the literature target the parameters of the
VSD model, which is fundamental to their dynamic modeling and control [14], [80]. However, the VSD is a
per-phase model, and therefore clashes with the nature of VPPIMs that do not have a fixed number of phases [7].
If the VSD theory is used to model and control VPPIMs, it will introduce discontinuities during the real-time
phase-pole reconfiguration. This is due to the variation of the number of vector spaces as the number of phases
changes [17].

To address the discontinuity problem, an extended theory that builds on the existing VSD theory, namely
the HPD, has been introduced. The HPD allows the VPPIMs modeling and its current/speed regulation even
in phase-pole transitions. It uses only one Clarke and one Park transformation for all possible phase-pole
configurations. The principle of HPD lies in modeling the VPPIMs with several independent windings, each
with its magnetic axis, that combined can form all the desired phase-pole configurations [81].

Adopting the HPD for VPPIMs helps in two ways: it introduces only one model for all possible phase-pole
configurations, and it requires only one set of parameters that will remain constant throughout the operation of
the VPPIM. In principle, the HPDmodel parameters could be estimated by numerical analysis, but no established
and experimentally proven numerical method has been developed so far.

The work in [7] presents a numerical method for the parameter estimation of VPPIMs, using a different
methodology concerning, for example, the analysis in [69]. The method is experimentally unproven. Thus,
this research presents a theoretical and experimental comparison of the classical and HPD-based parameter
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estimation techniques based on the FEA of VPPIMs, showing also the computational rapidity and accuracy of
the latter with respect to experimental data.

4.2 The VPPIM
The WICSC machine is a VPPIM similar to the one used [44], and to some extent to the one used in [65]. All
these machines can change the number of phases and poles during real-time operation. Different from [65], the
stator is wound with one independent multi-turn toroidal coil for each available slot, where the return current
runs externally to the stator frame [44], [66]. Figure 4.1 depicts the actual stator of the VPPIM in the KTH
laboratory and its 2D-3D models. VPPIMs have two main advantages over conventional machines. The first is

(a) (b)

(c) (d)

Figure 4.1: Picture and renderings of the VPPIM stator.

that the coils are wound independently, enabling a coil current control in each stator slot that allows complete
freedom in the choice of phases and poles (within the limits given by the slot number). Second, the loss of a
faulty coil affects the stator in a much lower grade than in conventional stator windings. The machine can also
continue to operate with different nominal values even in the absence of individual coils. On the other hand,
the return path of the current on the outside of the stator does not contribute to torque generation and is more
or less equivalent to end windings [66]. The geometrical parameters and the defined materials for the studied
VPPIMs are illustrated in Table 4.1.

4.3 Parameter estimation methods
The following sections describe the two-parameter estimation techniques used in this work for both the
simulation and experimental results. The goal of the FEA-based methods described here below is to determine a
value of the stator and rotor resistances, the self and mutual inductances, considering a linear magnetic circuit.
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Table 4.1: geometrical data and material properties of the VPPIMs.

Parameters Symbol Value Unit
Number of stator slots 𝑄𝑠 36 −
Number of rotor bars 𝑄𝑟 28 −
Number of turns 𝑛𝑠 40 −
Air-gap 𝛿 0.85 mm
Axial Length 𝐿𝑎 200 mm
Stator radius 𝑟𝑠,𝑖𝑛 75.1 mm
Rotor radius 𝑟𝑟 74.25 mm
Shaft radius 𝑟𝑠ℎ𝑎𝑓 𝑡 22.55 mm
Description Material 𝜇𝑟 𝜎 [𝑆𝑚−1]
Stator lamination Iron 1𝑥104 0
Stator slot coil Copper 1 48𝑥106

Stator slot wedge Air 1 0
Air-gap Air 1 0
Rotor lamination Iron 1𝑥104 0
Rotor bar Aluminium 1 26𝑥106

Shaft Steel 1 0

Magnetic saturation is temporarily neglected to demonstrate the correctness of the HPD approach which also
builds on the assumption of linear magnetic circuits - as the conventional theory too.

4.3.1 FEA-based per-phase analysis
A two-dimensional FEA time harmonic analysis is adopted, where the rotor is held at a standstill and the
frequency of the currents in the stator winding corresponds to the slip frequency [82]. From the steady-state
analysis of AC motors, the slip of the induction motor is defined as the ratio of the difference between the
stator and rotor angular frequency relative to the stator angular frequency:

𝑠 =
𝜔 − 𝜔𝑚
𝜔

=
𝜔1 − 𝑝𝜔𝑚

𝜔1
=
𝜔𝑠

𝜔1
(4.1)

where 𝜔 is the angular speed of the stator (mech.rad/s), 𝜔𝑚 is the angular speed of the rotor (mech.rad/s), 𝑝 is
the number of pairs of poles, 𝜔1 is the angular speed of the stator (el.rad/s), and 𝜔𝑠 is the angular slip frequency
(rad/s). The per-phase stator impedance of the conventional T-equivalent circuit model is and expressed as:

𝑍𝑠 =
𝑉𝑠

𝐼𝑠
= 𝑅𝑠 + 𝑗𝜔𝑠𝐿𝜆,𝑠 +

𝜔𝑠𝐿𝑚 (𝑅′
𝑟 + 𝑗𝜔𝑠𝑠𝐿

′

𝜆,𝑟
)

𝜔𝑠𝑠 (𝐿
′
𝜆,𝑟

+ 𝐿𝑚) − 𝑗𝑅
′
𝑟

(4.2)

where 𝑅𝑠 is the stator resistance, 𝐿𝑚 is the magnetizing inductance, 𝐿𝜆,𝑠 is the stator leakage inductance, 𝐿
′

𝜆,𝑟
is

the rotor leakage inductance referred to the stator side, and 𝑅′
𝑟 is the rotor resistance referred to the stator side.
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The T-model is then translated into the inverse-𝛤 model (see Figure 4.2) by using the subsequent relations.

𝐿𝑀 =
𝐿2
𝑚

𝐿𝑚 + 𝐿𝜆,𝑟
≈ 𝐿𝑚

𝐿𝜎 =
𝐿𝑚 (𝐿𝜆,𝑠 + 𝐿𝜆,𝑟 ) + 𝐿𝜆,𝑠𝐿𝜆,𝑟

𝐿𝑚 + 𝐿𝜆,𝑟
≈ 𝐿𝜆,𝑠 + 𝐿𝜆,𝑟

𝑅𝑅 =

(
𝐿𝑚

𝐿𝑚 + 𝐿𝜆,𝑟

)
𝑅𝑟 ≈ 𝑅𝑟


(4.3)

Figure 4.2: Dynamic inverse-𝛤 model for the induction machine.

From the analogy of the two models, the per-phase stator impedance for the equivalent inverse-𝛤 model is
described as:

𝑍𝑠 = 𝑅𝑠 + 𝑗𝜔𝑠
(
𝜙𝑠

𝐼𝑠

)
(4.4)

where 𝜙𝑠 is the per-phase flux linkage phasor extracted from the FEA simulation, and 𝐼𝑠 is the per-phase stator
current phasor. The phase inductance defined in (4.5) is a complex-valued quantity and computed from FEA
simulations:

𝐿𝑝ℎ (𝜔𝑠 ) =
𝜙𝑠

𝐼𝑠
(4.5)

The phase inductance in (4.5) is segregated into its real and imaginary parts in (4.6).

𝐿𝑝ℎ (𝜔𝑠 ) = 𝐿𝜎 + 𝐿𝑀

1 + 𝜔2
𝑠𝜏

2
´¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¶

Real

− 𝑗 𝜔𝑠𝜏𝐿𝑀
1 + 𝜔2

𝑠𝜏
2

´¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¶
Imaginary

(4.6)

where 𝐿𝜎 is the sum of the leakage inductance for the stator and rotor sides, 𝐿𝑀 is the magnetizing inductance,
and 𝜏 is the rotor time constant[82]. The imaginary part of (4.6) is further elaborated with:

ℑ
(
𝜙𝑠

𝐼𝑠

)
= −𝜔𝑠𝜏𝐿𝑀 − 𝜔2

𝑠𝜏
2ℑ

(
𝜙𝑠

𝐼𝑠

)
(4.7)

Finally, from a set of 𝑛 simulations where the slip frequency 𝜔𝑠= 2𝜋 𝑓𝑠𝑙𝑖𝑝 is varied, (4.6) can be expressed in
matrix form as: 

ℑ( 𝜙𝑠,1
𝐼𝑠
)

ℑ( 𝜙𝑠,2
𝐼𝑠
)

...

ℑ( 𝜙𝑠,𝑛
𝐼𝑠

)


=



𝜔𝑠,1 𝜔2
𝑠,1ℑ( 𝜙𝑠,1

𝐼𝑠
)

𝜔𝑠,2 𝜔2
𝑠,2ℑ( 𝜙𝑠,2

𝐼𝑠
)

...
...

𝜔𝑠,𝑛 𝜔2
𝑠,𝑛ℑ( 𝜙𝑠,𝑛

𝐼𝑠
)



𝜏𝐿𝑀

𝜏2

 (4.8)

where the subscript 1, 2, ..., 𝑛 denotes the 𝑛 different simulations and the above matrix equation can be solved
with a least-square method enabling 𝐿𝑀 and 𝑅𝑅 to be obtained. Inserting the obtained values into the real part
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of (4.6), 𝐿𝜎 can be obtained. Furthermore, 𝑅𝑠 is evaluated from the resistive losses in no-load operation (zero
slip).

4.3.2 FEA-based per-solenoid analysis
The classical method described above analyzes electrical machines using the per-phase approach. It allows the
analysis of balanced three-phase systems with the same effort as for a single-phase system, and by keeping
the superposition of effects, other phases are computed accordingly. A per-solenoid analysis is extensively
discussed in [7]. The per-solenoid dynamic model of the induction machine used for this analysis is reported in
(4.9), which later is solved by the FEA.

𝑉𝑠

𝑉𝑟

 =

𝑅𝑠

𝑑𝐿𝑠𝑟
𝑑𝑡

𝑑𝐿𝑟𝑠
𝑑𝑡

𝑅𝑟



𝐼𝑠

𝐼𝑟

 +

𝐿𝑠𝑠 𝐿𝑠𝑟

𝐿𝑟𝑠 𝐿𝑟𝑟



𝑑𝐼𝑠
𝑑𝑡

𝑑𝐼𝑟
𝑑𝑡

 (4.9)

where 𝑉𝑠 is the stator coil voltage, 𝑉𝑟 is the induced rotor voltage, 𝐿𝑠𝑠 is the stator self inductance matrix, 𝐿𝑟𝑟 is
the rotor self inductance, 𝐿𝑠𝑟 is stator-rotor mutual inductance, 𝐿𝑟𝑠 is rotor-stator mutual inductance, 𝑅𝑠 is the
stator coil resistance, and 𝑅𝑟 is the rotor resistance.

Each solenoid’s stator flux linkage is complexly estimated in the frequency domain and calculated in the
slots by integrating the magnetic vector potential in each solenoid:

𝜙𝑠 =

∫
𝑠

∇ ×𝐴.𝑑𝑠 =
∮

𝐴.𝑑𝑙 (4.10)

where 𝐴 is the magnetic vector potential. Also from [83], the flux in the area spanned between two points
(𝑥1, 𝑦1 to 𝑥2, 𝑦2) and extending up to the axial length of the machine can be computed as:

𝜙𝑠 = 𝐿𝑎 [𝐴(𝑥1, 𝑦1) −𝐴(𝑥2, 𝑦2)] (4.11)

where 𝐿𝑎 represents the axial length in the direction normal to the 𝑥,𝑦 plane. An automatic FEA calculation is
performed to calculate the parameters of the per-solenoid system in (4.9) according to the following procedure.

4.3.3 Computation of the mutual inductance, 𝑳𝒔𝒓

The analysis considers a unity current in the one rotor bar and calculates the stator slot flux linkage using
(4.11) for all stator slots. The calculation is repeated for all rotor bars. The results are stored in a matrix whose
elements 𝐿𝑠𝑟,𝑥,𝑦 represent the mutual inductance between solenoid 𝑥 and rotor bar 𝑦. Once the first element
𝐿𝑠𝑟,11 (𝜃𝑟 ) is computed, other elements of the matrix can be easily obtained using symmetry considerations [7].
The elements are a function of the rotor position 𝜃𝑟 , as reported in the matrix (4.12).

𝐿𝑠𝑟 (𝜃𝑟 ) =



𝐿1,1 (𝜃𝑟 − 0 2𝜋
𝑄𝑠

) 𝐿1,1 (𝜃𝑟 + 1 2𝜋
𝑄𝑟

− 0 2𝜋
𝑄𝑠

) . . . 𝐿1,1 (𝜃𝑟 + (𝑄𝑟 − 1) 2𝜋
𝑄𝑟

− 0 2𝜋
𝑄𝑠

)

𝐿1,1 (𝜃𝑟 − 1 2𝜋
𝑄𝑠

) 𝐿1,1 (𝜃𝑟 + 1 2𝜋
𝑄𝑟

− 1 2𝜋
𝑄𝑠

) . . . 𝐿1,1 (𝜃𝑟 + (𝑄𝑟 − 1) 2𝜋
𝑄𝑟

− 1 2𝜋
𝑄𝑠

)
...

...
...

...

𝐿1,1 (𝜃𝑟 − (𝑄𝑠 − 1) 2𝜋
𝑄𝑠

) 𝐿1,1 (𝜃𝑟 + 1 2𝜋
𝑄𝑟

− (𝑄𝑠 − 1) 2𝜋
𝑄𝑠

) . . . 𝐿1,1 (𝜃𝑟 + (𝑄𝑟 − 1) 2𝜋
𝑄𝑟

− (𝑄𝑠 − 1) 2𝜋
𝑄𝑠

)


(4.12)
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Given the matrix 𝐿𝑠𝑟 , the value of 𝐿𝑟𝑠 is obtained by symmetry considerations:

𝐿𝑟𝑠 = 𝐿
𝑇
𝑠𝑟 (4.13)

4.3.4 Computation of the stator self-inductance, 𝑳𝒔𝒔

This parameter is computed by energizing the internal coil of a stator slot with a unity positive current and the
corresponding external stator coil of the same slot in the VPPIMs with the opposing negative current [7]. The
flux linkage (4.11) is computed for all stator slots following the geometrical definitions of Figure 4.3(a) and (b).

(a) (b)

Figure 4.3: (a) Geometrical definitions for 𝐿𝑠𝑠 . (b) 𝐴𝑧 , induced in stator slot 1.

4.3.5 Computation of the rotor self-inductance, 𝑳𝒓𝒓

Similarly to the case of 𝐿𝑠𝑠 , a rotor bar is provided with a unity positive current. However, this is not enough
to define a current loop as the current provided is required to return somewhere. Therefore, it is assumed
that the shaft will handle the return negative current. This assumption is based on the consideration that in
normal operating conditions, the currents in the rotor bars have a zero-sum. The addition of virtual coils with
a corresponding negative rotor bar current flowing in the shaft will also have a zero-sum, thus not contributing
to the flux density in the rotor lamination [7]. The FEA calculations are then performed as in the 𝐿𝑠𝑠 case,
following the geometrical definitions of Figure 4.4(a) and (b).

4.3.6 Computation of the stator resistance, 𝑹𝒔

The resistance of the stator coils is calculated using the 𝑛𝑠 series of turn resistances with the assumption of
ambient temperature [7].

𝑅𝑠 = 𝑛𝑠𝑅𝑡𝑢𝑟𝑛 = 𝑛𝑠

(
𝜌𝐶𝑢

2𝐿𝑎
𝑆𝑐𝑜𝑛𝑑

)
(4.14)

where 𝑅𝑡𝑢𝑟𝑛 is the resistance of one turn, 𝐿𝑎 is the length of the machine lamination stack, 𝜌𝐶𝑢 is the resistivity
of the copper wire, and 𝑆𝑐𝑜𝑛𝑑 is the total cross-sectional area of the stator conductors.
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(a) (b)

Figure 4.4: (a) Geometrical definitions for 𝐿𝑟𝑟 . (b) 𝐴𝑧 , induced in rotor bar 1.

4.3.7 Computation of the rotor resistance, 𝑹𝒓

The total equivalent rotor resistance is calculated considering the rotor bars’ actual resistance and the end
rings’ resistance [83].

𝑅𝑟 = 𝑅𝑏 +
𝑅𝑒𝑟

2𝑠𝑖𝑛2
(
𝑝𝜋

𝑄𝑟

) (4.15)

where 𝑅𝑏 is the actual resistance of the rotor bar and calculated by:

𝑅𝑏 = 𝜌𝐴𝑙

(
𝑙𝑏

𝑏𝑑

)
(4.16)

where 𝜌𝐴𝑙 is the resistivity of aluminum, 𝑙𝑏 is the length of one rotor bar, 𝑏 is the equivalent bar width, and 𝑑 is
the equivalent bar depth of the rotor, and 𝑅𝑒𝑟 is the resistance of the end-ring portion over one rotor slot pitch:

𝑅𝑒𝑟 = 𝜌𝐴𝑙

(
𝜏𝑝

𝑡𝑏𝑒𝑑𝑏𝑒

)
(4.17)

where 𝜏𝑝 is the tooth pitch at the middle of the air gap, 𝑡𝑏𝑒 is the end-ring width, and 𝑑𝑏𝑒 is the end-ring depth.
It is interesting to remark that the equivalent rotor bar resistance depends on the number of magnetic poles.
In the next subsections, the transformation used in the HPD theory is applied to all motor parameters. As an
extension of VSD, harmonic plane decomposition theory aims to unify the Clarke transformation with respect
to all possible phase-pole configurations in a fixed number of orthogonal harmonic planes. In HPD, the lumped
parameters computed in FEA are transformed into parameters of an equivalent circuit model based on the
physical winding arrangement of the VPPIMs and following a similar transformation sequence to the VSD
technique. In [17] and [18], the HPD transformation technique used for the different odd and even base-case
scenarios of the pole-pair configurations is elaborated.

4.3.8 Parameter transformation in 123 reference frame
The foundational instances utilize mechanical angles instead of electrical ones, and the matrix for transformation
𝑇𝑎𝑏𝑐→123 is contingent on the pole-pair count 𝑝 . For instance, the transformation matrices when 𝑝 = 1, 2 are
presented in (4.18). In this context, 𝐼𝑚 denotes an identity matrix and 0 represents a zero matrix with a rank of
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𝑚. Consequently, the matrix 𝑇𝑎𝑏𝑐→123, possesses dimensions of𝑚𝑏,𝑜 × 2𝑚𝑏,𝑜 = 2𝑚𝑏,𝑒 × 4𝑚𝑏,𝑒 = 18 × 36 in both
foundational instances [18].

𝑇𝑎𝑏𝑐→123 (𝑝𝑏,𝑜 ) =
[
𝐼𝑚𝑏,𝑜

−𝐼𝑚𝑏,𝑜

]
𝑇𝑎𝑏𝑐→123 (𝑝𝑏,𝑒 ) =

[
𝐼𝑚𝑏,𝑒

−𝐼𝑚𝑏,𝑒
0 0

0 0 −𝐼𝑚𝑏,𝑒
𝐼𝑚𝑏,𝑒

]
(4.18)

Compared to the conventional 𝛼𝛽 and 𝑑𝑞 transform theory for three-phase machines, the VSD requires an
additional intermediate reference frame, which is indicated as the 123 frame or fundamental reference frame
[84]. In this frame, the equivalent quantities of the practical 𝑎𝑏𝑐 frame, which are the solenoid-based parameters
from FEA simulations, will be transformed into the machine coil parameters.

The fundamental winding configuration in the 123 frame has the phases shifted by [𝜋/𝑚], with𝑚 as the
number of phases. Consequently, the machine symmetry is changed from a two-pole symmetry to a one-pole
symmetry. In this way, the components distributed over [𝜋] electric degrees allow the description of variable
phase-pole machines in a generalized form [7]. The underlying equations show the parameter transformations
in this frame.

𝐿𝑠𝑠,123 = [𝑇𝑎𝑏𝑐→123] [𝐿𝑠𝑠 ] [𝑇𝑎𝑏𝑐→123]𝑇

𝐿𝑟𝑠,123 = [𝐿𝑟𝑠 ] [𝑇𝑎𝑏𝑐→123]𝑇

𝐿𝑠𝑟,123 = [𝑇𝑎𝑏𝑐→123] [𝐿𝑠𝑟 ]

𝐿𝑟𝑟,123𝑟 = [𝐿𝑟𝑟 ]

𝑅𝑏,123𝑟 = [𝑅𝑏]

𝑅𝑒𝑟,123𝑟 = [𝑅𝑒𝑟 ]

𝑅𝑠,123 = [𝑇𝑎𝑏𝑐→123] [𝑅𝑠 ] [𝑇𝑎𝑏𝑐→123]𝑇



(4.19)

where [𝐿𝑠𝑠 ] is the stator self inductance matrix, [𝐿𝑟𝑟 ] is the rotor self inductance matrix, [𝐿𝑠𝑟 ] is stator-rotor
mutual inductance matrix, [𝐿𝑟𝑠 ] is rotor-stator mutual inductance matrix, [𝑅𝑏] is the rotor bar resistance matrix,
[𝑅𝑒𝑟 ] is the rotor end-ring resistance matrix, and [𝑇𝑎𝑏𝑐→123] is the transformation matrix from the practical
frame to the 123 frame.

4.3.9 Parameter transformation in stationary reference frame
Here a generalized Clarke transform that considers𝑚-phase systems and a one-pole symmetry is used. The 123
fundamental reference frame parameters are transformed into the stationary 𝛼𝛽 reference frame following the
indications of [17], [18]. Additionally, the number of turns 𝑁𝑠 is used as a coupling factor between the stator
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and the rotor sides. The transformed parameters are represented in the next set of equations.

𝐿𝑠𝑠,𝛼𝛽 = [𝑇123→𝛼𝛽 ] [𝐿𝑠𝑠,123] [𝑇𝛼𝛽→123]

𝐿
′

𝑟𝑠,𝛼𝛽
= 𝑁𝑠 [𝑇123𝑟→𝛼𝛽 ] [𝐿𝑟𝑠,123] [𝑇𝛼𝛽→123]

𝐿𝑠𝑟,𝛼𝛽 =
2𝑁𝑠𝑚𝑏

𝑄𝑟
[𝑇123→𝛼𝛽 ] [𝐿𝑠𝑟,123] [𝑇𝛼𝛽→123𝑟 ]

𝐿
′

𝑟𝑟,𝛼𝛽
=

4𝑁 2
𝑠𝑚𝑏

𝑄𝑟
[𝑇123𝑟→𝛼𝛽 ] [𝐿𝑟𝑟,123𝑟 ] [𝑇𝛼𝛽→123𝑟 ]

𝑅
′

𝑏,𝛼𝛽
=

4𝑁 2
𝑠𝑚𝑏

𝑄𝑟
[𝑇123→𝛼𝛽 ] [𝑅𝑏,123] [𝑇𝛼𝛽→123𝑟 ]

𝑅
′

𝑒𝑟,𝛼𝛽
=

4𝑁 2
𝑠𝑚𝑏

𝑄𝑟
[𝑇123→𝛼𝛽 ] [𝑅𝑒𝑟,123] [𝑇𝛼𝛽→123𝑟 ]

𝑅𝑠,𝛼𝛽 = [𝑇123→𝛼𝛽 ] [𝑅𝑠,123] [𝑇𝛼𝛽→123]



(4.20)

where [𝑇123→𝛼𝛽 ] is the transformation matrix from 123 to 𝛼𝛽 frame, and [𝑇123𝑟→𝛼𝛽 ] is the transformation
matrix of the rotor side from 123 to 𝛼𝛽 frame referred to the stator side. From the orthogonality property of
the transformation matrix in the 𝛼𝛽 frame, each parameter is extracted from the diagonal elements of the
transformed matrices in the T-equivalent model [7].

As described in [83], the magnetizing inductance is extracted from the peak values of the coupling inductance
over the air gap circumference of the VPPIMs. This is due to the maximum force exerted on the rotor which is
reached when the peak values of the magnetic flux density and surface current waves are coincident:

𝐿𝑚 =𝑚𝑎𝑥 (𝑑𝑖𝑎𝑔(𝐿𝑠𝑟,𝛼𝛽 (𝜃 ))) =𝑚𝑎𝑥 (𝑑𝑖𝑎𝑔(𝐿𝑟𝑠,𝛼𝛽 (𝜃 ))) (4.21)

The leakage inductance is then calculated from magnetizing and self-inductance by using:

𝐿𝜎,𝑠 = 𝑑𝑖𝑎𝑔(𝐿𝑠 ) − 𝐿𝑚 𝐿′𝜎,𝑟 = 𝑑𝑖𝑎𝑔(𝐿′𝑟 ) − 𝐿𝑚 (4.22)

The resistances of the stator and rotor sides are also calculated from the diagonal elements of the matrix with:

𝑅𝑠,𝐻𝑃𝐷 = 𝑑𝑖𝑎𝑔(𝑅𝑠 ) 𝑅′𝑟,𝐻𝑃𝐷 = 𝑑𝑖𝑎𝑔(𝑅′𝑟 ) (4.23)

Although the T-equivalent dynamic model is physically relevant, it is less good for dynamic analysis and
controller design because it is over parameterized. The transformation factor [𝑏 = 𝐿𝑚/𝐿𝑟 ] of the induction
machine equivalent circuit lumps the stator and rotor leakage inductance into a total leakage inductance 𝐿𝜎
that appears on the stator side only. Hence, the mutual and leakage inductances are scaled as:

𝐿𝑀 = 𝑏𝐿𝑚 𝐿𝜎 = 𝐿𝑠 − 𝐿𝑀 (4.24)

The stator and rotor side resistances are scaled in the inverse-𝛤 model as:

𝑅𝑠 = 𝑅𝑠,𝐻𝑃𝐷 𝑅𝑅 = 𝑏2𝑅
′
𝑟,𝐻𝑃𝐷 (4.25)

In general, and similarly to the VSD approach, each harmonic plane in the machine model is represented with
a T-equivalent or an inverse−𝛤 model in the 𝛼𝛽0 or 𝑑𝑞0 reference frame [17]. The parameters used in VSD and
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HPD are however different. For the sake of clarity, [81] elaborates on the parameter equivalence between the
VSD and HPD techniques.

4.4 Simulation Results
This section compares the parameters identified with classical methods and the HPD theory methods. All
simulations are performed at fundamental excitation only. The VPPIM is configured as a [𝑚 = 3, 𝑝 = 2] and
[𝑚 = 9, 𝑝 = 2] motor.

4.4.1 Inductance results from the per-phase analysis
The magnetic field distribution under no-load operation for 3-phase/2-pole pair and 9-phase/2-pole pair
configurations of the VPPIMs are shown in Figure 4.5 and 4.6, respectively. The contour lines represent the
magnetic vector potential, and the surface plot is the magnetic flux density distribution. The magnetic field

(a) (b)

Figure 4.5: (a) Magnetic field density distribution for a 3-phase/2-pole pair VPPIMs. (b) Per-phase
inductance plots for a 3-phase/2-pole pair VPPIMs.

distribution under no-load operation for 3-phase/2-pole pair and 9-phase/2-pole pair configurations of the
VPPIMs are shown in Figure 4.5 and 4.6, respectively. The contour lines represent the magnetic vector potential,
and the surface plot is the magnetic flux density distribution. The maximum values of the magnetic field
density are obtained with a magnitude of 𝐵𝑚𝑎𝑥=1.24 [T] for three-phase and 𝐵𝑚𝑎𝑥=1.29 [T] for nine-phase
configuration, at the excitation current level of 1 𝐴. Furthermore, Figure 4.5(a) and (b) depict the real and
imaginary parts of the phase inductance for the 3-phase/2-pole pair and 9-phase/2-pole pair configurations,
respectively. The dependence of phase inductance on slip frequency provides a mechanism for identifying
motor parameters using linear least-squares regression methods. The maximum values of the magnetic field
density are obtained with a magnitude of 𝐵𝑚𝑎𝑥=1.24 [T] for three-phase and 𝐵𝑚𝑎𝑥=1.29 [T] for nine-phase
configuration, at the excitation current level of 1 𝐴.

Furthermore, Figure 4.6(a) and (b) depict the real and imaginary parts of the phase inductance for the
3-phase/2-pole pair and 9-phase/2-pole pair configurations, respectively. The dependence of phase inductance
on slip frequency provides a mechanism for identifying motor parameters using linear least-squares regression
methods.
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(a) (b)

Figure 4.6: (a) Magnetic field density distribution for a 9-phase/2-pole pair VPPIMs. (b) Per-phase
inductance plots for a 9-phase/2-pole pair VPPIMs.

4.4.2 Inductance results from the per-solenoid analysis
The results confirm that mutual inductance for coils close to an exciting coil is higher and gradually decreases
and reaches a minimum when the coils oppose the exciting coil. Then, all transformation sequences are
implemented as described in equations (4.19) and (4.20). The simulation results for the coupling inductance
between the first stator slot and the first rotor bar in the 2D plot are shown in Figure 4.7.

Figure 4.7: 2D Plot for 𝐿𝑟𝑠 in per-solenoid analysis.

Additionally, the four inductance matrices, 𝐿𝑠𝑠 , 𝐿𝑠𝑟 , 𝐿𝑟𝑠 , and 𝐿𝑟𝑟 in the HPD method are displayed in a 3D
format in surface and mesh plots illustrated in Figure 4.8 and 4.9, respectively. When the inductances are
computed, the maximum values from the inductance plots are typically taken. These inductances represent the
self and mutual inductances in a system, such as coupled inductors. 𝐿𝑠𝑠 and 𝐿𝑟𝑟 are the self-inductances of the
stator and rotor, respectively, while 𝐿𝑠𝑟 and 𝐿𝑟𝑠 are the mutual inductances between the stator and rotor. By
extracting the maximum values from the inductance plots, the highest possible interaction or coupling between
the components at any given operating condition is accounted for. This method ensures that the maximum
inductive behavior is considered, which is useful for designing systems with reliable performance and ensuring
that peak inductance values can be handled under various conditions. The maximum values are critical in
evaluating the energy storage and magnetic flux linkages in the system.
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(a) (b)

(c) (d)

Figure 4.8: 3D inductance matrix surface plot in per−solenoid analysis: (a) 𝐿𝑠𝑠 (b) 𝐿𝑠𝑟 (c) 𝐿𝑟𝑠 (d) 𝐿𝑟𝑟

Figure 4.9: 3D mesh Plot for 𝐿𝑟𝑠 in per−solenoid analysis.
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4.5 Experimental Verification
The purpose of this section is to compare the agreement of the results from the methods discussed so far using
experimental measurements. The experimental test bench is shown in Figure B.1, where the VPPIMs is powered
by a 36-leg inverter and a control board composed of a Xilinx ZynQ-7000 SoC ZC706 board.

For experimental validation, the methods are compared to the results obtained from standard no-load (NL)
and locked-rotor (LR) tests on the VPPIMs configured as a [𝑚 = 3, 𝑝 = 2] and [𝑚 = 9, 𝑝 = 2] motor. To create a
specific phase belt, the currents in the same belt are controlled with the same phase and magnitude, reproducing
the desired phase-pole configuration without the need for a mechanical reconnection. The load machine of
Figure B.1 is not used in this case. The procedure and equipment used to perform the tests for the VPPIMs in
[𝑚 = 3, 𝑝 = 2] configuration are described in [85]. For the [𝑚 = 9, 𝑝 = 2] configuration, a nine-phase inverter
was used in both tests.

The NL test was conducted by turning the shaft with a prime mover at close to synchronous speed (≲ 1193
rpm). NL curves were captured to determine 𝐿𝜎,𝑠 and the unsaturated 𝐿𝑚 for each configuration using the s.c.
the indirect method in [85]. The LR tests were conducted at a frequency of 10 Hz to mitigate the skin effect,
and the voltage was gradually increased until the rated current was reached. Currents were recorded using
isolated LEM sensors. The inverter’s IGBTs were characterized to compensate for the voltage drop across the
switching elements due to current conduction and dead time. These compensated values were used as data
points for the voltages.

4.5.1 Estimation of 𝑳𝑴 and 𝑳𝝈 for 3-phase/2-pole pair machine.
As can be seen in Table 4.2, the difference between 𝐿𝑀 obtained from the classical method and from the
measurement is approximately 22 %. The HPD approach performs better with an error of 15 %. The difference
between 𝐿𝜎 obtained by the classical method and the measurement is 62 %, which is an overestimated value.
Comparing the results obtained from the HPD theory, the difference in leakage inductance is 36 %, again
improved. Both FEA simulations may further improve the estimation by adding effects like the rotor skewing,
the non-linear behavior of the leakage inductance due to the thin bridges that close the rotor bars, the presence
of aluminum in the stator frame where the external coils are accommodated, and the leakage of harmonic
magnetic fields in addition to the fundamental only. According to reference [73], analytical computations are
carried out. The analytical approach is somewhat inconsistent with the practical results, although it is close to
the conventional approach.

4.5.2 Estimation of 𝑹𝒔 and 𝑹𝑹 for 3-phase/2-pole pair machine.
From Table 4.2, the absolute error of the stator resistances obtained from the two methods is 0.3 𝛺 , and 0.2 𝛺
for the classical and HPD methods, respectively. The estimation of 𝑅𝑅 for the classical and HPD methods is
reflected in 0.4 𝛺 , and 0.3 𝛺 , respectively. The result reveals that the stator and rotor resistance estimation
in the HPD method is in excellent agreement with the practical measurements. Additionally, estimates made
using analytical and HPD approaches are close.

4.5.3 Estimation of 𝑳𝑴 and 𝑳𝝈 for 9-phase/2-pole pair machine.
As it can be seen from the data in Table 4.3, the relative error between 𝐿𝑀 obtained as output from the classical
method and 𝐿𝑀 obtained using practical measurement is approximately 17 %. However, comparing HPD output
with the measured value of 𝐿𝑀 , the difference becomes only 6 %. The difference between 𝐿𝜎 obtained in the
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Table 4.2: The proposed methods and practical results for a 3-phase/2-pole pair VPPIM

Parameters Analytical Per-phase Per-sol. Meas. 𝜀𝑟,𝐴 [%] 𝜀𝑟,𝑃𝑝 [%] 𝜀𝑟,𝑃𝑠 [%]
𝐿𝑀 [𝑚𝐻 ] 333 330 484 422 21 22 -15
𝐿𝜎 [𝑚𝐻 ] 116 112 44 69 -68 -62 36
Parameters Analytical Per-phase Per-sol. Meas. 𝜀𝑎,𝐴[𝛺] 𝜀𝑎,𝑃𝑝[𝛺] 𝜀𝑎,𝑃𝑠[𝛺]
𝑅𝑠[𝛺] 3.55 3.5 3.6 3.8 0.25 0.3 0.2
𝑅𝑅[𝛺] 1.8 1.1 1.8 1.5 0.3 0.4 0.3

• where: [𝜀𝑟,𝑃𝑝] and [𝜀𝑎,𝑃𝑝], are the relative and absolute error for the per-phase analysis,
respectively, [𝜀𝑟,𝑃𝑠] and [𝜀𝑎,𝑃𝑠], are the relative and absolute error for the per-solenoid
analysis, respectively, and [𝜀𝑟,𝐴] and [𝜀𝑎,𝐴], are the relative and absolute error for the
analytical computation, respectively.

classical method and the leakage inductance obtained in the measurement is 54 %. Comparing the results of 𝐿𝜎
obtained from the HPD theory to those from the practical measurements, the difference in leakage inductance
is only 23 %. Again, this accuracy may be further improved with the adoption of more sophisticated simulations
as suggested in Section 4.5.1. Based on reference [73], analytical computations are performed. The analytical
result shows a discrepancy from the practical results but is close to the conventional approach.

4.5.4 Estimation of 𝑹𝒔 and 𝑹𝑹 for 9-phase/2-pole pair machine.
From Table 4.3, the absolute error of the stator resistances obtained from the two methods is 0.06 𝛺 . The
estimation of 𝑅𝑅 for the classical and HPD methods results in 0.2 𝛺 , and 0.06 𝛺 , respectively. In general, the
result reveals that the stator and rotor resistance estimation in the HPD method is again in excellent agreement
with the practical measurements. Additionally, estimates made using analytical and HPD approaches are close.

Table 4.3: The proposed methods and practical results for a 9-phase/2-pole pair VPPIM

Parameters Analytical Per-phase Per-sol. Meas. 𝜀𝑟,𝐴 [%] 𝜀𝑟,𝑃𝑝 [%] 𝜀𝑟,𝑃𝑠 [%]
𝐿𝑀 [𝑚𝐻 ] 118 118 152 143 17 17 -6
𝐿𝜎 [𝑚𝐻 ] 42 40 20 26 -61 -54 23
Parameters Analytical Per-phase Per-sol. Meas. 𝜀𝑎,𝐴[𝛺] 𝜀𝑎,𝑃𝑝[𝛺] 𝜀𝑎,𝑃𝑠[𝛺]
𝑅𝑠[𝛺] 1.18 1.2 1.2 1.26 0.08 0.06 0.06
𝑅𝑅[𝛺] 0.66 0.4 0.66 0.6 0.06 0.2 0.06

• where: [𝜀𝑟,𝑃𝑝] and [𝜀𝑎,𝑃𝑝], are the relative and absolute error for the per-phase analysis,
respectively, [𝜀𝑟,𝑃𝑠] and [𝜀𝑎,𝑃𝑠], are the relative and absolute error for the per-solenoid
analysis, respectively, and [𝜀𝑟,𝐴] and [𝜀𝑎,𝐴], are the relative and absolute errors for the
analytical computation, respectively.
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4.5.5 Computational effort
In this work, Comsol Multiphysics and Intel(R) Core(TM) i7-8665U CPU with 16GB RAM are the software
and hardware platforms for the FEA simulations, respectively. The FEA per-solenoid simulation requires 59
minutes to complete, and it is all we need to populate the HPD model and, if necessary, all the equivalent VSD
models for all phase-pole configurations. On the other hand, the FEA per-phase simulation requires only 53
minutes for a specific phase-pole arrangement, but it must be repeated for each phase-pole configuration. In
the machine used in this work, there are nine possible phase-pole configurations, for a total simulation time of
9 · 53 = 477 minutes, which is a significant increase.

4.6 Summary
This work discusses the advantages and challenges of using VPPIMs in applications requiring a wide torque-
speed range, such as electromobility. It highlights that VPPIMs can change their number of pole pairs in
real-time, offering competitive efficiency without using magnets. However, modeling and controlling these
machines require accurate knowledge of electrical parameters for all phase-pole configurations, which is more
complex for multiphase machines than for three-phase machines. An offline parameter identification algorithm
tailored for multiphase induction machines is proposed, focusing on accurate estimation through current
injection in non-flux and non-torque-producing vector spaces. Traditional modeling using the VSD theory
introduces discontinuities during real-time reconfiguration, whereas the proposed HPD theory mitigates this
by using unified transformations across all configurations.

The HPD approach offers computational efficiency and improved accuracy in estimating parameters, vali-
dated through FEA and experimental methods. Compared to the classical method, the HPD-based technique
demonstrates better agreement with practical measurements for stator and rotor resistances. However, some
inaccuracies in leakage inductance remain due to simplifications in the simulation model. Overall, this study
confirms the feasibility and advantages of the HPD theory for efficient and accurate parameter estimation
in VPPIMs, emphasizing the potential for enhanced dynamic modeling and control in varied phase-pole
configurations.





5 Sensorless Control of the VPPIM

This chapter describes the Sensorless-based Speed and Pole Transition Control for variable phase-pole induction
machines. This section is based on papers II and IV.

5.1 Background
Variable phase-pole induction machines are a class of multiphase machines with great potential in the context
of electromobility. These machines offer advantages like an expanded torque-speed range at a competitive
torque density and efficiency due to their pole-change capabilities, a compact drive design, and the absence
of rare-earth materials [5], [44], [71], [75]. Nevertheless, defining analytical VPPIM models, developing their
control schemes, and estimating their electrical parameters can be challenging. Recent years have seen an
increase in the number of publications on these topics, as documented in works such as [5], [71], [75], [86],
[87]. One of the most critical aspects of this technology is related to the control of the smooth transition
between different pole-pair configurations. Recently, some authors have addressed this problem by proposing
various solutions to optimize the transitions [44], [88]–[90]. Still, there seems to be no available solution for the
speed-sensorless control of VPPIMs, where the sensorless operation is also intended to persist during pole-pair
configuration changes. Besides avoiding the use of speed sensors, thus reducing costs and enhancing fault
tolerance, a working sensorless solution can also be used in combination with a speed sensor to enable the
implementation of a redundant speed estimation, enhancing the reliability of the system, which is crucial for
the rigorous safety standards in electromobility.

VPPIMs are inherently multiphase machines, and thus require multiphase sensorless algorithms as a base. In
this field, model-based approaches have been explored, including MRAS based observers, Luenberger observers,
and EKF [16], [60], [91]. Kalman filters are renowned for providing precise estimates of state variables in the
presence of noise [92], [93]. High-frequency signal injection techniques are also used, leveraging the unique
characteristics of multiphase induction drives and their harmonic planes [60], [94]. Implementing sensorless
speed control using high-frequency signal injection requires careful design and tuning of the control system
[60].

It is widely acknowledged that MRAS-based speed estimators are effective in high-speed conditions but
may exhibit some degree of inaccuracy or instability in low-speed regions. The effectiveness of MRAS-based
systems has led to their general acceptance as a solution for a wide range of speed requirements [95]–[97]. In
the context of VPPIMs, where the pole reconfiguration is likely to happen at relatively high speeds, the use of
a MRAS solution seems feasible, as long as the model used for the MRAS algorithm is unique and valid for
any pole configuration, to ensure speed estimation even during a pole change. For this reason, the model that
forms the basis for the MRAS-based approach developed in this paper is derived from the Harmonic Plane
Decomposition (HPD) theory [5], [40], [98], [99]. The HPD approach enables the formulation of a model that
remains constant in the number of equations and its parameter values for all possible pole configurations.
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5.2 Mathematical Model of the VPPIM
The machine analyzed in this study is a nine-phase VPPIM with a 36-stator slot and with 18 full-pitch multi-turn
independent coils phase shifted each other by 𝜋 electrical radians as shown in Figure 5.1 [4]. This setting allows

Figure 5.1:Windings connections of the symmetrical nine-phase IM with 36 stator slots and 18 coils.

four phase-pole configurations [100], but this paper focuses only on the two-pole and six-pole configurations.
By applying the HPD theory [87] to the nine-phase induction machine, and assuming the linear behavior of the
magnetic circuit, the mathematical dynamic model of the machine in the stationary reference frame can be
written as follows:

¤𝒙 (ℎ) = 𝑨(ℎ)𝒙 (ℎ) + 𝑩 (ℎ)𝒗 (ℎ)𝑠 (5.1)

𝒚 (ℎ) = 𝑪 (ℎ)𝒙 (ℎ) (5.2)

The parameters in the state matrix 𝑨(ℎ) , the input matrix 𝑩 and the output matrix 𝑪 (ℎ) need to be determined
according to the HPD methods, as described in [99]. The state variables and parameters of the VPPIM, as
defined by the inverse-𝛤 model, are defined as follows:

𝒙 (ℎ) =


𝝍 (ℎ)
𝑠,𝛼𝛽

𝝍 (ℎ)
𝑅,𝛼𝛽

, 𝒚 (ℎ) =
[
𝒊 (ℎ)
𝑠,𝛼𝛽

]
, 𝒗 (ℎ)𝑠 =

[
𝒗 (ℎ)
𝑠,𝛼𝛽

]
, (5.3)

𝑨
(ℎ) =


− 1
𝜏
(ℎ)
𝑠

𝑰
1
𝜏
(ℎ)
𝑠

𝑰

(1 − 𝜎 (ℎ) )
𝜏
(ℎ)
𝑟

𝑰 − 1
𝜏
(ℎ)
𝑟

𝑰 + 𝜔 (ℎ)
𝑟 𝑱

, (5.4)


𝑩 =

[
1 0

]
, 𝑪 (ℎ) =

[ 1
𝐿
(ℎ)
𝜎

𝑰 − 1
𝐿
(ℎ)
𝜎

𝑰
]
, 𝑰 =


1 0

0 1

, 𝑱 =


0 −1

1 0

,
𝜎 (ℎ) =

𝐿
(ℎ)
𝜎

𝐿
(ℎ)
𝑀

+ 𝐿 (ℎ)𝜎

, 𝜏
(ℎ)
𝑠 =

𝐿
(ℎ)
𝜎

𝑅𝑠
, 𝜏

(ℎ)
𝑟 = 𝜎 (ℎ) 𝐿

(ℎ)
𝑀

𝑅
(ℎ)
𝑅

(5.5)
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Furthermore, the total electromagnetic torque resulting from the sum of the contributions of all harmonic
planes of the VPPIM can be expressed as follows:

𝜏𝑒 =
𝑚

2

ℎ=𝜁∑︁
ℎ=1

𝑝 (ℎ)

𝐿
(ℎ)
𝜎

ℑ
{
𝝍 (ℎ)
𝑠,𝛼𝛽

𝝍∗(ℎ)
𝑅,𝛼𝛽

}
(5.6)

where ℎ is the harmonic plane order, ℎ ∈ {1, 3, 5, 7..., 𝜁 }

5.3 Proposed Adaptive Observer Design
The proposed sensorless control system is based on an MRAS solution that relies on an adaptive observer to
estimate the rotor speed and position. This information is then used in a conventional field-oriented control
algorithm, under the results of [16], [91]. However, in contrast to [91], two observers are designed in two
separate harmonic planes ℎ (the first and the third ones). Their stability is proven using the Lyapunov theory
and a linearization of the non-linear models. Subsequently, a method for estimating the speed during pole
transition combining the outputs of the two parallel observers is proposed. From a stability standpoint, the
estimation remains stable and enables a simple and effective sensorless operation.

It is also worth noting before analyzing the observers that VPPIMs are likely to operate on a single pole
pair configuration at any instant except during pole transition. The transition, which is usually dictated by
loss minimization considerations [101],[102], never happens at near-zero frequency but rather at significant
speeds. During operation at low-to zero frequencies, that is, where he model-based sensorless solutions start to
experience observability issues the VPPIM will operate with a high pole number count, to deliver high torque.
In such a situation, MRAS algorithms used to estimate its mechanical speed are no different than the ones used
for traditional three-phase or multi- phase machines that do not change the number of poles. The same rules
on observability apply, and the same results apply [103].

Similar considerations can be applied to the operation at high speeds, where the VPPIM is likely to operate
as a machine with a low pole number count. The same observability and stability considerations of three-phase
or multi-phase machines can be imported. The key is the operation during pole transition, where multiple
harmonics appear and produce torque in the machine.

5.3.1 The Observer and the Speed Adaptation Law
The mathematical formulation of the state-space model for each harmonic plane ℎ in the VPPIM is reported
here below, following a similar notation given in [91].

¤̂𝒙 (ℎ) = 𝐴 (ℎ) 𝒙̂ (ℎ) + 𝑩𝑣 (ℎ)𝑠 + 𝑲 (ℎ)
[
𝒊 (ℎ)𝑠 − 𝒊̂ (ℎ)𝑠

]
(5.7)

𝒊̂ (ℎ)𝑠 = 𝑪 (ℎ) 𝒙̂ (ℎ) (5.8)

Also, the estimated state variable input matrix 𝑨(ℎ) is defined by:

𝐴 (ℎ) =


−1
𝜏
(ℎ)
𝑠

𝑰
1
𝜏
(ℎ)
𝑠

𝑰

1 − 𝜎 (ℎ)

𝜏
(ℎ)
𝑟

𝑰
−1
𝜏
(ℎ)
𝑟

𝑰 + 𝜔̂ (ℎ)
𝑟 𝑱

 (5.9)

By giving the observer gain matrix 𝑲 (ℎ) a specific form, the adaptive law can be accomplished and extended
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to other harmonic planes ℎ. The observer gain 𝑲 (ℎ) is defined as:

𝑲 (ℎ) = 𝑄

[
𝑰 + 𝑠𝑖𝑔𝑛(𝜔̂ (ℎ)

𝑟 )𝑱
−𝑰 + 𝑠𝑖𝑔𝑛(𝜔̂ (ℎ)

𝑟 )𝑱

]
(5.10)

where

𝑄 =


𝑧
|𝜔̂ (ℎ)
𝑟 |
𝜔

if |𝜔̂ (ℎ)
𝑟 | < 𝜔

𝑧 if |𝜔̂ (ℎ)
𝑟 | ≥ 𝜔

where 𝑧 and 𝜔 are positive constants and can be selected based on the linearized model. In this work, the
observer gain is set to 𝑧 = 10 𝛺 and 𝜔 = 1 p.u., where the base value of the angular frequency is set to 2𝜋 · 50
rad/s. The parameters 𝑄 and 𝑧 serve as impedances and vary depending on the motor power levels [91]. The
block scheme of the proposed adaptive full-order flux linkage and speed observer in the stationary frame is
depicted in Figure 5.2. The speed adaptation law is still derived using the Lyapunov stability theory as in [16],

Adaptive

Law

K(h)

Â(h)

∫
C(h)B −

θ̂
(h)
R

v
(h)
s,αβ

ω̂
(h)
r

î
(h)
s,αβ

i
(h)
s,αβ

e
(h)
is,αβ

[ψ̂
(h)
s,αβ , ψ̂

(h)
R,αβ ]

Figure 5.2: Block diagram of the proposed MRAS observer for a single harmonic plane ℎ. Two of
them are used in parallel for a VPPIM switching between two pole configurations.

but applied for each harmonic plane. The time derivative of the error function 𝒆 of the observer is defined by:

¤𝒆 (ℎ) = (𝑨(ℎ) − 𝑲 (ℎ)𝑪 (ℎ) )𝒆 (ℎ) + 𝛥𝑨(ℎ)

[
𝝍̂𝑠

𝝍̂𝑅

]
(5.11)

where 

𝒆 (ℎ) = 𝒙 (ℎ) − 𝒙̂ (ℎ)

𝛥𝑨(ℎ) = 𝑨(ℎ) − 𝑨̂(ℎ) =


0 0

0 −𝛥𝜔 (ℎ)
𝑟 𝑱


𝛥𝜔

(ℎ)
𝑟 = 𝜔

(ℎ)
𝑟 − 𝜔̂ (ℎ)

𝑟

The candidate Lyapunov function 𝑉 (ℎ) in the harmonic plane ℎ is defined by:

𝑉 (ℎ) = 𝒆 (ℎ)𝑇𝑛 𝒆 (ℎ)𝑛 + (𝜔 (ℎ)
𝑟 − 𝜔̂ (ℎ)

𝑟 )2

𝜆
(5.12)

where 𝜆 is a positive constant.

𝒆 (ℎ)𝑛 = [ 𝒊 (ℎ)𝑠 − 𝒊̂ (ℎ)𝑠 𝝍 (ℎ)
𝑅

− 𝝍̂𝑅]𝑇 = [𝒆 (ℎ)
𝑖𝑠

𝒆 (ℎ)
𝜓𝑅

]𝑇 = 𝜸 (ℎ)𝒆 (ℎ) (5.13)
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where 𝜸 (ℎ) is a non-singular matrix. For the poles to be stable, the 𝐻 (Hermitian) matrix of (5.14) should be
negative semidefinite. The unidentified parameter (𝜔𝑟 ) is taken into account as a constant for the derivation of
the adaptive mechanism. Then, the time derivative of 𝑉 is expressed as a function of the observer trajectories,
as in (5.14).

¤𝑉 (ℎ) = 𝒆 (ℎ)𝑇𝑛 {[𝜸 (𝑨(ℎ) − 𝑲 (ℎ)𝑪 (ℎ) )𝜸−1]𝑇 + [𝜸 (𝑨(ℎ) − 𝑲 (ℎ)𝑪 (ℎ) )𝜸−1]}
´¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¶

𝑯

𝒆 (ℎ)𝑛 +

𝒙̂ (ℎ)𝑇𝛥𝑨(ℎ)𝑇𝜸𝑇 𝒆 (ℎ)𝑛 + 𝒆 (ℎ)𝑇𝑛 𝜸𝛥𝑨(ℎ) 𝒙̂ (ℎ)

´¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¶
2𝛥𝜔

(ℎ)
𝑟

𝐿
(ℎ)
𝜎

[𝝍̂ (ℎ)
𝑅,𝛽

𝒆 (ℎ)
𝑖𝑠,𝛼

−𝝍̂ (ℎ)
𝑅,𝛼

𝒆 (ℎ)
𝑖𝑠,𝛽

]

−2𝛥𝜔 (ℎ)
𝑟

𝜆

𝑑𝜔̂
(ℎ)
𝑟

𝑑𝑡
(5.14)

The expression in (5.15) is obtained from (5.14) by equating the last two terms to fulfill the Lyapunov stability
criteria:

𝜔̂
(ℎ)
𝑟 = 𝑘

(ℎ)
𝑝 [𝝍̂ (ℎ)

𝑅,𝛽
𝒆 (ℎ)
𝑖𝑠,𝛼

− 𝝍̂ (ℎ)
𝑅,𝛼

𝒆 (ℎ)
𝑖𝑠,𝛽

] + 𝑘 (ℎ)
𝑖

∫ 𝑡

0
[𝝍̂ (ℎ)
𝑅,𝛽

𝒆 (ℎ)
𝑖𝑠,𝛼

− 𝝍̂ (ℎ)
𝑅,𝛼

𝒆 (ℎ)
𝑖𝑠,𝛽

]𝑑𝑡 (5.15)

where 𝑘 (ℎ)
𝑝 and 𝑘 (ℎ)

𝑖
are positive adaptation gains. The proportionality term in (5.15) is introduced to enhance

the dynamic behavior of speed estimation[16]. The expression in (5.18) defines the law of speed adaptation
that applies to any harmonic plane.

The sole presumption regarding the observer gain matrix 𝑲 up to this point is that the observer poles are
stable. The observer’s poles are often positioned so that the observer error declines faster than the machine
transients, and the speed adaptation technique handles medium- and high-speed ranges quite well. However, it
falls short when operating in low-speed regenerative mode. To rectify this, a revised speed estimation law has
been suggested in [91]. This law involves rotating the current estimation error by 𝑒 (− 𝐽 𝛿 ) , aligning the estimated
current error parallel to the rotor flux in the 𝑑𝑞 frame. Hence, the estimation in the low-speed regenerative
mode is accomplished, and the angle of rotation is computed in the following expression.

𝛿 =


𝛿𝑚𝑠𝑖𝑔𝑛(𝜔𝑠 )

(
1 − |𝜔𝑠 |

𝜔𝛿

)
, if 𝜔𝑠𝜔̂𝑠𝑙 < 0 and |𝜔𝑠 | < 𝜔𝛿

0, otherwise

The maximum rotation angle 𝛿𝑚 and positive constant 𝜔𝛿 are tuned until achieving stable output, as elaborated
in [91].

5.3.2 Stability Analysis and Linearization of the Observer
Stability is crucial in designing and using full-order flux observers for VPPIM drive controllers, specifically
in the low-speed regenerative mode of operation. The final derived speed estimation law only approximates
the relationship between flux linkage and speed identification. The primary source of instability for this type
of observer arises from the truncated rotor flux error component in the conventional speed adaptation law
derivation. To mitigate this, employing a small signal linearized model of the speed-adaptive full-order flux
observer and applying a modification strategy to the adaptation law can assist in selecting the observer gain
effectively [93]. The analytical proof of the linearization and the stability in this research is implemented using
the details in reference [91]. The root locus plot shows how the open-loop transfer function zeros and the
poles of the closed-loop system migrated as the parameter 𝜔𝑠 moves in the low-speed range and regenerative
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(a) (b)

(c) (d)

Figure 5.3: The root locus plots of the real part of the transfer function of the system (𝐺 (𝑠)) with
variable stator angular frequency (𝜔𝑠 ) in two distinct rotating angles (𝛿): (a) Conventional method in
the first harmonic plane. (b) Proposed method in the first harmonic plane. (c) Conventional method
in the third harmonic plane. (d) Proposed method in the third harmonic plane.

mode of operation. Hence, the plots are generated in both the conventional and proposed methods, for the two
harmonic planes as depicted in Figure 5.3.

The simulation results depicted in Figure 5.3 (a) show the variation of the real part of the root locus plot
as the stator angular frequency increases up to 5 [rad/s] in the conventional method, where 𝛿 is set to 0°. It
indicates that some of the zeros and poles of the observer in the fundamental plane are unstable due to positive
real eigenvalues. In contrast, when the suggested strategy is applied (at 𝛿 = 20°), introducing a phase shift in
the stator current error in the dq frame, the zeros and poles migrate to negative real values, achieving stability
in the low-speed regenerative mode of operation as shown in Figure 5.3 (b). Furthermore, results Figure 5.3 (c),
taken at a rotating angle of 0° and Figure 5.3 (d), taken at a rotating angle of 20° illustrated the conventional and
modified strategy methods in the third plane. The poles and zeros exhibit negative real values in both cases,
thus achieving stability in the third harmonic plane.

5.3.3 Sensorless Pole Transition
One of the main features of VPPIMs that significantly affects the machine’s torque is the pole transition, which
performs a gradual change of the number of magnetic poles by feeding the machine with different harmonic
plane voltage space vectors. During the pole transition, two distinct harmonic planes relative to the old and
new pole configurations are excited at the same time. In this condition, both observers are used to estimate the
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mechanical speed of the machine. Therefore, it is necessary to establish a rule that determines a unique value
of speed estimation during the transition.

The speed estimation rule is also related to the pole transition strategy. This work implements a pole
transition approach that utilizes ramp transitions between harmonic planes, specifically from the first to the
third harmonic plane, as referenced in [5]. The approach involves pre-magnetization of the harmonic plane
corresponding to the new pole configuration, while the harmonic related to the old pole configuration is slowly
ramped down. Thus, during the pole transition both harmonic planes will exhibit a non-zero magnetizing
current. The speed estimation is therefore calculated as a weighted average of the two parallel speed observers,
where the weight is represented by the magnetizing current level 𝑖 (ℎ)

𝑠,𝑑
in the harmonic planeℎ. The mathematical

formulation is as follows:

𝜔
(1,3)
𝑟 =

𝜔̂
(1)
𝑟 𝐼 (1) + 𝜔̂ (3)

𝑟 𝐼 (3)
𝐼 (1) + 𝐼 (3) (5.16)

where:

𝐼 (ℎ) =

𝑖
(ℎ)
𝑠,𝑑
, if 𝑖 (ℎ)

𝑠,𝑑
> 0.7𝑖 (ℎ)

𝑠,𝑑,𝑟𝑎𝑡𝑒𝑑

0, otherwise
(5.17)

Themain reason behind the use of (5.16) is that model-based sensorless algorithms use the back-electromotive
force to estimate the speed. Maintaining sufficient back-EMF during pole transition is crucial. Gradual transitions
from two harmonic planes help keep speed estimates accurate and reduce torque ripples, avoiding sudden
changes in current inputs used in the estimation process and resulting in smoother motor operation and less
mechanical strain.

When the magnetizing current of the first or third harmonic plane falls below 0.7 times its nominal value,
the dominant part of generated torque has likely shifted between harmonic planes. Therefore, the harmonic
used for torque generation should also be consistently weighed in the speed estimation. The experimental test
showed that a weight value below 0.7 hindered smooth sensorless transitions. A value of 0.7 allowed for quick
adjustments without affecting performance. This value depends on the magnetizing current and the machine
parameters.

It is also important to highlight how the third harmonic plane is characterized by a significantly lower
magnetizing inductance (see Table 5.1), although the back-emf values can be of similar magnitude compare to
those of the first harmonic plane due to an increased third-harmonic current and number of pole pairs (see the
experimental results). Therefore, inaccuracies in the parameter estimation and in the current measurements
influence the back-emf differently in the two harmonic planes. The threshold value in the speed estimation
must, therefore, also consider these external factors, which are difficult to incorporate because they depend on
the actual setup. While it is difficult to provide a theoretical indication of the threshold value, its validation on
the setup is straightforward.

However, on the positive side, the fact that the 𝑑-axis currents on both harmonic planes are controlled simul-
taneously with closed-loop regulation - thanks to HPD modeling for VPPIMs - reduces the issues significantly.
The absence of such regulation, leaving the currents to transition freely between two pole configurations during
the transition, would most likely make the back-emf estimation tough and a sensorless speed estimation a very
arduous task. A block diagram of the proposed weighted transition algorithm is provided in Figure 5.4.

Themain reason behind the use of (5.16) is that model-based sensorless algorithms use the back-electromotive
force to estimate the speed. Maintaining sufficient back-EMF during pole transition is crucial. Gradual transitions
from two harmonic planes help keep speed estimates accurate and reduce torque ripples, avoiding sudden
changes in current inputs used in the estimation process, and resulting in smoother motor operation and less
mechanical strain.

When the magnetizing current of the first or third harmonic plane falls below 0.7 times its nominal value,
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torque generation likely shifts between harmonic planes. Therefore, the harmonic used for torque generation
should also be consistently weighed in the speed estimation. The experimental test showed that a weight
value below 0.7 hindered smooth sensorless transitions. A value of 0.7 allowed for quick adjustments without
affecting performance. This value depends on the magnetizing current and the machine parameters, which
require calibration for each machine.

Both 𝐼 (1) and 𝐼 (3) can become zero if the stator currents fall below 0.7 of their rated values, which may occur
under low load, low power demand, or in faulty conditions. This leads to a division by zero in the expression
for 𝜔 (1,3)

𝑟 , requiring special handling, such as a fallback mechanism or calculation adjustment, to avoid errors
or instability. A block diagram of the proposed weighted transition algorithm is provided in Figure 5.5.

5.3.4 Parameter sensitivity
In sensorless drives, parameter mismatches significantly impact stability and rotor-speed estimation. This
research uses the method for compensating parameter sensitivity proposed in [91]. This study’s method focuses
on improving low-speed regenerative operation estimation, where stator resistance sensitivity is pronounced.
Analytical validation shows robust stator resistance in two harmonic planes, with the estimated to actual
rotor flux magnitude ratio nearing unity across rotor speed ranges, as shown in Figure 5.6. The results of the
simulation suggest that the sensitivity to stator resistance changes is reduced in the third harmonic plane
during low-speed regenerative operation.

(a) (b)

(c) (d)

Figure 5.6: Effect of parameter errors on the rotor flux in two different harmonic planes: (a)𝑅𝑠 = 1.25𝑅𝑠
at [ℎ = 1]. (b) 𝑅𝑠 = 0.75𝑅𝑠 at [ℎ = 1]. (c) 𝑅𝑠 = 1.25𝑅𝑠 at [ℎ = 3]. (d) 𝑅𝑠 = 0.75𝑅𝑠 at [ℎ = 3].
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5.4 Simulation Results
The proposed MRAS sensorless control has been introduced into the traditional IFOC strategy and implemented
in the MATLAB/Simulink platform to validate the proposed methodology. The block diagram of the proposed
scheme is shown in Figure 5.5.

5.4.1 Speed reversal performance at [h=1] and [h=3]
The results of the simulation, which examine the reversal of speed in motoring and regenerative modes in
different harmonic planes under load conditions, are presented in 5.7 (a), 5.7 (b).

Figure 5.7 (a) represents the behavior of the machine in the two-pole configuration, therefore, when only
the first harmonic plane is excited. The first sub-plot displays the magnetizing and torque-producing currents,
𝑖
(1)
𝑠,𝑑

and 𝑖 (1)𝑠,𝑞 respectively. The second subplot compares the estimated, the reference, and the actual mechanical
speeds in steady-state and speed deceleration during the motor and generator operating mode. It is noteworthy
that the estimated speed is closely aligned with the actual speed. The third subplot shows the electromagnetic
torque generated by the machine, which reaches a peak of -30 [Nm]. Lastly, the fourth subplot computes the
rotor flux in the stationary reference frame.

Figure 5.7 (b) represents the behavior of themachine in the same operating conditions reported in Figure 5.7 (a)
but in the six-pole configuration, therefore, when only the third harmonic plane is excited. The magnetizing
and torque-producing currents are depicted in the first subplot. The second subplot shows that the speed
estimation is performed effectively and compared with the reference and actual speed in the motoring and
regenerating operation mode. Additionally, the third subplot represents the electromagnetic torque produced
by the machine, while the last subplot of Figure 5.7 (b) illustrates the estimated rotor flux in the stationary
reference frame.

5.4.2 Torque reversal and pole transition performance
The simulation results for pole transition and steady-state rotor speed estimation under load conditions are
shown in Figure 5.8, specifically for motor and regenerative modes of operation in the first and third harmonic
planes.

Speed estimation begins in the first harmonic plane for 400 [rpm] and covers the initial 6.5 s. A smooth
transition occurs to the third plane, lasting until the 16 s mark in the motoring mode. The estimated speed aligns
closely with the reference speed during this period. In the regenerative mode, the pole transition occurs in both
planes. From 16 s to 26 s, speed estimation takes place in the first harmonic plane, maintaining good accuracy.
Between 26 s and 36 s, the motor switches to third harmonic plane speed estimation in the regenerative mode,
with results close to the reference speed as well.

5.5 Experimental Verification
The experimental test setup is shown in Figure C.1. It comprises a nine-phase symmetrical VPPIM with 36 slots
and 18 coils, as illustrated in Figure 5.1, whose parameters are reported in Table 5.1. In addition, it comprises
four three-phase converters (i.e., C1, C2, C3, and C4) controlled by an Opal-RT OP5700 system. C4 is not used
for nine-phase configuration. These converters share a common DC-link voltage, which is powered by a 22kw
regenerative load drive (ABB ACS880). The load drive also controls a 15kw three-phase one-pole pair im which
is mechanically coupled to the test machine. The OP5700 is connected to a 1000 pulse encoder and a torque
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(a)

(b)

Figure 5.7: Speed reversal simulation results: (a) In the first harmonic plane, the VPPIM operates as a
two-pole machine. (b) In the third harmonic plane when the VPPIM operates as a six-pole machine.
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Figure 5.8: Torque reversal and pole transition simulation results in the first and third harmonic
planes.

transducer to measure rotor speed and output torque. The experiment uses 4kHz as both the switching and
current sampling frequency.

For the verification of the proposed MRAS observer, the test machine is operated in torque control mode,
while the load machine is responsible for controlling the system’s speed. As mentioned earlier, the applied
magnetic pole transition strategy follows the results of [5]. The speed for pole number transition is set to 400
rpm. In general, this speed can be chosen by different criteria, one being the lowest possible losses as elaborated
in [101].

5.5.1 Reference Frame Selection in the Observer Design
The adaptive law for the speed estimation is created out of this condition, where an additional proportional
part is added to improve the estimation dynamics:

𝜔̂
(𝜈 )
𝑟 = 𝑘

(𝜈 )
𝑝 [𝝍̂ (𝜈 )

𝑅,𝑞
𝒆 (𝜈 )
𝑖𝑠,𝑑

− 𝝍̂ (𝜈 )
𝑅,𝑑

𝒆 (𝜈 )
𝑖𝑠,𝑞

] + 𝑘 (𝜈 )
𝑖

∫ 𝑡

0
[𝝍̂ (𝜈 )
𝑅,𝑞

𝒆 (𝜈 )
𝑖𝑠,𝑑

− 𝝍̂ (𝜈 )
𝑅,𝑑

𝒆 (𝜈 )
𝑖𝑠,𝑞

]𝑑𝑡 (5.18)

The speed adaption law in (5.18) is derived in the 𝑑𝑞 rotating reference frame, but [104] shows how the law
could be implemented in other reference frames, like the stationary 𝛼𝛽 one as described in (5.15).

5.5.1.1 Experimental results in the rotating dq- reference frame

Considering the adaptive law implemented in the rotating 𝑑𝑞 reference frame, Figure 5.9, 5.10, and 5.11 provide
the experimental results when the speed is estimated by a weighted average of the (5.16) expressed for the
first-harmonic and third-harmonic space vector. The weights for the averaging calculations are the 𝑑-axis
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Table 5.1: Measured electrical parameters (inverse-𝛤 ) and the rated values of the test machine
configured as symmetrical 9-phase.

ℎ 𝑅𝑠 [m𝛺] 𝐿𝜎[m𝐻 ] 𝐿𝑀[m𝐻 ] 𝑅𝑅[m𝛺]
1 285 7.3 175.8 192.6
3 285 5.0 17.4 106.8
5 285 3.9 4.8 67.4
7 285 3.1 2.0 45.5

𝑉𝑛 [𝑉 ] 𝐼𝑛 [A] 𝜏𝑛[Nm] 𝜔𝑛[rpm] 𝑓𝑛[Hz]
400 15 48 2934 50

𝑐𝑜𝑠 (𝜙) 𝐾
(1)
𝑝 𝐾

(1)
𝑖

𝐾
(3)
𝑝 𝐾

(3)
𝑖

0.9 10,000 150 1000 50

current values for each space vector. Furthermore, the modified algorithm described in reference [91] is also
integrated to improve the low-speed estimation.

In the results presented in Figure 5.9, voltages and thus currents are initially excited with the first-harmonic
space vector, corresponding to a 1 pole pair configuration, for 10 s under constant load conditions. Subsequently,
the first-harmonic space vector is substituted by the third-harmonic space vector for an additional 20 seconds
before returning to the first-harmonic space vector until the end of the time window. Based on the above
excitation, the first subfigure illustrates the references, actual flux-generating currents (𝑖 (1,3)

𝑑
), and torque-

producing currents (𝑖 (1,3)𝑞 ) for both space vectors. The speed estimate at 500 [rpm] remains accurate and
transitions well while applying the weighted average speed adaptive law, as is evident from the second
subfigure. The load remains constant at 35 [Nm] and is depicted in the third subfigure. The fourth and fifth
subfigures show the voltages and currents in the 𝑎𝑏𝑐 reference frame. Apart from minor torque and speed
disparities during the transition, the two harmonic planes exhibit smooth behavior. Furthermore, the zoomed-in
plots of Figure 5.10, and 5.11 show the seamless magnetic pole transition in the fundamental and third space
vector, and vice versa.

5.5.1.2 Experimental results in the stationary 𝜶𝜷 - reference frame

Similar experimental results using the speed adapting law (5.18) in the stationary 𝛼𝛽 frame are depicted in
Figure 5.12, 5.13, and 5.14. Again, the speed is estimated by a weighted average of the (5.16) expressed for the
first and third space vector.

In the results shown in Figure 5.12, at the beginning, the space vector is excited with the first harmonic
for 10 s under constant load conditions. Subsequently, it is excited with the third harmonic for an additional
10 s before returning to the first harmonic until the end. The first sub-figure shows the references, actual
flux-generating currents (𝑖 (1,3)

𝑑
) and the torque-producing currents (𝑖 (1,3)𝑞 ) for both harmonics. The speed

estimate is accurate, as observed in the second sub-figure at 800 [rpm]. The load is constant at 30 [Nm] and is
shown in the third sub-figure. The fourth and fifth plots show the voltages and currents of the stator in the
𝑎𝑏𝑐 reference frame. Except for some insignificant torque and speed disparity during the transition, the two
harmonic planes are transitioning smoothly. Moreover, the magnified plots in Figure 5.13 and 5.14 reveal the
seamless transition of the magnetic poles in the two space vectors. The findings show that both MRAS-based
sensorless solutions for VPIM work reliably and effectively, both in steady-state conditions and also in the
more challenging magnetic pole transition cases. From an implementation point of view, the equations in the
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Figure 5.9: Experimental validation of speed estimation using the first-harmonic and third-harmonic
space vectors using the 𝑑𝑞 reference frame under constant load conditions.

Figure 5.10: The zoomed-in plot illustrates the experimental verification of speed estimation from the
first-harmonic to the third-harmonic space vector in the 𝑑𝑞 reference frame, considering a constant
load condition.
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Figure 5.11: The zoomed-in plot illustrates the experimental verification of speed estimation from the
third-harmonic to the first-harmonic space vector in the 𝑑𝑞 reference frame, considering a constant
load condition.

Figure 5.12: Experimental validation of speed estimation with the first-harmonic and third-harmonic
space vectors using the 𝛼𝛽 reference frame under constant load conditions.
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Figure 5.13: The zoomed-in plot illustrates the experimental verification of speed estimation from
the first-harmonic to the third-harmonic space vector in the 𝛼𝛽-frame, considering a constant load
condition.

Figure 5.14: The zoomed-in plot for the experimental verification of speed estimation from the third-
harmonic to the first-harmonic space vector in the 𝛼𝛽-frame, considering a constant load condition.
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𝑑𝑞 reference frame are slightly more complicated (and thus computationally intensive) due to the presence of
the rotating transformations. The equations in the 𝛼𝛽 reference frame, instead, are simpler and directly related
to the stator quantities.

Experimental tests have demonstrated that both the rotating reference frame and the stationary frame provide
accurate speed estimates within the moderate-speed range. However, implementing the speed estimation in
the stationary frame requires less computational time compared to the counterparts of the rotating frame.
Therefore, for future implementations, it is advisable to use models based on the stationary reference frame, as
it offers simplicity and efficient speed estimation and magnetic pole transitions based on the operating point.
Consequently, the VPIM exhibits characteristics that position it as a strong candidate within the electromobility
industry.

5.5.2 Speed reversal performance in the 𝜶𝜷 reference frame
As illustrated in Figure 5.15, the performance evaluation is conducted during the reversal of speed in the
fundamental space vector within the stationary frame. The initial subplot shows the stator current’s 𝑑 and
𝑞-axis components for various space vectors, alongside their reference values, highlighting accurate current
tracking. Following this, the second subplot illustrates the rotor speeds for both systems, showcasing the
combined rotor speed (𝜔 (1,3)

𝑟 ). Step changes indicate transitions in control, although there are slight mismatches
in estimating speeds when approaching zero speed. The third subplot illustrates the negative electromagnetic
torque (𝜏𝑒 ), maintaining stability with minor fluctuations, indicating consistent system performance. The fourth
subplot illustrates the applied currents (𝑖𝑎𝑏𝑐 ) in the 𝑎𝑏𝑐 frame depicted as a sinusoidal signal, and the concluding
subplot presents the applied voltages (𝑣𝑎𝑏𝑐 ), likewise represented as sinusoidal waves. In general, these plots
demonstrate the system’s ability to estimate speed close to zero accurately and its robust dynamic response
across various operating conditions.

5.5.3 Speed reversal performance in the 𝒅𝒒 reference frame
The performance characteristics related to speed reversal in the fundamental space vector within the 𝑑𝑞
reference frame are shown in Figure 5.16. The first subplot depicts the components of the 𝑑 and 𝑞-axis of the
stator current across different space vectors, along with their respective reference values, highlighting precise
tracking of the current. The following subplot shows the estimated rotor speed using the weighted average
magnetizing current algorithm, (𝜔 (1,3)

𝑟 ), where step changes indicate that smooth transitions are not achievable
due to the high computational time required in these frames. The third subplot depicts the electromagnetic
torque (𝜏𝑒 ), which remains unstable and has oscillations. In the fourth subplot, the applied currents (𝑖𝑎𝑏𝑐 ) are
displayed as sinusoidal waveforms in the 𝑎𝑏𝑐 frame, while the final subplot illustrates the applied voltages (𝑣𝑎𝑏𝑐 ),
also exhibiting sinusoidal patterns in the same frame. In conclusion, these plots reveal that in the 𝑑𝑞 frame,
speed reversal is not accomplished for lower speed estimations, particularly during regenerative operation.
This is due to the requirement for double the computation time on this frame.
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Figure 5.15: Experimental result of speed reversal performance using the fundamental space vector
in the 𝛼𝛽-frame under constant load conditions.

Figure 5.16: Experimental performance of speed reversal within the fundamental space vector in the
𝑑𝑞-frame under a constant load condition.
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5.5.4 Performance of the VPPIM at the rated speed
Figure 5.17 illustrates the rotor’s rated speed performance with the suggested sensorless drive system in the
base VPPIM configuration. The speed increased from 1000 rpm to 2934 rpm and then returned to 1000 rpm,
consistently under a load of 30 Nm, demonstrating a good result of the speed estimates.

Figure 5.17: Experimental results of the VPPIM at the rated speed in the base configuration.

5.5.5 Speed reversal at [h=1] and [h=3]
In Figure 5.18 are reported the behavior of the proposed sensorless control for nine-phase VPPIM during a
speed reversal when the machine operates with two-pole Figure 5.18 (a) and six-pole Figure 5.18 (b) under load
conditions.

In Figure 5.18 (a), the machine operates with two poles. In the first subplot, the magnetizing current 𝑖 (1)
𝑠,𝑑

and the torque producing current 𝑖 (1)𝑠,𝑞 are displayed. In the second subplot, a comparison is made between the
actual speed and the estimated speed. Notably, during the initial 7.5 s, the generator operating mode scenario
demonstrates that the measured speed at 400 rpm to -400 rpm closely aligns with the estimated speed. In
addition, it provides a reliable estimate for the motor operating mode mode throughout the remaining time
interval. The estimated and the actual speed can effectively cross the zero line despite minor misalignment at
the crossing line. In the third subplot, the trend of the measured torque is reported. Lastly, the fourth subplot
shows the estimated rotor flux linkage in the stationary frame.

In Figure 5.18 (b), the machine operates with three poles. The magnetizing and torque-producing currents
are depicted in the first subplot. The second subplot of the experimental results shows the steady-state rotor
speed measurement result from 400 rpm to -400 rpm in both operating modes. As seen from the results, during
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a deceleration scenario from the initial point to 7.5 s, in the generator operating mode, and for the rest of
the time interval for the motor operating mode, the measurement results agree well with the actual speed.
The estimated and real speed can also effectively pass the zero line despite a small misalignment close to the
zero crossing line. Hence, successful speed reversals under -30 Nm loaded conditions have been validated in
the third harmonic plane, as shown in the third subplot. Finally, the estimation of the rotor flux linkage in
the stationary frame is shown in the final subplot. In Figure 5.18 (b), the machine operates with three poles.
the magnetizing and torque-producing currents are depicted in the first subplot. The second subplot of the
experimental results shows the steady-state rotor speed measurement result from 400 [rpm] to -400 [rpm] in
both operating modes. As seen from the results, during a deceleration scenario from the initial point to 7.5 s, in
the regenerating mode, and for the rest of the time interval for the motoring mode, the measurement results
are well agreed with the actual speed. The measurement and real speed can also effectively pass the zero line
despite a small misalignment close to the zero crossing line. Hence, successful speed reversals under -30 [Nm]
loaded conditions have been validated in the third harmonic plane, as shown in the third subplot. Finally, the
estimation of the observed rotor flux in the stationary frame is shown in the final subplot.

From Figure 5.18 (a), speed and torque estimates in the fundamental harmonic plane are prone to oscillations
for the time interval from 5 to 10 s due to challenges in retrieving the back-emf information. In contrast, the
third harmonic plane has more back-emf information (see the rotor flux linkage magnitude for both harmonic
planes). This interesting aspect results in an improved speed and torque estimates as depicted in Figure 5.18 (b)
for the same time interval from 5 to 10 s. Thus, low-speed estimation should use the third harmonic plane and
a high pole count for better performance in speed-sensorless algorithms. This fact is perfectly in line with our
intended use of the machine: high pole counts for low speeds to achieve higher torques.

5.5.6 Torque reversal and pole transition at [h=1] and [h=3]
The speed estimation incorporating the weighted transition algorithm plays a crucial role in the sensorless
drive for VPPIM when a pole transition occurs, as illustrated in Figure 5.19 and some zooms that illustrate the
detail of the transitions are reported. The motoring mode of operation during transition is demonstrated by
Figure 5.19. Moreover, the regenerative mode of operation is also depicted to show the verification due to pole
transitions through the same figure.

In the initial 6.5 s, the machine operates in the first harmonic plane. Thereafter, a transition between the
third harmonic plane and back to the first harmonic plane occurs, lasting until the 20 s mark in motoring mode
with 30 [Nm] loaded. Throughout this period, the estimated speed closely tracks the actual speed as represented
in the zooms of Figure 5.20 (a) and 5.20 (b). Following this, from 20 seconds on-wards until the end of the
simulation, the drive operates in regenerative mode, during which speed estimation is performed using the first
and third harmonic planes. In the regenerative mode, pole transitions occur in both planes again. Between 20 s
and 40 s, the motor switches between the first and third harmonic planes in the regenerative mode with a load
of -30 [Nm], with results close to the actual speed as represented in the zooms of Figure 5.21 (a) and 5.21 (b).

As shown in Figure 5.21, inter-plane cross-saturation phenomena are observed when both harmonic planes
are magnetized simultaneously [5]. This happens during the pole transition and is followed by a smoothing-out
process after the transition across all operational regions under various load conditions. Future research must
focus on developing innovative strategies to reduce this effect and ensure smooth pole transitions.
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(a)

(b)

Figure 5.18: Speed reversal experimental results: (a) In the first harmonic plane when the VPPIM
operates as a two-pole machine. (b) In the third harmonic plane when the VPPIM operates as a
six-pole machine.
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Figure 5.19: Torque reversal and pole transition experimental results in the first and third harmonic
planes.

(a) (b)

Figure 5.20: (a) Pole transition in the motoring mode from [ℎ = 1] to [ℎ = 3]. (b) Pole transition in
the motoring mode from [ℎ = 3] to [ℎ = 1]
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(a) (b)

Figure 5.21: (a) Pole transition in the regenerative mode from [ℎ = 1] to [ℎ = 3]. (b) Pole transition
in the regenerative mode from [ℎ = 3] to [ℎ = 1]

5.5.7 Results from experiments on parameter sensitivity
The theoretical sensitivity analysis performed in the reference [105] is still valid for the machine under test.
One of the most critical parameters is 𝑅𝑠 , which varies due to temperature and affects the stability and accuracy
of the speed observer at low stator frequencies. Consequently, an experimental case study is performed for
each harmonic plane in which the estimated stator resistance is 70% of the real value of 𝑅𝑠 , and the performance
at low stator frequencies is analyzed. The results are presented in Figure 5.22 (a), 5.22 (b), 5.23 (a), and 5.23 (b)
for the regenerating and motoring modes, respectively, considering the fundamental and the third harmonic
planes.

As expected, the accuracy of the speed observer at low stator frequencies is sensitive to the discrepancies in
the value of 𝑅𝑠 . The fundamental harmonic plane starts to behave unreliably in generating mode at roughly
200 rpm, whereas the third harmonic plane remains reliable down to 75 rpm. There are multiple reasons for the
existence of two distinct minimum stable speeds in the generating mode. Each harmonic plane is independent
with a unique set of parameters and slip. Thus, the amplitudes of the back-EMF in the two harmonic planes
differ, as illustrated in Figure 5.22 (a), 5.22 (b) . The third harmonic plane demonstrates increased stability
towards lower frequencies, confirming the original thought that the operation of variable phase-pole machines
towards the zero frequency should happen at the highest possible number of poles. In motoring mode, the
speed observer of both harmonic planes is stable towards 0 rpm, as shown in Figure 5.23 (a), 5.23 (b) .

At zero speed, a positive stator frequency due to a non-zero load allows the back-EMF to be estimated with
minimal impact from resistive voltage drops. With accurate parameters, speed estimation can closely approach
the zero stator frequency.
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(a) (b)

Figure 5.22: Analysis of experimental sensitivity: estimated stator resistance is equal to 70% of the
actual value. Step speed estimation while operating in generating mode: (a) in the first harmonic
plane, (b) in the third harmonic plane.

(a) (b)

Figure 5.23: Analysis of experimental sensitivity: estimated stator resistance is equal to 70% of the
actual value. Step speed estimation while operating in motoring mode: (a) in the first harmonic plane,
(b) in the third harmonic plane.
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5.6 Summary
VPPIMs are potential candidates for electromobility due to their versatility in torque-speed range and efficiency,
omitting rare-earth materials. They, however, present challenges in analytical modeling, control scheme
development, and parameter estimation. A critical issue is the smooth transition between different pole-pair
configurations, crucial for sensorless control. This research proposed a sensorless strategy for a variable
phase-pole induction machine that effectively estimates and regulates the mechanical speed during operation
in different harmonic planes, load variations, speed reversals, and pole transitions.

The algorithm is based on a full-order observer and a model reference adaptive system approach. The speed
is simultaneously estimated by two parallel observers operating in two different harmonic planes, and the final
speed estimation is obtained as the weighted average of the two independent speed estimations. The weight
is represented by the magnetization current in each harmonic plane. The stability of the proposed method is
demonstrated with the Lyapunov stability criteria. Simulations and experimental tests validate the approach,
demonstrating the feasibility of sensorless operation for variable phase-pole induction machines even under
pole transition. Future research should focus on evaluating the VPPIM’s performance against standard driving
cycles such as the Worldwide Harmonised Light Vehicles Test Procedure (WLTP) as well as conducting studies
on alternative sensorless methodologies that could apply to VPPIMs.





6 Concluding Remarks

6.1 Conclusions
One of the primary contributions of the research is the high degree of agreement among several numerical
methods for examining both the steady-state and transient behaviors of variable-phase-pole induction machines.
The research assesses several phase-pole arrangements, looking at how the machine’s performance is affected by
the number of poles and phases under different operating circumstances. The consistency of the results across
various setups confirms the validity and dependability of the simulation methods used. In practical applications,
this comparison is essential for choosing the best phase-pole topologies, particularly when considering the
trade-offs between torque and speed.

The work offers a significant suggestion for further investigation into variable phase-pole machine design.
It recommends that while optimizing the machine’s performance for high-speed operation at lower torque
values, pole adjustments should be given priority over changes in flux linkage levels. Pole alterations provide
a more realistic and effective way to achieve the desired performance over a wider range of speeds, but
changing flux linkage can be a more complicated and resource-intensive technique. This makes the finding
noteworthy. Therefore, more research on pole-switching techniques is needed to enhance these machines’
dynamic performance in high-speed areas. This is crucial for traction applications where torque efficiency and
speed are both essential.

The assessment of a parameter estimation method that combines FEA with a per-solenoid approach and HPD
theory is an essential component of the study. The better accuracy and consistency of this novel methodology
are demonstrated by contrasting it with traditional parameter estimation techniques. More accurate assessment
of characteristics like inductances, resistances, and mutual coupling coefficients is made possible by the per-
solenoid technique, which divides the machine’s behavior into smaller, easier-to-manage segments (solenoids).
A harmonic-based examination of the machine’s magnetic field distribution is incorporated into the HPD
theory, further refining the findings. Regarding computing performance, the novel method outperforms the
conventional methods in terms of speed and efficiency. This approach offers a valuable tool for improving
the design and operation of variable phase-pole machines in practical applications by facilitating quicker
convergence and more precise key parameter estimations.

The sensorless speed regulation method created for the variable phase-pole induction machine is another
noteworthy addition to this study. This technique estimates and controls the motor’s speed without physical
speed sensors by combining MRAS with full-order observers. While the full-order observer estimates the
system’s state variables, the MRAS algorithm adjusts the control signals in real time by comparing the observed
output with a reference model. Through extensive simulation and experimental testing, the stability and
viability of this sensorless approach are confirmed, showing that it functions well even during pole transitions
— a situation in which many sensorless approaches might falter because of the inherent variations in motor
parameters. The experimental findings demonstrate that this method effectively sustains correct estimation
and steady speed control even when the machine alternates between various pole configurations, making it
appropriate for real-world applications requiring resilience and dynamic performance.
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6.2 Suggestions for future work
Inter-plane cross-saturation effects during simultaneous harmonic plane magnetization can seriously impair
the accuracy and performance of magnetic systems; future studies should concentrate on reducing these
effects. Cross-saturation is the result of undesirable distortions caused by the interaction of several magnetic
fields, which results in inaccurate responses from the system. Researchers can increase the accuracy and
efficiency of magnetic field models by tackling this problem, particularly in applications involving intricate or
multi-frequency magnetization processes. More dependable and efficient magnetic systems would result from
the development of sophisticated mechanisms to isolate or regulate these interacting fields, maybe through
creative material design or cutting-edge computational methods. In the end, this research may improve the
efficiency of machinery such as electric motors and transformers, where exact control over magnetic fields is
essential for optimum performance.

In particular, increasing the efficiency, torque density, and operational stability of electrical machines requires
more research into the best pole-phase topologies. Researchers can find configurations that minimize losses,
lessen cogging effects, and improve overall motor control, especially under varied load conditions, by examining
different combinations of pole and phase arrangements. Investigating new geometries, the effects of pole-phase
mismatches, and the function of cutting-edge materials in improving these configurations are some possible
topics for this study. Furthermore, the behavior of various pole-phase configurations can be modeled and
predicted using computational tools and simulation techniques, making it easier to build machines that are
more effective and adaptable. The ultimate objective of this effort is to provide standards for the design of
machines with improved performance metrics, which will help applications in high-performance industrial
motors, automotive systems, and renewable energy.

Moreover, future research should focus on investigating a synchronous machine capable of adjusting its
phase and pole configurations in real-time.





A Global and Local Stability

Global stability is a good attribute of some nonlinear systems. Accordingly, 𝑥 (𝑡) converges to the same
equilibrium point 𝑥★ regardless of the initial position 𝑥 (0) in the state space. But proving global stability
might be challenging. For this, so-called Lyapunov functions — also known as Lyapunov’s second or direct
method — are quite effective, although they are frequently tricky to locate. As will be demonstrated briefly, local
stability is simpler to demonstrate. Local stability suggests that 𝑥 (𝑡) will converge to 𝑥★ provided the initial
point 𝑥 (0) is sufficiently near the equilibrium point 𝑥★. With very few exceptions, the starting position for
controlling converters and drives is near equilibrium, as demonstrated in the upcoming chapters. Consequently,
a property’s local stability is frequently sufficient.

A.1 Analysis of Local Stability by Linearization
If 𝑥 (𝑡) ≈ 𝑥★ we have 𝑓 (𝑥 (𝑡)) ≈ 0. Hence, 𝑓 (𝑥 (𝑡)) can be approximated as a first-order Taylor series expansion

𝑓 (𝑥 (𝑡)) ≈ 𝑓 (𝑥★)
²

0

+𝑓 ′ (𝑥★) [𝑥 (𝑡) − 𝑥★] (A.1)

It therefore appears logical that close to an equilibrium point and can be approximated as a linear system

¤̄𝑥 (𝑡) = 𝐴𝑥 (𝑡), 𝐴 = 𝑓 ′ (𝑥★) (A.2)

where 𝑥 (𝑡) = 𝑥 (𝑡) − 𝑥★.
Linearization is the most commonly used method for stability analysis of nonlinear systems and is also

called Lyapunov’s first (or indirect) method. The stability of the linearized system can be analyzed simply by
calculating the eigenvalues of 𝐴. If we restrict the analysis to second-order systems, which is the case in the
applications encountered in this research this matrix is given by:

𝐴 = 𝑓 ′ (𝑥★) =


𝜕𝑓1 (𝑥1, 𝑥2)

𝜕𝑥1

𝜕𝑓1 (𝑥1, 𝑥2)
𝜕𝑥2

𝜕𝑓2 (𝑥1, 𝑥2)
𝜕𝑥1

𝜕𝑓2 (𝑥1, 𝑥2)
𝜕𝑥2

𝑥=𝑥★
(A.3)

There are two eigenvalues, which we denote as 𝜆1 and 𝜆2, i.e., the characteristic polynomial is given by

(𝑠 − 𝜆1) (𝑠 − 𝜆2) = 𝑠2 − (𝜆1 + 𝜆2)´¹¹¹¹¹¹¹¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¹¹¹¹¹¹¶
𝑎1

𝑠 + 𝜆1𝜆2±
𝑎0

(A.4)

The type of equilibrium point is determined by the signs of the real parts of the eigenvalues.

1. Stable equilibrium point—sink: Re{𝜆1} < 0, Re{𝜆2} < 0 (𝑎1 > 0, 𝑎0 > 0). Any trajectory starting in
the vicinity of 𝑥★ will converge to 𝑥★. The system behaves as an asymptotically stable linear system
about 𝑥★.
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2. Unstable equilibrium point—source: Re{𝜆1} > 0, Re{𝜆2} > 0 (𝑎1 < 0, 𝑎0 > 0). Any trajectory
starting in the vicinity of 𝑥★ will diverge from 𝑥★. The system behaves as an unstable linear system
about 𝑥★.

3. Unstable equilibrium point—saddle point: 𝜆1 > 0, 𝜆2 < 0 (𝑎0 < 0). (The eigenvalues are in this
case always real.) Trajectories close to a saddle point tend first to approach the saddle point and
then move away from it. Hence, most trajectories starting in the vicinity of 𝑥★ will diverge from 𝑥★.
Theoretically, there are also initial values 𝑥 (0) for which 𝑥 (𝑡) will converge to 𝑥★. These are called the
stable separatrices or stable manifolds, and are important, as they determine the stable regions about
each sink.

4. Center: Re{𝜆1} = Re{𝜆2} = 0 (𝑎1 = 0). Nothing conclusive about stability can be said.

72



B Experimental Setup

Depicted in Figure B.1 is the experimental setup at the KTH Royal Institute of Technology Laboratory, featuring
VPPIMs driven by a 36-leg inverter and managed by a control board incorporating a Xilinx ZynQ 7000 SoC
ZC706.

Figure B.1: The experimental setup for the verification of FEM-based parameter estimation.
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C Experimental Setup

Figure C.1 illustrates the multiphase experimental setup at ABB, which comprises four three-phase converters
(designated as 𝐶1, 𝐶2, 𝐶3, and 𝐶4) managed by an Opal-RT OP5700 system.

ABB
ACS880
22kW

ABB
3-Phase IM

15kW Torque Sensor
Magtrol

TMHS312/111

Test Machine
9-Phase IM

Real-time
Controller

3-phase test converters

Figure C.1: Experimental test bench for the sensorless speed control.
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