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Abstract i

Abstract
The global push for sustainable and energy-efficient industrial practices has neces-
sitated advancements in electric motor drive systems. This thesis focuses on the de-
velopment of self-commissioning and estimation techniques for Synchronous Reluc-
tance Motors (SynRM), a promising alternative to traditional Induction Motors (IM)
and Permanent Magnet Synchronous Motors (PMSM). SynRMs are gaining signifi-
cant attention due to their high efficiency, cost-effectiveness, and lack of reliance on
rare-earth materials, making them a sustainable choice for industrial applications.

This research introduces robust self-commissioning algorithms for three-phase
two-level inverters and SynRMs. These algorithms effectively address critical chal-
lenges such as inverter nonlinearity, dead-time effects, voltage drop compensation,
and parameter estimation. One notable contribution of this research is development
of a Phase-Locked Loop (PLL)-based observer, which enables accurate rotor posi-
tion and flux estimation for sensor-less control. This eliminates the need for costly
mechanical sensors while maintaining system reliability and precision.

The proposed self-commissioning methods simplify the initial setup of SynRM
drives, enabling a plug-and-play operation. Experimental validations and simulations
have demonstrated significant improvements in motor control performance, energy
efficiency, and overall system robustness. By mitigating the effects of inverter non-
linearities and accurately identifying motor parameters at standstill, the developed
methods provide a reliable solution for industrial applications.

The contributions of this work are significant for industries seeking greener,
energy-efficient alternatives to traditional IMs and PMSMs without compromising
performance. The findings highlight the potential of SynRM drives to replace IMs and
PMSMs in various applications, such as HVAC systems, pumps, and renewable en-
ergy systems. This research lays a solid foundation for future advancements, includ-
ing integrating advanced control strategies, optimizing motor designs, and expanding
the use of SynRM technology in high-power and renewable energy applications.

Keywords: Energy efficiency, Industrial applications, Inverter nonlinearity, Phase-
locked loop observer, Self-commissioning, Sensor-less control, Synchronous reluc-
tance motor.
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Chapter 1

Introduction

1.1 Role of Electric Machines in Sustainability

Electric machines are the backbone of industrial automation, responsible for driving a
wide range of machinery in manufacturing, transportation, and energy sectors. Their
widespread usage accounts for approximately 45% of global electricity consumption,
making them a prime target for efficiency improvements in efforts toward sustainabil-
ity [1]. While current industrial motor drives have achieved significant efficiency im-
provements, further advancements could lead to even greater reductions in energy use
and greenhouse gas emissions, particularly in high-demand applications. As indus-
tries strive to meet environmental regulations, the adoption of energy-efficient motor
drives is critical for achieving sustainability goals.

AC electric machines, particularly three-phase machines, have been fundamental
to industrial applications due to their robustness, reliability, and scalability [2, 3].
However, the efficiency of conventional AC machines, such as induction motors
(IMs), can be relatively low compared to modern high-efficiency motor technolo-
gies, especially under partial load conditions in variable-load applications like pumps,
fans, and conveyors. In this context, enhancing motor efficiency directly contributes
to sustainability by reducing both energy consumption and carbon emissions [1, 4].

Different motor types offer varying degrees of efficiency and cost-effectiveness.



2 Introduction

IMs are widely used but suffer from rotor losses, and lower efficiency compared to
synchronous machines. These rotor losses are primarily due to induced currents in the
rotor, which generate additional heat, reducing overall motor efficiency, especially at
light loads. In contrast, synchronous machines reduce rotor losses during steady-state
operation, which helps improve both efficiency and thermal performance. However,
some losses can still arise during dynamic conditions. [5].

Permanent Magnet Synchronous Motors (PMSMs) are widely recognized for
their high efficiency and power density, owing to the use of rare-earth magnets.
These machines are particularly well-suited for high-performance applications, such
as electric vehicles and industrial drives [6]. However, the reliance on rare-earth ma-
terials poses challenges related to cost and sustainability, prompting the exploration
of alternative motor technologies [7].

Switched Reluctance Motors (SRMs) are cost-effective but suffer from torque
ripple and complex control requirements [8]. In contrast, Synchronous Reluctance
Motors (SynRMs) have emerged as a highly efficient and sustainable alternative, of-
fering excellent performance without the need for expensive materials like rare-earth
magnets.

1.2 Synchronous Reluctance Motors: A Sustainable Choice

SynRMs provide a compelling alternative to both IMs and PMSMs due to their
unique design. As shown in Table 1.1, from a sustainability perspective, SynRMs
offer several advantages over IMs and PMSMs [5, 9, 10, 11]. SynRMs do not rely on
rare-earth materials, unlike PMSMs, which reduces the environmental impact associ-
ated with the extraction and processing of these scarce resources [11]. Additionally,
SynRMs demonstrate high efficiency, especially at partial loads, which can signifi-
cantly reduce energy consumption in industrial applications such as fans, pumps, and
HVAC (Heating, Ventilation, and Air Conditioning) systems. This energy efficiency
directly supports sustainability goals by lowering operational carbon footprints. Com-
pared to IMs, which experience efficiency drops under partial loads and require more
maintenance, SynRMs are more durable as well, reducing the need for frequent re-
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placements and the associated environmental costs [12, 13]. Moreover, they operate
without the use of magnets or rotor windings, eliminating rotor losses and reducing
thermal issues. This design results in highly efficient machines with a lower cost of
production and maintenance, making them more economically viable for widespread
adoption [8, 14]. These factors make SynRMs a compelling choice for industries
focused on sustainability and energy efficiency.

Table 1.1: Comparison of key characteristics among SynRM, IM, and PMSM

Feature SynRM IM PMSM

Efficiency High Moderate Very high

Torque Density Moderate Moderate High

Cost Low Moderate High

Relative Control
Complexity High Simple High

(Application-Dependent)
Material No rare earth Copper/Iron Rare-earth

magnets magnets

Applications HVAC, Pumps, Industrial, EVs,
Fans Pumps, Fans Robotics

1.3 Problem Description and Motivation

The efficiency and performance of AC motors depend not only on the motor design
but also on the precision of the drive algorithm and control system. Following the dis-
cussions in previous sections and according to Table 1.1, to replace general-purpose
IMs and PMSMs with SynRMs in different industrial applications, the drive system
must be highly efficient, cost-competitive, and sensorless. Achieving this requires a
comprehensive machine model that accounts for factors such as magnetic saturation
and parameter variation. In industrial environments, ease of deployment is a criti-
cal factor. To facilitate the adoption of SynRMs, a self-commissioning mechanism
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is essential. Self-commissioning algorithms allow the motor and drive to calibrate
themselves during the initial setup, reducing the need for manual intervention and
enabling plug-and-play functionality.

Additionally, modern drives, particularly three-phase, two-level voltage source
inverters, introduce nonlinearities due to various factors, such as the dead-time ef-
fect and switching device characteristics. These nonlinearities can distort the output
voltage, leading to performance degradation, torque ripple, and an increase in energy
losses [15]. Therefore, modeling and self-commissioning of these nonlinearities are
crucial for effective compensation and for achieving accurate machine identification
and control performance, especially in high-precision applications.

Another important aspect of the self-commissioning phase of the machine and
inverter is the status of the rotor shaft during the procedure. In most applications,
the rotor shaft is already connected to a mechanical load. While identifying motor
parameters with a rotating rotor may yield accurate results and can serve as a refer-
ence method, it may also introduce risks, including potential mechanical damage due
to unknown conditions [16, 17, 18]. Moreover, it requires an appropriate test setup.
Therefore, there is a necessity for a parameter identification method at a standstill
rotor condition. One possible solution is to mechanically lock the rotor; however, this
requires external fixtures or equipment [19]. An alternative approach would be to
perform parameter identification in a free standstill rotor condition, which represents
the most challenging scenario in the self-commissioning process.

The next step is the concern of sensorless closed-loop control for the machine.
Sensorless control relies on a highly accurate and fast position/speed observer, which
eliminates the need for costly sensors, such as encoders and resolvers, thereby reduc-
ing system cost and complexity. This approach also enhances reliability in challeng-
ing environmental conditions.

1.4 Objectives

To replace general-purpose IM and PMSM drives in practical applications, the con-
trol and drive system of SynRMs must be enhanced. Thus, transitioning from a con-
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Figure 1.1: A typical inverter fed AC machine drive.

ventional control and drive system to an enhanced smart machine drive presents a
promising solution. A typical schematic for an inverter-fed control and drive system
of AC machines is illustrated in Figure 1.1, which includes the controller, sensors,
inverter, modulation unit, and the machine itself. The objective of this study is to
contribute to the development of a simple and accurate method for identifying in-
verter nonlinearity and self-commissioning the SynRM model at standstill, without
measuring the actual inverter output voltage. Instead, it uses an estimated look-up
table of voltage drops, which removes the need for voltage sensors, a key advan-
tage over other the available methods like TI’s InstaSPIN design [20] that rely on
voltage measurements. Moreover, a fast dynamic Phase-Locked Loop (PLL)-based
position and speed observer is proposed for sensorless operation of the machine. Uti-
lizing the model extracted during the identification phase and applying the proposed
observer can enable optimal closed-loop control of the machine. These procedures
enable plug-and-play functionality, which is highly desirable in industrial applica-
tions. The general schematic of the proposed smart drive for the SynRM is shown in
Figure 1.2. In this diagram, the red dashed-line paths are active only during the self-
commissioning phase, while the green solid-line paths are enabled during the control
phase.
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Figure 1.2: Topology of the proposed SynRM smart drive. The phase current and DC
bus voltage sensors are the only measurement component used in the drive.

1.5 Overview of the Thesis

The thesis is organized as follows:

Chapter 2 provides an overview of the current methods for modeling and self-
commissioning of the three-phase two-level inverter, which is the main machine
driver in this project. It begins with a review of the sine pulse-width modulation
(SPWM) method and its role in inverter control. The chapter then reviews how to
model and analyze the inverter, considering different sources of voltage distortion,
and presents a model which describes the nonlinear behavior of the system. A mod-
ified version of the typical inverter nonlinearity self-commissioning method is pro-
posed, and its performance is investigated through experimental testing. The equiv-
alent parameters of the inverter are estimated using an optimal model fitting process
and compared with available values from the datasheet and measurements.

Chapter 3 begins with an overview of the current techniques used for model-
ing and self-commissioning of synchronous reluctance machines, highlighting re-
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cent advancements in the field. It then presents the mathematical modeling of the
synchronous reluctance motor. Following this, simulations of some existing self-
commissioning methods are performed. The chapter concludes by proposing a new
self-commissioning method, comparing the simulation results with the established
methods to demonstrate the correctness, improvements, and advantages of the new
approach. Finally, the proposed method is implemented in an experimental setup to
investigate its performance in a real environment.

Chapter 4 examines the current methods for designing observers used in sensor-
less control of synchronous reluctance motors. It begins with an overview of exist-
ing techniques to provide a better understanding of how sensorless control works.
The chapter then explains the PLL-based flux and back electromotive force (EMF)
observer using mathematical models. Next, a new fast dynamic PLL observer is in-
troduced. Finally, the chapter presents simulation and experimental implementation
results of the new observer, evaluating its performance in accurately tracking rotor
position and speed.

The last chapter summarizes the key findings and contributions of the research.
It reviews the development and implementation of the proposed self-commissioning
method and the designed PLL-based observer, highlighting their effectiveness in im-
proving the performance of the synchronous reluctance motor. The chapter also an-
alyzes the results of the experimental validations and simulations, emphasizing how
the proposed methods provide better performance than existing techniques in terms of
accuracy. Finally, it discusses the potential applications of the research and proposes
future research directions for continued advancement in the field.





Chapter 2

Three-Phase Two-Level Inverter
Self-Commissioning

2.1 State of the Art

Numerous papers have extensively studied inverter modeling and analysis, focusing
on describing and compensating for the difference between the commanded and ac-
tual output voltage [21, 22, 23, 24, 25, 26, 27].

Inverter nonlinearity and the resulting voltage errors are among the prominent
challenges in achieving precise control of AC machine drives, including SynRMs.
Various modeling and compensation techniques have been proposed to address these
nonlinearities. A notable approach is the development of error compensation mod-
els based on least-squares estimation, as discussed in [28], which proposes a non-
linear voltage error model to account for voltage drops in voltage source inverters
(VSIs). Similarly, advanced compensation methods, including dead-time elimination
and high-frequency switching adjustments, have been explored to improve accuracy
in PMSM drive systems [29].

For three-level inverters, the use of resonant controllers has been shown to effec-
tively mitigate voltage distortion by addressing harmonic content and reducing even-
order harmonics, especially in systems that require low current distortion [30, 15].
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However, since resonant controllers are primarily designed for steady-state operation,
their performance may be less effective during transient conditions. Some researchers
have also integrated fixed-time adaptive laws into super-twisting resonant controllers,
which allow for dynamic adjustments to inverter nonlinearity under changing load
conditions [31]. In [32], the authors present an alternative self-commissioning al-
gorithm suitable for synchronous reluctance drives, using self-tuning techniques to
compensate for nonlinearities caused by dead-time effects.

The self-commissioning approach has gained considerable attention, as seen in
[33], where multiple linear regression methods based on physical models are em-
ployed to estimate parameters of the nonlinear system without the need for additional
sensors. This strategy has been applied to both PMSMs and IMs [34, 35]. In high-
performance motor drive applications, a repetitive control-based self-commissioning
procedure is proposed to continuously adapt the inverter model to account for voltage
errors at different operating points [36].

Another innovative solution includes the use of lookup tables (LUTs) for real-
time error compensation, especially in systems with significant DC-link voltage vari-
ations [37]. Additionally, numerical fitting-based approaches have shown effective-
ness in interior PMSM drives, providing accurate torque estimation by correction for
inverter-induced voltage errors [38]. Meanwhile, Shang et al. introduce a dual-three-
phase PMSM drive compensation method that utilizes current injection to identify
inverter nonlinearities, taking into account the impact of zero-axis voltage [39].

Finally, some studies incorporate advanced self-learning algorithms and artifi-
cial neural networks (ANNs) to model and compensate the inverter nonlinearities in
a data-driven manner [40]. These approaches are particularly better in applications
requiring high-precision control, such as those utilizing IPMSMs and multilevel cas-
caded H-bridge inverters [41, 15]. Overall, these studies emphasize the effectiveness
of various modeling and compensation techniques for enhancing the accuracy and
robustness of the inverter-fed motor systems, each method offering unique benefits
depending on the system requirements and implementation complexity.
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2.2 Three-Phase Two-Level Inverter

The typical three-phase, two-level inverter is illustrated in Figure 2.1. It is a power
conversion device designed to generate a three-phase AC voltage from a DC supply.
This type of inverter is widely used in industrial applications, such as motor drives,
renewable energy systems, and power distribution, due to its simplicity and cost-
effectiveness.

Figure 2.1: Typical schematic of a three-phase, two-level inverter.

The inverter consists of three legs, each corresponding to one phase of the output
(A, B, and C). Each leg has two semiconductor switching devices: one on the high
side and one on the low side. Typically, insulated-gate bipolar transistors (IGBTs) or
metal-oxide-semiconductor field-effect transistors (MOSFETs) are used as switching
devices. Each switch also has an associated anti-parallel diode to allow freewheeling
current to flow when the switch is turned off. Additionally, each switching device
has an inherent output parasitic capacitance. This capacitance plays a crucial role in
switching behavior, affecting switching losses and voltage transients.

Each leg operates in a complementary switching mode as shown in Figure 2.2.
This means that, when the high-side switch is on, the low-side switch is off, and
conversely, when the low-side switch is on, the high-side switch is off. This ensures
that the output phase voltages are either at the positive or negative DC bus voltage,
creating the two-level output.

The three-phase load connected to the inverter can be inductive (L) or a combi-
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Figure 2.2: Ideal switching behavior in a two-level inverter leg.

nation of resistive and inductive (RL), such as a motor. In the case of a motor, the
load introduces a back-EMF due to the rotation of the motor shaft. Depending on
the operating conditions, this back-EMF can either oppose or align with the applied
voltage, influencing the current flowing through each phase.

2.3 Sinusoidal Pulse-Width Modulation

The switching devices are operated using Pulse-Width Modulation (PWM), a method
that adjusts the on- and off-times of the switches to approximate a sinusoidal funda-
mental voltage output from the DC input. In a three-phase inverter, the role of the
PWM modulator is to convert the reference voltage signal, generated by the con-
troller, into the appropriate switching commands for each individual switch in the
inverter. Among the various modulation techniques, sinusoidal PWM (SPWM), of-
ten combined with third-harmonic injection, and Space Vector Modulation (SVM)
are widely used strategies for two-level inverters in industrial applications. These
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techniques allow for a higher modulation index, improving DC bus utilization by
approximately 15%. According to Figure 2.3, SPWM operates by comparing a sinu-
soidal reference signal (which represents the desired output) with a high-frequency
triangular carrier signal. When the reference signal is greater than the carrier signal,
the corresponding high-side switch in the inverter is turned on, and when it is lower,
the low-side switch is turned on. This results in a pulse-width-modulated signal where
the width of the pulses corresponds to the amplitude of the sinusoidal reference signal
at that moment.

2.4 Inverter Nonlinearity Modeling and Analysis

Inverter nonlinearity arises from various factors that can cause distortion in the output
voltage waveform, leading to performance degradation. One major source of distor-
tion is the dead-time, which refers to a chosen delay considered between switching
transitions to prevent simultaneous conduction of both high-side and low-side de-
vices. Although it is necessary, dead-time can result in a voltage drop and harmonic
distortion in the output waveform. Additionally, the turn-on and turn-off delays of
switching devices, due to their finite switching speeds, contribute to deviations from
the ideal waveform.

The voltage drop across switching devices, especially during conduction, is an-
other factor that affects the output voltage because of the real switches, such as IG-
BTs, exhibit a non-zero saturation voltage. Moreover, the output parasitic capacitance
of switching devices causes charge storage, which influences the timing and smooth-
ness of the switching transitions, leading to waveform distortion.

These effects create distortion and voltage drops that are particularly significant
in high-performance applications requiring precise control over the output waveform.
According to the ideal switching characteristic shown in Figure 2.2, the average out-
put phase-to-ground voltage is:

v∗xg =
T ∗

on

Tsw
Vdc (2.1)

This equation represents the ideal voltage v∗xg, which serves as a reference for
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Figure 2.3: General concept of sinusoidal pulse-width modulation (SPWM).
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comparison with the actual, distorted inverter output voltage. T ∗
on is the on-time dura-

tion of the switch in one switching period Tsw, and Vdc is the inverter DC bus voltage.
In the subsequent sections, the mathematical model of the output voltage of the in-
verter will be reviewed and analyzed by introducing various sources of voltage drops
step by step. It should be noted that in this analysis, the sign of the current flowing
from inverter to load is considered as positive.

2.4.1 Dead-Time Insertion

In a voltage source inverter, dead-time refers to the delay inserted between the switch-
ing events of the complementary transistors in each inverter leg to prevent short cir-
cuits, also known as "shoot-through," that could occur if both switches in a leg are
turned on simultaneously. Although dead-time is necessary to protect the power de-
vices, it also affects the output voltage of the inverter and causes distortions, espe-
cially at low voltages.

(a) (b)

Figure 2.4: Current conduction paths for ix > 0: (a) SH: off, SL: off or SH: off, SL: on,
(b) SH: on, SL: off.

According to Figure 2.4 and Fig. 2.6a, when the current flows in the positive di-
rection, the phase-to-ground voltage level varies between zero and the DC bus voltage
depending on the conduction of the components in different states for one switching
period. When the low-side switch is on and the high-side switch is off, and the current
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(a) (b)

Figure 2.5: Current conduction paths for ix < 0: (a) SH: off, SL: off or SH: on, SL: off,
(b) SH: off, SL: on.

is flowing from the inverter to the load as shown in Fig. 2.4a, the low-side freewheel-
ing diode conducts, and the output voltage of the inverter leg is near the negative
DC bus voltage. Additionally, if both the low-side and high-side switches are off,
meaning that the inverter is in the dead-time period td and the current direction is still
positive, the low-side freewheeling diode will still conduct. According to Fig. 2.4b,
when the high-side switch is on while the low-side switch is off, the high-side transis-
tor will conduct and the output voltage is near the positive DC bus voltage. Therefore,
the phase-to-ground average voltage in one switching cycle for positive current is:

v+xg =
T ∗

on − td
Tsw

Vdc, ix > 0 (2.2)

A similar analysis holds for the negative current direction, considering Figure 2.5
and Fig. 2.6b. When the low-side is on and the high-side is off, current flows through
the low-side transistor, and the output voltage is near zero according to Fig. 2.5b. In
the case of the low-side switch being off, regardless of whether the high-side switch
is on or off, the current flows through the high-side freewheeling diode as shown in
Fig. 2.5a, resulting in an output voltage near the DC bus voltage. Thus, the average
phase-to-ground voltage in one switching cycle for the negative current direction is:
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v−xg =
T ∗

on + td
Tsw

Vdc, ix < 0 (2.3)

Combining (2.2) and (2.3), using the sign function, we obtain:

vxg =
T ∗

on − td sgn(ix)
Tsw

Vdc (2.4)

Comparing this equation with the ideal output voltage in (2.1), the voltage drop
is defined as follows:

δvxg = v∗xg − vxg =
td

Tsw
Vdc sgn(ix) (2.5)

The voltage waveform deviation caused by dead-time is illustrated in Figure 2.6.
The region highlighted in light red shows a decrease in voltage relative to the ref-
erence in one switching cycle, while the green-shaded region shows an increase in
voltage relative to the reference in one switching cycle. Considering Vdc = 320V ,
fsw = 10kHz, and td = 2µs as the base values for analysis, Figure 2.7 shows that
the voltage distortion has a directly proportional relationship with changes in these
parameters.

2.4.2 Turn-on and Turn-off Delays

The turn-on and turn-off delays of switching devices in an inverter can affect the
output voltage quality. These delays arise from the inherent switching characteristics
of power electronic devices, such as MOSFETs or IGBTs, which take a finite amount
of time to transition between the on and off states.

During the turn-on delay ton, the device does not begin conducting immediately
after the gate signal is applied, resulting in a temporary gap where the expected out-
put voltage is not reached. Similarly, the turn-off delay to f f occurs when the device
continues to conduct for a short period after the gate signal is removed, resulting in an
unintended extension of the output voltage pulse. These delays can cause distortions
in the output voltage waveform, particularly in high-speed switching applications, as
the waveform deviates from its intended form. For analytical simplicity, a fixed delay
value is assumed.
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(a) (b)

Figure 2.6: Phase-to-ground output voltage of the inverter during one switching cycle,
considering dead-time insertion: (a) ix > 0, (b) ix < 0.

According to Figure 2.4 and Figure 2.8, using the same analytical approach as in
the previous section for positive and negative current flow, the average output voltages
considering turn-on and turn-off delays are:

v+xg =
T ∗

on − td − (ton − to f f )

Tsw
Vdc, ix > 0 (2.6)

v−xg =
T ∗

on + td − (ton − to f f )

Tsw
Vdc, ix < 0 (2.7)

Combining (2.6) and (2.7), using the sign function, we obtain:

vxg =
T ∗

on − td sgn(ix)− (ton − to f f )

Tsw
Vdc (2.8)

Comparing this equation with the ideal output voltage in (2.1), the voltage drop
is defined as follows:

δvxg = v∗xg − vxg =
td sgn(ix)+(ton − to f f )

Tsw
Vdc (2.9)
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(a) (b)

(c)

Figure 2.7: Voltage drop sensitivity due to dead-time insertion under variations in DC
bus voltage, switching frequency, and dead-time duration:(a) Vdc, (b) fsw, (b) td .
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(a) (b)

Figure 2.8: Phase-to-ground output voltage of the inverter during one switching cycle,
considering dead-time insertion and switching device turn-on/off delays: (a) ix > 0,
(b) ix < 0.

According to Figure 2.8 and Figure 2.9, turn-on and turn-off delays contribute
to a shift in the average voltage, introducing asymmetry in the voltage drop model.
Although these delays are independent of ix, they introduce an imbalance between
the positive and negative voltage drop regions. In a three-phase Y-connected load,
this shift cancels out over a full switching cycle. However, the asymmetry persists
and can impact inverter self-commissioning, affecting voltage estimation and control
accuracy.

2.4.3 Switching Device Characteristic Effects

The switching devices in an inverter, including transistors and their anti-parallel
diodes, exhibit specific characteristics that influence the output voltage. These de-
vices, typically diodes, MOSFETs, and IGBTs, each have unique electrical proper-
ties that impact inverter performance. For instance, turn-on voltage von,t of the tran-
sistor is the minimum voltage required to activate it and a higher value results in a
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Figure 2.9: Voltage drop sensitivity due to turn-on and turn-off delay characteristics.

(a) (b)

Figure 2.10: Typical output characteristics of switching devices: (a) transistor, (b)
diode.
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(a) (b)

Figure 2.11: Phase-to-ground output voltage of the inverter during one switching
cycle, considering dead-time, switching delays, and device characteristics: (a) ix > 0,
(b) ix < 0.

reduced output voltage. Similarly, the on-state resistance ron,t of the transistor intro-
duces a voltage drop proportional to the current, contributing to power losses, partic-
ularly under high-load conditions. On the diode side, the forward voltage drop von,t

and its on-state resistance ron,t similarly reduce output voltage and add conduction
losses, especially during freewheeling phases. While these characteristics are gener-
ally present in all switching devices, their magnitudes vary. For example, MOSFETs
operate based on a field effect and do not have a distinct threshold voltage, effectively
making von,t = 0 in ideal cases. These variations among device types contribute to the
waveform distortion and the power losses in the inverter. The typical characteristics
of these components are illustrated in Figure 2.10, and the voltage drop during con-
duction is approximated using a two-parameter model defined as follows:

vt = von,t + ron,t it (2.10)

vd = von,d + ron,d id (2.11)
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This simplified model uses a threshold voltage and on-state resistance to repre-
sent the key behavior. Although it does not capture all the nonlinear effects, it is com-
monly used because it is easy to implement and accurate enough for most practical
applications.

Applying the same analysis as in previous sections, for positive current flow,
considering Figure 2.4 and Fig. 2.11a, the average output voltage is given by:

v+xg =
T ∗

on − td − (ton − to f f )

Tsw
(v+max − v+min) + v+min, ix > 0 (2.12)

where,

v+max =Vdc − (vH
on,t + rH

on,t |ix|) (2.13)

v+min =−(vL
on,d + rL

on,d |ix|) (2.14)

For negative current flow, considering Figure 2.5 and Fig. 2.11b, the output volt-
age is:

v−xg =
T ∗

on + td − (ton − to f f )

Tsw
(v−max − v−min) + v−min, ix < 0 (2.15)

where,

v−max =Vdc +(vH
on,d + rH

on,d |ix|) (2.16)

v−min = (vL
on,t + rL

on,t |ix|) (2.17)

Compared to the ideal output voltage in (2.1), the voltage drops for positive and
negative current directions are defined as:
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δv+xg = v∗xg − v+xg

=
(td + ton − to f f )

Tsw
Vdc

+
(T ∗

on − td − ton + to f f )

Tsw
(vH

on,t − vL
on,d)

+
(T ∗

on − td − ton + to f f )

Tsw
(rH

on,t − rL
on,d)|ix|

+ vL
on,d + rL

on,d |ix|

(2.18)

δv−xg = v∗xg − v−xg

=
−(td − ton + to f f )

Tsw
Vdc

+
(T ∗

on + td − ton + to f f )

Tsw
(vL

on,t − vH
on,d)

+
(T ∗

on + td − ton + to f f )

Tsw
(rL

on,t − rH
on,d)|ix|

− vL
on,t − rL

on,t |ix|

(2.19)

Figure 2.11 illustrates how component characteristics affect the average output
voltage by reducing the positive voltage and increasing the negative voltage in one
switching cycle, as highlighted in light red and green. In Figure 2.12, the amplitude
of the voltage drop when using the same switching devices on high and low sides
in different turn-on and turn-off delay states is illustrated. Asymmetry in the voltage
drop was expected due to unequal turn-on and turn-off delays. In another case, shown
in Figure 2.13, it is found that different characteristics of the low- and high-side
components also caused asymmetry.

2.4.4 Parasitic Capacitance

In an inverter driving an inductive load, the parasitic capacitances of switching de-
vices play a critical role in the switching process, particularly during the dead-time
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(a) (b)

(c)

Figure 2.12: Voltage drop sensitivity to switching device delay configurations:: (a)
ton = to f f , (b) ton > to f f , (c) ton < to f f .
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Figure 2.13: Voltage drop sensitivity due to differences between high- and low-side
inverter leg components, comparing cases where high-side parameters are greater,
less, or equal to those of the low side.

(a) (b)

Figure 2.14: Transient current paths during dead-time due to parasitic capacitances:
(a) SH : on → o f f , (b) SH : o f f → on.
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period. During this interval, the parasitic capacitances of the switches charge and dis-
charge, influencing the voltage transitions and causing additional delays. This effect
behaves differently depending on the direction of the current (positive or negative)
flowing through the inverter phase.

A key assumption in this analysis is that the parasitic capacitances of the high-
side (CH) and low-side (CL) switches are linear, meaning their capacitance values
remain constant irrespective of the applied voltage. However, in practice, CH and CL

are nonlinear and vary as a function of voltage, which can lead to deviations from the
idealized model. Despite this nonlinearity, assuming linear CH and CL allows for a
simplified mathematical representation of the system, making it easier to analyze the
switching behavior.

Furthermore, if both CH and CL are assumed linear and the DC supply is consid-
ered ideal, the capacitances are effectively in parallel during certain switching transi-
tions. This assumption can be used to simplify the voltage equations and predict the
expected charge/discharge dynamics more easily.

Moreover, this analysis assumes a constant current during the transition, which
simplifies the explanation of the switching behavior. However, in real systems, partic-
ularly at low current levels or in the presence of an output filter, the voltage transition
can exhibit damped resonant behavior due to the interaction of parasitic capacitances
and inductances. This introduces deviations from the idealized case presented in our
study and represents a limitation of this simplified model.

Considering a constant positive phase current direction ix > 0, flowing from the
inverter to the load, the dead-time begins when the high-side switch of the phase leg
is turned off. At the start of the dead-time, the output voltage v+xg is initially close
to the positive DC bus voltage. The lower parasitic capacitance CL of the switch
is fully charged, while the upper parasitic capacitance CH is discharged. Since the
current ix is positive assuming to flow through a (partly) inductive load, it attempts to
maintain its direction even during dead-time. To maintain this current path, ix must
discharge CL and simultaneously charge CH . This current path through the parasitic
capacitances is provided by other phases via the DC bus, as shown in Fig. 2.14a. As
the phase current discharges CL and charges CH , the voltage at the output node v+xg
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begins to transition from near the positive DC bus voltage downward to the negative
DC bus voltage. This transition is not instantaneous; the time it takes depends on the
capacitance values and the magnitude of ix. Only after CL is fully discharged and CH

is sufficiently charged, the voltage v+xg reaches the negative DC bus voltage, allowing
the lower diode to conduct and maintain the current flow. This process ensures that
the current can continue flowing through the load despite the switches being off, but it
introduces a delay in the effective voltage transition due to the time needed to charge
and discharge the parasitic capacitances.

For the negative phase current direction ix < 0, flowing into the inverter from the
load, the switching dynamics and the behavior of the parasitic capacitance change.
In this case, assuming that the lower switch was conducting before dead-time be-
gan, the high-side parasitic capacitance CH of the switch is fully charged, and CL is
discharged. At the beginning of the dead-time, the voltage v−xg is initially near the
negative DC bus voltage since the lower switch was conducting. The negative phase
current now needs to maintain its direction, which requires charging CL and discharg-
ing CH . To achieve this, ix flows through the DC bus and charges CL while simultane-
ously discharging CH , as shown in Fig. 2.14b. As CH discharges and CL charges, the
voltage at v−xg begins to rise from zero toward the DC bus voltage. The time required
to complete this voltage transition depends on the capacitance values and the mag-
nitude of the current. Once CH is fully discharged and CL is adequately charged, the
upper diode can start conducting, allowing the current to flow through this path and
maintain current continuity during dead-time. While this transition causes a delay
similar to the positive current case, it is important to note that the associated switch-
ing event is relatively “soft”. Since the load current naturally charges and discharges
the parasitic capacitances, the energy is not abruptly dissipated, and switching losses
during this transition are minimal. In contrast, hard switching events, where the de-
vice turns on while the capacitors are still charged, can result in significant energy
dissipation (approximately 2× 1

2CV 2).

It is worth mentioning that the behavior during dead-time differs between MOS-
FETs and IGBTs, primarily due to their inherent structural and operational char-
acteristics. MOSFETs, with their lower parasitic capacitance and unipolar conduc-
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(a)

(b)

Figure 2.15: Phase-to-ground output voltage of the inverter during one switching
cycle, including parasitic capacitance effects: (a) ix > 0, (b) ix < 0.
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tion, enable faster voltage transitions and reduced switching losses. This makes them
particularly well-suited for high-speed switching applications, especially when syn-
chronous rectification is employed to further enhance efficiency by minimizing body
diode conduction losses. Conversely, IGBTs, with higher parasitic capacitance and
bipolar conduction, exhibit slower transitions and cause increment on the switch-
ing losses, limiting their efficiency gains with synchronous rectification. These dis-
tinctions emphasize on the importance of considering device selection in optimizing
dead-time behavior and overall system performance.

To extract the output average voltage model considering the parasitic capacitance,
it is necessary to separate the parasitic capacitance effect region from other contribu-
tions, as shown in Figure 2.15, highlighted in gray. For the positive current direction,
using the same analytical procedure as in the previous sections, the output average
voltage is given by:

v+xg =
T ∗

on − td − (ton − to f f )

Tsw
(v+max − v+min) + v+min −

(td − to f f )

Tsw
v+min +

F+

Tsw
ix > 0

(2.20)

For the negative current direction, we have:

v−xg =
T ∗

on + td − (ton − to f f )

Tsw
(v−max − v−min) + v−min −

(td − ton)

Tsw
v−max +

F−

Tsw
, ix < 0

(2.21)

where F+ and F− describe the regions affected by parasitic capacitance which
should be analyzed to determine the relevant model.

In the following section, different scenarios occurring in these regions, based on
the charging time of the capacitors, are studied with reference to Figure 2.16 and
Figure 2.17. In the figures and analysis, the auxiliary parameter tcut represents the
time at which the voltage crosses zero in a switching cycle.

For the positive current direction, five different situations can occur depending on
different values of the capacitance charging time, as shown in Figure 2.16. Using the
triangle similarity theorem, the following values for F+ are calculated:
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(a) (b)

(c) (d)

(e)

Figure 2.16: Different scenarios arising from parasitic capacitance for positive current
direction (ix > 0): (a) tcut < t+c < td −to f f , (b) tcut < t+c = td −to f f , (c) tcut < td −to f f <

t+c , (d) tcut = td − to f f < t+c , (e) td − to f f < tcut < t+c .
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• Fig. 2.16a : (tcut < t+c < td − to f f )

∆O′BA ∼ ∆A′OA → F+ = 1
2(d1 +d2)t+c −d2(td − to f f )

F+ = 1
2(v

+
max − v+min)t

+
c + v+min(td − to f f )

• Fig. 2.16b : (tcut < t+c = td − to f f )

∆O′BA ∼ ∆A′OA → F+ = 1
2(d1 −d2)t+c

F+ = 1
2(v

+
max + v+min)t

+
c

• Fig. 2.16c : (tcut < td − to f f < t+c )

∆O′BA ∼ ∆A′OA, ∆O′BA ∼ ∆C′O′′A → F+ = 1
2(2(td− to f f )d1−

(td−to f f )
2

t+c
(d1+

d2))

F+ = 1
2(2(td − to f f )v+max −

(td−to f f )
2

t+c
(v+max − v+min))

• Fig. 2.16d : (tcut = td − to f f < t+c )

∆O′BA ∼ ∆A′OA → F+ = 1
2 d1(td − to f f )

F+ = 1
2(td − to f f )v+max

• Fig. 2.16e : (td − to f f < tcut < t+c )

∆O′BA ∼ ∆A′OA, ∆O′BA ∼ ∆O′C′C → F+ = 1
2(2(td− to f f )d1−

(td−to f f )
2

t+c
(d1+

d2))

F+ = 1
2(2(td − to f f )v+max −

(td−to f f )
2

t+c
(v+max − v+min))

Combining all the equations extracted from the analysis in different states for the
positive current direction, we have:

F+ =


1
2(v

+
max − v+min)t

+
c + v+min(td − to f f ) t+c < td − to f f

1
2(v

+
max + v+min)t

+
c t+c = td − to f f

1
2(2(td − to f f )v+max −

(td−to f f )
2

t+c
(v+max − v+min)) t+c > td − to f f

(2.22)

where t+c is defined as follows by applying Kirchhoff’s Current Law (KCL) in
Fig. 2.14a:

t+c = (CH +CL)

(
Vdc − vH

on,t + vL
on,d

|ix|
+ rL

on,d − rH
on,t

)
(2.23)
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(a) (b)

(c)

Figure 2.17: Different scenarios arising from parasitic capacitance for negative cur-
rent direction (ix < 0): (a) t−c < td − ton, (b) t−c = td − ton, (c) td − ton < t−c .
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Similarly, for the negative current direction, three different situations might oc-
cur depending on different values of the capacitance charging time, as shown in Fig-
ure 2.17. Using the simple triangle similarity theorem, the following values for F−

are calculated:

• Fig. 2.17a : (t−c < td − ton)

F− = −1
2 d1t−c +(d1 +d2)(td − ton)

F− = −1
2 (v−max − v−min)t

−
c + v−max(td − ton)

• Fig. 2.17b : (t−c = td − ton)

F− = 1
2(2d2 +d1)t−c

F− = 1
2(v

−
max + v−min)t

−
c

• Fig. 2.17c : (td − ton < t−c )

∆OAB ∼ ∆OA′B′ → F− = 1
2(2(td − ton)d2 +

(td−ton)
2

t−c
d1)

F− = 1
2(2(td − ton)v−min +

(td−ton)
2

t−c
(v−max − v−min))

Combining all the equations extracted from the analysis in different states for the
negative current direction, we have:

F− =


−1
2 (v−max − v−min)t

−
c + v−max(td − ton) t−c < td − ton

1
2(v

−
max + v−min)t

−
c t−c = td − ton

1
2(2(td − ton)v−min +

(td−ton)
2

t−c
(v−max − v−min)) t−c > td − ton

(2.24)

where t−c is defined as follows by applying Kirchhoff’s Current Law (KCL) in
Fig. 2.14b:

t−c = (CH +CL)

(
Vdc + vH

on,d − vL
on,t

|ix|
+ rH

on,d − rL
on,t

)
(2.25)

Considering the critical charging time as t+c = td − to f f and t−c = td − ton for the
positive and negative current directions respectively, the critical current is defined as
follows:
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
I+cr =

(Vdc−vH
on,t+vL

on,d)(C
H+CL)

(td−to f f )−(rL
on,d−rH

on,t)(CH+CL)
ix > 0

I−cr =− (Vdc+vH
on,d−vL

on,t)(C
H+CL)

(td−ton)−(rH
on,d−rL

on,t)(CH+CL)
ix < 0

(2.26)

According to Figure 2.18, it is clear that parasitic capacitance affects the output
voltage drop, introducing additional nonlinearity that must be accurately identified
for drive applications, particularly at lower currents where the voltage drop due to
resistive components is small, making the capacitive effects more prominent by com-
parison.

Figure 2.18: Sensitivity of voltage drop to variations in parasitic capacitance.

2.5 Inverter Model Verification

To validate the provided analytical model, it has been simulated in Plecs software
using a C-script and compared with the output voltage of the built-in Plecs inverter
model and blocks using the same parameters in Table 2.1. The schematic of the verifi-
cation procedure is illustrated in Figure 2.19 and Figure 2.20. In the Plecs simulation
schematic, a reference voltage Vre f and reference frequency fre f are set as inputs to
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Table 2.1: Simulation parameters for model verification in PLECS.

Parameter Vdc fsw td ton to f f rt,on rd,on vt,on vd,on

Value 320 10 2 0.25 0.5 0.07 0.06 0.7 0.6

Unit V kHz µs µs µs Ω Ω V V

Figure 2.19: Diagram of the inverter model verification procedure.

the voltage generator block, which processes these values and converts them into ap-
propriate three-phase voltage references vre f

an , vre f
bn , vre f

cn . These references are then fed
into the SPWM block, which generates the corresponding PWM switching signals for
the Plecs Inverter. The inverter applies these switching patterns to produce the three-
phase AC output voltage that drives the motor. Additionally, a torque measurement
block is included, though it has been set to zero, suggesting that the motor operates in
an unloaded condition. The entire system functions to validate the analytical model
and examine the nonlinear behavior of the inverter under different operating condi-
tions. This procedure was repeated for four different scenarios. The input reference
voltage, output voltage, current, and corresponding harmonics are illustrated in Fig-
ure 2.21 to Figure 2.24. For the spectrum calculations, the last two cycles of the data
have been used. These scenarios include two different reference voltage amplitudes
(25V,100V ), each simulated at two different frequencies (5Hz,50Hz). According
to the simulation results and comparisons, the extracted model is verified and can
be used for further analysis, as the outputs closely match those of the built-in Plecs
inverter model. Additionally, based on the analysis at different voltage levels, it is ev-
ident that voltage and current are more noticeable at low voltage and high frequency.
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It should be noted that the output voltage does not significantly change between
5 Hz and 50 Hz, even though a higher voltage is typically expected at higher fre-
quencies. This may happen due to different reasons within the Plecs simulation. One
key reason is that the modulation index in the PWM control likely remains constant,
meaning that the output voltage amplitude of the inverter is not dynamically adjusted
with frequency. In practical applications, V/f control is often used in simple IM drives
to scale the voltage with frequency and maintain proper flux. For other machines like
PMSMs, however, a constant V/f ratio is not directly applied as a strategy. It is more
of a result of the control method aiming to keep the flux constant. However, in the cur-
rent simulation setup, this proportional adjustment has not been implemented, leading
to an almost unchanged voltage output regardless of frequency.

The general model extracted for inverter nonlinearity is very complex for self-
commissioning, as it considers many parameters. To simplify the model, it is assumed
that the inverter is balanced and that both sides of the inverter leg are identical. The
turn-on and turn-off delays have been neglected since they are much smaller than the
dead-time duration. Therefore, the following model has been proposed for inverter
nonlinearity, which will be used for further analysis in this study:

δv+xg =

von,d + ron,d ix + tdvdc
Tsw

− Cout v2
dc

Tswix
ix >= Icr

von,d + ron,d ix +
t2
d ix

4Cout Tsw
0 < ix < Icr

(2.27)

δv−xg =

−von,t + ron,t ix − tdvdc
Tsw

− Cout v2
dc

Tswix
ix <=−Icr

−von,t + ron,t ix +
t2
d ix

4Cout Tsw
−Icr < ix < 0

(2.28)

where Icr =
2CoutVdc

td
and Cout =CH =CL.

Considering the balanced three-phase system, the phase-to-ground model can be
converted to the phase-to-neutral model using:δvan

δvbn

δvcn

=
1
3

 2 −1 −1
−1 2 −1
−1 −1 2


δvag

δvbg

δvcg

 (2.29)
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The phase-A voltage error considering excitation in the d-axis is given as follows,
assuming ib = ic = −ia

2 :

δvan(ia) =

(
von,d

2 +
von,t

2 + tdvdc
Tsw

)sgn(ia)+
ron,d ia

2 +
ron,t ia

2 − Cout v2
dc

Tswia
|ia|>= Icr

(
von,d

2 +
von,t

2 )sgn(ia)+
ron,d ia

2 +
ron,t ia

2 +
t2
d ia

4Cout Tsw
|ia|< Icr

(2.30)
The phase-B voltage error considering excitation in the q-axis is given as follows,

assuming ia = 0, ic =−ib :

δvbn(ib) =

√
3

2

(
von,d

2 +
von,t

2 + tdvdc
Tsw

)sgn(ib)+
ron,d ib

2 +
ron,t ib

2 − Cout v2
dc

Tswib
|ib|>= Icr

(
von,d

2 +
von,t

2 )sgn(ib)+
ron,d ib

2 +
ron,t ib

2 +
t2
d ib

4Cout Tsw
|ib|< Icr

(2.31)

2.6 Inverter Nonlinearity Self-commissioning

Inverter nonlinearity self-commissioning can be achieved using a lookup table method
that applies a DC voltage in incremental steps. This technique involves systematically
applying a series of DC voltage steps, each corresponding to a distinct point, to cap-
ture the nonlinear characteristics of the inverter. By measuring the voltage-current
pairs at each step, a detailed lookup table can be constructed, including the nonlinear
voltage drops in the inverter system.

This self-commissioning process utilizes the lookup table to map the response
of the inverter to various operating points, allowing the control algorithm to com-
pensate for these nonlinearities in real-time. The approach improves the accuracy of
the inverter in controlling the motor output by providing a pre-measured reference
for expected voltage behavior across different load conditions, effectively improving
overall system performance without requiring additional sensors or extensive manual
calibration.

The typical lookup table-based self-commissioning method involves injecting a
sequence of DC currents in one direction through the current control loop and record-
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(a) (b)

(c) (d)

Figure 2.21: Simulation results comparing the proposed model with the Plecs model
in time and frequency domains for |v∗a|= 100V and f = 50Hz.
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(a) (b)

(c) (d)

Figure 2.22: Simulation results comparing the proposed model with the Plecs model
in time and frequency domains for |v∗a|= 100V and f = 5Hz.
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(a) (b)

(c) (d)

Figure 2.23: Simulation results comparing the proposed model with the Plecs model
in time and frequency domains for |v∗a|= 25V and f = 50Hz.
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(a) (b)

(c) (d)

Figure 2.24: Simulation results comparing the proposed model with the Plecs model
in time and frequency domains for |v∗a|= 25V and f = 5Hz.
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ing the voltage reference at steady states [28]. However, based on the conducted anal-
ysis, this approach has limitations. The voltage drop may be asymmetric, and relying
on the current injection in one direction may not correctly result in the characteristics
of the inverter. Additionally, this method estimates total resistance using a two-step
current injection, which is often impractical to replicate consistently. Moreover, the
traditional approach assumes the presence of a current controller to regulate and in-
ject currents precisely, making it unsuitable when the inverter and load are treated as
a black box.

In contrast, in this study, a new bidirectional procedure is proposed for self-
commissioning the inverter voltage drop in an open-loop configuration at standstill.
Since the method relies on steady-state responses, it primarily accounts for the re-
sistive voltage drop while minimizing the influence of inductance, offering a more
practical solution for industrial applications. The proposed method does not rely on
an active current controller but instead applies controlled voltage steps and observes
the natural response of the system, allowing for self-commissioning even in an open-
loop configuration. However, for a high-efficiency system, even very small voltages
can result in high current. So, the current protection is utilized.

2.6.1 Typical Inverter Nonlinearity Self-commissioning Method

Among recent advancements in drive control, the work of Bojoi et al. [28] presents a
robust and hardware-independent self-commissioning algorithm for identifying in-
verter nonlinearities, particularly dead-time effects and on-state voltage drops, at
standstill, with no need for rotor movement or detailed inverter modeling. The method
is designed for ease of implementation, using only a conventional current control
loop, and is suitable for various motor types such as induction and PMSM or even
resistive-inductive (RL) loads.

The total inverter voltage error is captured by the following equation:

v⃗err =
4
3

V ′
th · sgn(⃗i)+Rd ·⃗ i (2.32)

where:
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• i⃗ = [iα , iβ ]T is the stator current vector in the stationary α-β frame,

• sgn(⃗i) is a quantized vector with six directions (hexagonally distributed),

• V ′
th =Vdc fswtd +Vth is the total threshold voltage including both dead-time and

device threshold voltage,

• Rd is the dynamic resistance modeling the on-state linear drop.

Figure 2.25: Complete current profile for the inverter identification by using typical
method.

The complete test current waveform used during the identification routine has
been shown in Figure 2.25. It starts with a short parking current (used only for PM
machines) for alignment and ensuring the standstill condition, followed by two main
steps.

Two DC current levels, Itest,1 and Itest,2, are injected sequentially along the α-axis,
and the resulting steady-state voltages are used to estimate the total series resistance.
This step assumes the nonlinear voltage component remains constant between the
two levels. At steady state, the reference voltage generated by the controller is:

V ∗
α =

4
3

V ′
th + iαR′

s (2.33)
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where R′
s = Rs +Rd is the total series resistance (stator and inverter).

By measuring V ∗
α at two current levels, R′

s is identified as:

R′
s =

V ∗
α,2 −V ∗

α,1

Itest,2 − Itest,1
(2.34)

Next, a staircase current profile is applied along the α-axis to scan different cur-
rent levels. At each current step k, the reference voltage is recorded:

v∗α(k) =
4
3

V ′
th + Iα(k)R′

s (2.35)

Then, the pole voltage error is extracted as:

δVα(k) =
3
4
[v∗α(k)− Iα(k)R′

s] (2.36)

This value is stored in a lookup table indexed by the phase current Iα , as the
α-axis corresponds to the phase a direction.

2.6.2 Proposed Inverter Nonlinearity Self-commissioning Method

The proposed self-commissioning procedure for inverter nonlinearity begins with
aligning the d-axis of the rotor with the α-axis by applying an appropriate voltage
and setting the inverse Park transformation position to zero. However, depending on
the initial conditions and voltage application, the rotor may experience slight move-
ment due to residual torque, particularly in the q-axis. This effect is influenced by the
generated torque, which can cause unintended rotation if the applied voltage is not
properly controlled. The alignment process typically follows either an a-to-bc or b-
to-c current flow as shown in Fig. 2.26c and Fig. 2.27c, ensuring a defined electrical
excitation pattern.

Additionally, for loads with high inertia, the alignment process may take longer
or result in high current draw, as overcoming the resistance of the rotor to motion re-
quires greater effort. To remove these challenges, a gradual voltage ramp, a current-
limited control strategy, or an initial rotor position estimation method can be em-
ployed to ensure stable alignment without excessive current spikes. Notably, our ex-
perimental results indicate that the initialization voltage ramp itself helps the rotor
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alignment, reducing the need for further correction. This effect is visible in the mea-
sured data, confirming that the rotor alignment is stabilized before the main procedure
begins. Ensuring the motor is unloaded during alignment further improves accuracy
and minimizes current transients.

The procedure can be performed in two scenarios:

1. Applying voltage along the d-axis with zero voltage on the q-axis, as shown in
Fig. 2.26a.

2. Applying voltage along the q-axis with zero voltage on the d-axis, as shown in
Fig. 2.27a.

Both scenarios aim to log the behavior of the inverter and create a lookup ta-
ble for nonlinearity compensation and are expected to yield approximately the same
results. The schematic of the proposed self-commissioning process is illustrated in
Figure 2.28.

First Scenario: Voltage Applied Along the d-axis

As mentioned earlier, in this scenario, incremental voltage steps are applied along
the d-axis, while the q-axis voltage reference is set to zero. At each step, the steady-
state phase-A current is recorded. The voltage excitation continues until the sensed
current reaches the nominal peak current of the load, a value typically provided in the
datasheet of the load. The voltage corresponding to this current is identified as vmax

test ,
which serves as the maximum reference for the next stage of the procedure.

The next stage involves applying bidirectional symmetric voltage steps, starting
from vmax

test , with the amplitude of the applied voltage decreasing step by step until
it reaches a predefined minimum voltage. At each step, the applied voltage and the
corresponding phase-A current are logged at steady state. The decrement in voltage
amplitude is designed such that the step size is larger at higher voltages and progres-
sively smaller at lower voltages, resulting in denser data points at lower voltage and
current levels. This approach is particularly useful for accurately characterizing the
behavior of the inverter in regions where nonlinearity effects are more evident. By fo-
cusing on better resolution in these critical areas, the resulting lookup table or model
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(a)

(b)

(c)

Figure 2.26: Inverter self-commissioning d-axis scenario: (a) Voltage excitation block
diagram, (b) Voltage phasor diagram, (c) Equivalent circuit.
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(a)

(b)

(c)

Figure 2.27: Inverter self-commissioning q-axis scenario: (a) Voltage excitation block
diagram, (b) Voltage phasor diagram, (c) Equivalent circuit.
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Figure 2.28: Proposed voltage injection procedure for the inverter self-
commissioning.
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for nonlinearity compensation becomes more precise, improving overall system per-
formance and efficiency.

After completing the voltage excitation, the data processing phase begins. The
logged data is analyzed separately for positive and negative current directions. For
currents ranging from the nominal peak to half of the nominal peak, the total equiva-
lent resistance Req is calculated for both the positive and negative current sides using
linear least-squares fitting. This region has been chosen since it is a reliable range
beyond the nonlinear region of the inverter and before possible load saturation.

The data is separated into two subsets: (i+,v+) for (i> 0) and (i−,v−) for (i< 0).
For each subset, a linear least-squares fit is applied to the model (V = ReqI+ c). The
resistance Req is directly obtained as the slope m of the fit.

The least-squares solution for each region is:

β
± = (X⊤

±X±)
−1X⊤

±V±, (2.37)

where β
± =

[
c±

R±
eq

]
and X = [1 I], with R±

eq representing the resistance for the

positive (i+) and negative (i−) current regions.

Considering the phasor diagram and equivalent circuit model in Fig. 2.26b and
Fig. 2.26c, and utilizing Kirchhoff’s Voltage Law (KVL), the phase voltage drop is
calculated as:

δV±
a =V±

an −R±
eq · i±a (2.38)

Here, ia is the phase-A current, which is equal to the d-axis current due to the
alignment at the zero position. Thus, the voltage drop along the d-axis is:

δV±
d =V re f

± −R±
eq · i±d = δV±

a (i±a ) (2.39)

Finally, the computed voltage drops (δVd) and their corresponding currents are
used to create a lookup table for compensating the inverter voltage drop.
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Second Scenario: Voltage Applied Along the q-axis

In this scenario, the procedure is similar, but the voltage is applied along the q-axis,
with the d-axis voltage set to zero. The steady-state phase-B current is logged at each
step. As before, the incremental voltage excitation continues until the sensed current
reaches the nominal peak value, detecting vmax

test . Bidirectional symmetric voltages are
then applied, decreasing step-by-step until the minimum voltage is reached, with the
step size decreasing at lower voltages to capture more data points.

During data processing, the logged data for positive and negative currents is an-
alyzed separately. The total equivalent resistance Req is calculated for both current
directions using linear least-squares fitting, similar to the previous scenario. From
the phasor diagram and the equivalent circuit in Fig. 2.27b and Fig. 2.27c, and using
KVL, the phase voltage drop is computed as:

δV±
b =V±

bn −R±
eq · i±b (2.40)

Here, ib is the phase-B current, which corresponds to
√

3
2 times the q-axis current

due to the alignment at the zero position. Thus, the voltage drop along the q-axis is:

δV±
q =V re f

± −R±
eq · i±q =

2√
3

δV±
b (i±b ) (2.41)

This LUT is constructed by mapping the measured q-axis currents to their cor-
responding voltage drops, effectively characterizing the nonlinearity of the inverter
across the operating range. To ensure that the rotor remains locked during the q-axis
excitation, the procedure is performed at standstill, and mechanical constraints or
active control strategies are applied as needed. Additionally, since torque is gener-
ated in the q-axis scenario, any unintended rotor movement is minimized by ensuring
proper voltage control and maintaining the system in an open-loop condition by pre-
alignment and locking the rotor before starting of the procedure. During operation,
this LUT is accessed in real time to adjust the reference voltage commands sent to the
inverter, compensating for the predicted voltage drop and improving overall system
performance and accuracy.
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Figure 2.29: Experimental setup for inverter self-commissioning.

2.7 Experimental Implementation and Results

The experimental setup for the inverter nonlinearity self-commissioning is shown in
Figure 2.29, utilizing a synchronous reluctance motor as the load, with specifications
detailed in Table 2.2. The procedure was performed using the method described in
[28] and two scenarios of the proposed method, d-axis excitation and q-axis excita-
tion. The schematics of the inverter self-commissioning and verification procedure
are illustrated in Figure 2.30 and Figure 2.31 for the typical and proposed method re-
spectively. A commercial inverter and control board were employed, equipped with
an STM32F303 microcontroller. The DC bus voltage was set to Vdc = 320V , the
switching frequency to fsw = 10kHz, and the dead time to td = 1.69 µs, which were
used in the drive process.

The sampling time Ts = 200 µs was set to be twice the switching time, ensuring
accurate data acquisition and processing. While a 100 µs sampling time was tech-
nically feasible for the self-commissioning process, the full setup, which includes
real-time control algorithms with high computational demands, required 200 µs to
cover both data sampling and necessary calculations without missing data.
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Table 2.2: Rated parameters of the SynRM.

Power PN 750 W
Speed nN 1500 rpm
Torque TN 4.8 N m
Current IN 2.2 A
Voltage UN 400 V

Resistance Rs 6Ω

Frequency fN 50 Hz

Figure 2.30: Equivalent control scheme for inverter self-commissioning by using the
typical method.
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Figure 2.31: Proposed procedure for the inverter self-commissioning and verification.

Typical Inverter Self-commissioning Method Implementation

The typical self-commissioning method described in [28] was implemented exper-
imentally as the procedure shown in Fig. 2.32a. The procedure consists of a rotor
alignment stage followed by two main testing phases: resistance estimation and volt-
age drop characterization. All tests were performed at standstill to eliminate any
back-EMF effects, ensuring accurate estimation of voltage drops due to resistance
only. The test begins with a rotor parking step. A current equal to 50% of the nominal
peak load current is injected through the current controller to align the rotor at the
zero electrical position. This step ensures consistent initial conditions for all subse-
quent measurements.

In the first phase of testing, two step current levels (50% and 100% of the nom-
inal peak load current) are applied sequentially. At each current level, the reference
voltage produced by the current controller is recorded. Using these measurements,
the total resistance of the motor is estimated based on (2.34). The calculated total
resistance from this step is 6.04Ω.

Next, a set of 16 gradually increasing current steps is applied to the motor via
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the current controller. For each step, the corresponding reference voltage is recorded.
By using the previously estimated total resistance and (2.36), the voltage drop is
computed for each current value as shown in Fig. 2.32b. As seen in this figure, the
voltage drop at high current levels deviates from the expected value for the given
experimental setup. This is mainly due to the limited accuracy of the two-step current
level method used for estimating the total resistance. These computed voltage drops
are then used to generate a lookup table for voltage drop compensation.

To evaluate the accuracy of the voltage drop estimation, three distinct voltage
levels are applied along both the d-axis and q-axis in separate tests as illustrated in
Fig. 2.33a and Fig. 2.34a while the rotor remains stationary. The residual voltage is
measured after compensation. As shown in Fig. 2.33b and Fig. 2.34b, the residual
voltages are not zero, which indicates incomplete compensation. Since the rotor is at
standstill and no back-EMF should exist, the residual voltages ideally should be zero.

Proposed Inverter Self-commissioning Method Implementation

In the proposed method implementation, during the first part of the procedure to de-
tect vmax

test , the voltage amplitude was incremented in steps of 2 V, with a time interval
of 500ms between each step. This approach ensured the identification of the maxi-
mum test voltage without exceeding the operational limits of the system.

For the second part, 23 steps were selected for both positive and negative volt-
age excitation. Starting from vmax

test , the voltage decreased to a minimum of 1V . The
amplitude of each voltage step followed a geometric progression, calculated as:

ratio = ( vmax
test

vmin
test

)(
1

23−1 )

Each step lasted one second, allowing the system to reach steady-state conditions
before transitioning to the next step.

After completing the excitation procedure and logging voltage and current data,
the total equivalent resistance calculation and lookup table generation were carried
out. Finally, the verification test was performed, involving the injection of three-step
voltage signals into the d-axis or q-axis, including the voltage drop compensation
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(a)

(b)

Figure 2.32: Inverter self-commissioning by using the typical method for the d-axis:
(a) Reference voltage and the corresponding controlled current, (b) Estimated voltage
drop.
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(a)

(b)

Figure 2.33: Precision verification of the typical method for the d-axis scenario: (a)
Three-step voltage excitation and the corresponding output current for the d-axis
voltage drop verification, (b) Effect of compensation using the typical method.
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(a)

(b)

Figure 2.34: Precision verification of the typical method for the q-axis scenario: (a)
Three-step voltage excitation and the corresponding output current for the q-axis volt-
age drop verification, (b) Effect of compensation using the typical method.
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in the excitation voltage. Since the injected voltage is DC, and the load is resistive
under steady-state conditions with the machine at standstill, motion-induced back-
EMF is not expected. However, any residual voltage deviations due to uncompensated
inverter nonlinearity could replicate like back-EMF effects. Successful compensation
was confirmed by the absence of unexpected voltage deviations in the logged data,
validating the accuracy of the lookup table and the overall procedure.

Figure 2.35: Reference voltage and the corresponding measured current during the
d-axis self-commissioning.

The reference voltage and measured current for the first scenario are illustrated
in Figure 2.35. As mentioned, 23 steps of voltage reference were applied to the d-
axis, and the corresponding phase current was measured and converted into d-axis
current. The neutral point of the motor was accessible in our setup, allowing the
phase voltages to be measured directly at the motor terminal to the neutral point using
a digital multimeter. Fig. 2.36a shows the difference between the applied voltage
and the measured voltage. However, according to Fig. 2.36b, the estimated voltage
drop does not match the measured voltage drop. This difference is caused by the
limitations of the measurement device, a standard digital multimeter, which is not
designed for high-speed or highly precise voltage measurements required for this
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(a)

(b)

Figure 2.36: Comparison between self-commissioning-based voltage drop estimation
and direct voltage measurement using a multimeter for the d-axis scenario: (a) Ref-
erence and measured voltage, (b) Estimated and measured voltage drop.
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application.

Despite these limitations, the multimeter was chosen because it was available
for initial experimentation and provided a basic comparison to identify trends in the
voltage drop. Recognizing these constraints, a more reliable verification method was
implemented by injecting a three-level voltage and calculating the residual voltage
before and after compensating the reference voltage.

As mentioned earlier, considering that the rotor is at standstill, there should not
be any back-EMF in the motor. Thus, the residual voltage after deducting the resistive
drop is related to the inverter nonlinearity. It should be noted that the total equivalent
resistance measured in this scenario is (R+

eq,R
−
eq) = (6.32Ω,6.38Ω). These values

were obtained using the reference voltage and current measurements acquired by the
shunt current sensor and an STM32 microcontroller ADC. Given the ADC resolution
and measurement uncertainties, the resistance values are reported with a precision
that aligns with the effective accuracy of the measurement system. Fig. 2.37a and
Fig. 2.37b show the results of excitation in the d-axis, before and after compensation.
It is clear that compensation has a positive effect in reducing voltage distortion, since
after compensation, no residual voltage is observed.

Similarly, the reference voltage and measured current for the second scenario
are illustrated in Figure 2.38. A 23-step bidirectional voltage sequence was applied
to the q-axis after detecting the maximum test voltage in the previous step of self-
commissioning. Voltage-current pairs were logged for each step, and the total equiv-
alent resistance was processed. The estimated equivalent resistance in this scenario
was (R+

eq,R
−
eq) = (6.21Ω,6.25Ω).

For this scenario, the direct motor phase-to-neutral voltage was also measured
with a multimeter and compared in Fig. 2.39b. The difference in results is related to
the same reason mentioned in the previous scenario. The same verification method
was also applied to the q-axis. Fig. 2.40b shows the result of excitation in the q-
axis, before and after compensation. It is clear that the compensation has a positive
effect in reducing voltage distortion, since after compensation, no residual voltage is
observed.
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(a)

(b)

Figure 2.37: Precision verification of the proposed method for the d-axis scenario:
(a) Three step voltage excitation and according output current for d-axis voltage drop
verification, (b) Effect of compensation using proposed method.
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Figure 2.38: Reference voltage and the corresponding measured current during the
q-axis self-commissioning.

Comparison of the Experimental Results

This section presents a comparative analysis of the experimental results obtained be-
fore and after applying compensation techniques using both the typical and the pro-
posed inverter self-commissioning methods. The performance is evaluated on both
the d-axis and q-axis voltage errors (ed and eq), as shown in Fig. 2.41a and Fig. 2.41b,
respectively. The numerical metrics used for performance evaluation include Inte-
gral Absolute Error (IAE), Integral Squared Error (ISE), Maximum Absolute Error
(MAE), Root Mean Square Error (RMSE), and the Maximum Error.

The plots indicate that before compensation, the system experiences significant
deviations from the expected zero voltage. When the typical compensation method
is applied, an improvement is observed. However, the residual errors still persist.
In contrast, the proposed compensation method yields a significant improvement in
performance by minimizing steady-state errors more effectively.

Table 2.3 summarizes the quantitative results for both axes. As seen, the proposed
method achieves considerable reductions across all error metrics compared to the
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(a)

(b)

Figure 2.39: Comparison between self-commissioning-based voltage drop estimation
and direct voltage measurement using a multimeter for the q-axis scenario: (a) Ref-
erence and measured voltage, (b) Estimated and measured voltage drop.
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(a)

(b)

Figure 2.40: Precision verification of the proposed method for the q-axis scenario:
(a) Three-step voltage excitation and the corresponding output current for the q-axis
voltage drop verification, (b) Effect of compensation using the proposed method.
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typical method. For instance, the IAE on the d-axis decreases from 0.0205 V.s to
0.0046 V.s, and on the q-axis from 0.0149 V.s to 0.0023 V.s. Similarly, all other
metrics reflect the improved accuracy and effectiveness of the proposed approach.

Table 2.3: Comparison of the result from typical and proposed inverter self-
commissioning methods on d-axis and q-axis.

Method
IAE ISE MAE RMSE Max Error
(V.s) (V2.s) (V) (V) (V)

d-axis
Typical 0.0205 0.0644 2.2635 2.3005 2.5588

Proposed 0.0046 0.0038 0.5153 0.5556 0.8242

q-axis
Typical 0.0149 0.0363 1.9443 1.9684 2.1677

Proposed 0.0023 0.0009 0.2805 0.3048 0.4783

2.7.1 Parameter Estimation

In this section, the inverter parameters are estimated using optimal model fitting,
considering the reduced model in (2.30). The parameters td , Vdc, and Tsw are known,
while von,d , von,t , ron,d , ron,t , Cout , and Icr are unknown.

Although it is theoretically possible to collect multiple samples to improve fitting
accuracy, the model parameters are reduced to ensure a unique and well-conditioned
fitting process. Specifically, the critical current Icr is approximately derived from Cout

using the relationship:

Icr =
2CoutVdc

td

This ensures a physically consistent dependency between Cout and Icr. This ap-
proach reduces the number of unknown parameters from six to five, simplifying
the fitting process and avoiding excessive model complexity, especially in scenarios
where data collection may be limited or noisy.

Additionally, combining voltage drop terms and resistance terms further reduces
the number of unknown parameters to three:
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(a)

(b)

Figure 2.41: Voltage error comparison before and after compensation between typ-
ical and proposed self-commissioning methods: (a) D-axis voltage error, (b) Q-axis
voltage error.
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• vtd : The combined voltage drop term, defined as vtd = 1
2(von,d + von,t).

• rtd : The combined resistance term, defined as rtd = 1
2(ron,d + ron,t).

The optimization process aims to determine the parameters vtd , rtd , and Cout such
that the predicted voltage drop δvxn best matches the experimental data. The opti-
mization problem is solved using a hybrid approach that combines Bayesian Opti-
mization for global exploration and Sequential Quadratic Programming (SQP) for
local refinement.

This hybrid method ensures a balance between global exploration of the parame-
ter space, avoiding local minimum points, and fine-tuning the solution for high accu-
racy.

Cost Function Formulation

The cost function is designed to minimize the mean squared error (MSE) between
the predicted and measured voltage drop, while enforcing physical constraints and
avoiding boundary convergence. The total cost function is formulated as:

Cost = MSE+λ1 ·Regularization+λ2 ·Boundary Penalty+λ3 ·Continuity Penalty.

The MSE term evaluates the goodness-of-fit between the predicted and experi-
mental voltage drop:

MSE =
1
N

N

∑
i=1

(
δvpred,i −δvexp,i

)2
, (2.42)

where δvpred,i is the predicted voltage drop, δvexp,i is the measured voltage drop,
and N is the number of data points. The regularization term ensures the parameters
vtd and rtd stay close to their expected ranges, avoiding extreme values:

Regularization = (rtd − rtd,center)
2 +(vtd − vtd,center)

2 , (2.43)

where rtd,center and vtd,center are the midpoints of their respective feasible ranges.
A boundary penalty discourages parameters from converging at the edges of their
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feasible ranges:

Boundary Penalty =


∞ if rtd < rtd,min or rtd > rtd,max

∞ if vtd < vth,min or vtd > vth,max

0 otherwise.

(2.44)

The continuity penalty enforces smoothness in the voltage drop model at the crit-
ical current Icr, ensuring a physically realistic transition between the two regions
of the voltage drop equation. In an ideal case, the voltage drop function should be
mathematically continuous at Icr. However, in our formulation, a discontinuity arises
due to the fact that the model is based on experimental recorded data, and separate
fitting procedures are used for different current regions. This discontinuity results
from a piecewise representation of voltage drop behavior, which does not guarantee
a smooth transition at Icr. To remove this, we introduce a continuity penalty, defined
as:

Continuity Penalty = (δvmodel(Icr)−δvmodel(Icr − ε))2 , (2.45)

where ε is a small perturbation used to evaluate continuity at Icr. This penalty
forces the transition to be smoother by minimizing sudden changes between the two
regions, ensuring that the model remains both physically valid and numerically stable.

Optimization Workflow

The optimization is performed in two stages:

1. Global Search with Bayesian Optimization: Bayesian Optimization explores
the parameter space globally using probabilistic models to identify regions of
interest. This ensures that the optimizer does not get trapped in the local mini-
mum point and provides a good starting point for the next stage.

2. Local Refinement with SQP: Sequential Quadratic Programming (SQP) re-
fines the parameters obtained from Bayesian Optimization. SQP uses gradient-
based methods to fine-tune the solution, ensuring high accuracy and adherence
to constraints.
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The optimization process is implemented in MATLAB, using the bayesopt

function for Bayesian Optimization and fmincon for SQP refinement. During each
iteration, the parameter values (vtd , rtd , Cout), the cost, and the predicted voltage drop
are logged. Figure 2.42 illustrates the optimization iteration and according optimal fit-
ted model to the voltage drop data. The final estimated parameters, real measurement
of the parameters and datasheet values have been compared in Table 2.4. According
to the result, this methodology ensures a balance between fitting accuracy and the
reality of the physical model, providing a robust model for the voltage drop behavior.

Table 2.4: Estimated parameters of the inverter.

Parameter
Estimated Estimated

Average Measured Datasheet
(ix > 0) (ix < 0)

vtd (V) 0.85 0.84 0.85 0.66 0.72

rtd (Ω) 0.06 0.06 0.06 0.05 0.08

Cout (nF) 0.63 1.0 0.82 - -

Icr (A) 0.24 0.38 0.31 - -

2.8 Chapter Summary

In this chapter, the nonlinearities of a three-phase two-level inverter have been re-
viewed, modeled and analyzed. Various sources of voltage distortion, such as dead-
time effects, switching device characteristics, and parasitic capacitance, have been
studied in detail, highlighting their effects on inverter performance.

A novel self-commissioning procedure for inverter voltage drop compensation
has been proposed, employing a lookup table-based compensation strategy to re-
move voltage distortion. This method provides a practical and effective solution for
addressing inverter nonlinearities without requiring extensive prior knowledge of the
inverter parameters.

The proposed procedure has been experimentally validated and compared to the
typical lookup table based method, demonstrating its ability to enhance performance
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(a)

(b)

Figure 2.42: Estimation of inverter parameters using optimal fitting procedure: (b)
Local and global minimization process for best fitting, (b) Optimal model fitted to
the voltage drop for positive and negative current region.
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by accurately compensating for the effects of voltage distortion. Additionally, a hy-
brid optimization method has been employed to estimate the equivalent parameters
of a simplified inverter nonlinearity model. This method effectively combines param-
eter fitting and search techniques, providing an accurate representation of the inverter
behavior and enabling better model tuning.

The findings and methodologies presented in this chapter offer a robust frame-
work for understanding and addressing inverter nonlinearities, making the perfor-
mance improvement possible in motor drive applications.





Chapter 3

Synchronous Reluctance Motor
Self-Commissioning

3.1 State of the Art

The modeling and self-commissioning of SynRMs have had significant improve-
ments over the past decade, with numerous techniques proposed to accurately identify
the magnetic characteristics and parameters of the motor without requiring exten-
sive manual calibration. Self-commissioning methods aim to simplify the commis-
sioning process by estimating the important motor parameters such as inductance,
resistance, and magnetic flux linkage, while compensating for phenomena like sat-
uration and inverter nonlinearities. In this review, we categorize self-commissioning
techniques into three primary methods: standstill flux mapping, rotor-lock and rotor-
kinetic methods, and advanced modeling approaches including neural networks and
coenergy models. Standstill flux mapping involves applying specific voltage or cur-
rent excitations to the stator windings while the rotor remains stationary and free to
align itself naturally. This method captures the magnetic characteristics of the motor
across a range of operating points without requiring external constraints on the ro-
tor. In contrast, rotor-locked methods physically lock the rotor in a fixed position to
prevent any movement during excitation. This allows for precise parameter measure-
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ments under controlled rotor alignment, making it particularly useful for analyzing
the anisotropic properties of the rotor. In the following, recent developments of each
category are discussed with references.

3.1.1 Standstill Flux Mapping Techniques

Standstill flux mapping methods rely on the stationary condition of the rotor to iden-
tify the flux linkage and inductance characteristics of SynRMs. These methods are
particularly useful for flux map identification, as they do not require rotor motion.
Hinkkanen et al. [42, 43] proposed a sensorless standstill self-commissioning method
based on flux map identification, utilizing linear least squares (LLS) to accurately
capture the flux saturation characteristics. Similarly, Peretti et al. [44] introduced a
quasi-standstill method, enabling rapid torque oscillations to estimate the flux link-
age curves effectively. Ortombina et al. [45] employed a coenergy model at standstill,
which provides an alternative approach to identifying magnetic maps without requir-
ing high-frequency injections.

Current injection-based methods at standstill involve injecting controlled currents
into the stator windings to create specific flux conditions, allowing the estimation of
the inductance and magnetic saturation characteristics in real-time. Tan et al. [46] de-
veloped a current injection method that considers cross-saturation effects, enhancing
self-commissioning accuracy for SynRMs. Wiedemann and Kennel [47] further ex-
plored encoderless self-commissioning techniques at standstill, utilizing flux-linkage
maps and machine learning models to provide accurate parameter identification. This
method compensates for nonlinear magnetic characteristics through iterative adapta-
tion, as outlined in Pescetto and Pellegrino’s high-frequency voltage injection work
[48].

3.1.2 Rotor-Lock and Rotor-Kinetic Methods

Rotor-lock methods temporarily fix the rotor to simplify parameter identification, of-
ten allowing for a robust self-commissioning process without the need for complex
motion control. The rotor is typically fixed using mechanical forces, such as clamp-
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ing devices or fixtures that hold the rotor in a specific position. Varatharajan et al.
[49] proposed a rotor-locked self-commissioning approach that identifies the mag-
netic model parameters, even accommodating cross-saturation. Expanding on this,
Varatharajan et al. [50] explored a kinetic-rotor self-commissioning approach, where
the motor undergoes controlled rotational movements to adaptively estimate the in-
ductance and flux linkage with real-time magnetic model identification. Truong et
al. [51] presented a capacitor discharge method for inductance identification using
rotor lock, simplifying the magnetic model identification by utilizing a controlled
discharge cycle to measure the response accurately.

3.1.3 Advanced Modeling Approaches

Advanced modeling techniques utilize artificial neural networks, coenergy methods,
and parameter compensation algorithms to enhance the accuracy and robustness of
self-commissioning. Bao et al. [52] introduced a neural network model for flux sat-
uration modeling, which provides an efficient parameter identification method even
under complex saturation effects. Ortombina et al. [53] utilized a radial basis function
network to account for speed and load transients, thus improving the robustness of the
model under dynamic conditions. Varvolik et al. [54] proposed a rapid experimental
approach for magnetic model identification, enabling faster commissioning without
sacrificing accuracy. Zhong et al. [55] addressed inverter nonlinearity and resistance
error compensation in their self-commissioning technique, which further improves
the precision of SynRM models at standstill by correcting for systematic errors in the
inverter output.

Credo et al. [56] proposed a unified self-commissioning approach, combining fi-
nite element simulations with experimental measurements to provide an integrated
solution that covers inductance estimation, initial position detection, and resistance
calibration. This approach is suitable for scenarios requiring high accuracy and pro-
vides a comprehensive model that can adapt to both stationary and dynamic operating
conditions.

Each category offers distinct advantages and trade-offs depending on the require-
ments for applications, such as accuracy, computation time, and adaptation to dy-
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namic load conditions. Standstill methods are widely used for their simplicity and
direct approach to flux mapping, while rotor-free and rotor-lock methods allow more
dynamic estimation. Advanced modeling techniques, including neural networks and
compensation algorithms, provide enhanced flexibility and accuracy by learning non-
linear magnetic behaviors and adapting to varying operating conditions in real time.
For instance, neural networks can model complex flux saturation effects and cross-
saturation interactions without requiring explicit mathematical formulations, which
are often challenging to derive analytically. This data-driven capability makes them
well-suited for capturing dynamic changes in the characteristics of the motor across
a wide operating range. Compared to traditional look-up table or physics-based ap-
proaches, these models can generalize better to reduce the need for extensive offline
calibration. Additionally, compensation algorithms such as those correcting for in-
verter nonlinearities or resistance drift, further improve model precision, especially
under high-load or temperature-varying conditions. Thus, these advanced methods
are particularly advantageous in applications where environmental or operational
variability would compromise the performance of more static modeling techniques.

3.2 SynRM Nonlinear Saturated Model

A SynRM is a type of electric motor that operates based on the magnetic reluctance
principle. SynRMs do not have permanent magnets or windings on the rotor, and
the torque is generated by the difference in the reluctance between the direct (d)
and quadrature (q) axes. In this section, we develop a mathematical model for the
SynRM, starting from a nonlinear, saturated model and progressing to a simplified
model at standstill needed for parameter identification.

3.2.1 α-β Model Representation

The modeling of SynRMs under saturation involves nonlinear inductance that varies
with both the current and magnetic field intensity. The voltage equations for a SynRM
in the αβ reference frame, accounting for magnetic saturation, are:
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vα = Rsiα +
dψα

dt
,

vβ = Rsiβ +
dψβ

dt
,

(3.1)

where:

• vα ,vβ : Voltages in the α-β axes,

• Rs: Stator resistance,

• iα , iβ : Currents in the α-β axes,

• ψα ,ψβ : Flux linkages in the α-β axes.

3.2.2 d-q Model Representation

The dq-model is essential for analyzing SynRMs under dynamic conditions. Trans-
forming the αβ quantities to the dq reference frame rotating at the electrical angular
velocity ω , the voltage equations become:

vd = Rsid +
dψd

dt
−ωψq,

vq = Rsiq +
dψq

dt
+ωψd .

(3.2)

The flux linkages ψd and ψq can be expressed in terms of the nonlinear induc-
tances, which depend on the current due to saturation. In the simplified decoupled
model, the d- and q-axis inductances are assumed to depend only on their respective
axis currents:

ψd = Ld(id) · id ,

ψq = Lq(iq) · iq.
(3.3)

Here:

• Ld(id): Direct-axis inductance as a function of id ,

• Lq(iq): Quadrature-axis inductance as a function of iq.
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However, in practical SynRMs operating under significant saturation, cross-saturation
effects may occur, leading to coupled inductance behavior, where Ld and Lq are func-
tions of both id and iq. In such cases, a more accurate model would use:

ψd = Ld(id , iq) · id ,

ψq = Lq(id , iq) · iq.
(3.4)

The nonlinear nature of Ld and Lq in (3.4) represents the cross saturation effect
as well, which can be captured by experimental fitting or lookup tables derived from
identification methods. However, in this study, the simplified decoupled expressions
for ψd and ψq in (3.3) have been used. So, we can rewrite the voltage equations as:

vd = Rsid +Ld(id)
did
dt

+ id
dLd(id)

dt
−ωLq(iq)iq,

vq = Rsiq +Lq(iq)
diq
dt

+ iq
dLq(iq)

dt
+ωLd(id)id .

(3.5)

The torque Te generated by the SynRM is given by:

Te =
3
2

p(Ld(id)−Lq(iq))id iq, (3.6)

where p is the number of pole pairs.

3.2.3 Standstill Model Representation

At standstill, the angular velocity ω is zero, simplifying (3.5) to:

vd = Rsid +Ld(id)
did
dt

+ id
dLd(id)

dt
,

vq = Rsiq +Lq(iq)
diq
dt

+ iq
dLq(iq)

dt
.

(3.7)

The standstill model is particularly useful for parameter identification and initial
commissioning because the stationary rotor eliminates back EMF and mechanical
dynamics, simplifying the voltage equations and enabling more accurate extraction
of electrical parameters under controlled conditions.
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3.3 Self-commissioning Methods Study

In this section, two methods of SynRM self-commissioning are studied and simu-
lated in MATLAB to compare their results with the proposed method later: (1) the
DC-biased high-frequency signal injection (HFSI) method, originally developed for
PMSMs and IMs [57, 58] and adapted for SynRMs, and (2) the bipolar voltage injec-
tion method at standstill [42, 43, 59].

These two methods were selected because they represent two widely adopted
approaches in the literature for rotor position estimation and parameter identifica-
tion under standstill conditions. The HFSI method provides high estimation accuracy
even under saturation and is commonly used in sensorless control schemes, while the
bipolar voltage injection method is relatively simple and effective for flux map ex-
traction without requiring rotor motion. Their contrasting characteristics make them
suitable benchmarks for evaluating the performance and robustness of the proposed
method.

3.3.1 DC-biased HFSI Method

In order to extract the inductance map, a signal injection procedure similar to that
in [57], but without a current controller, has been implemented separately for each
axis. This is based on the working points illustrated in Fig. 3.1a and Fig. 3.1b, and
the procedure block diagram shown in Figure 3.2. The voltage excitation described
in [57], which operates through a current controller, may cause current spikes during
transitions between working points. This can lead to issues in both motor safety and
data processing. In contrast, the proposed open-loop voltage excitation method avoids
these unwanted phenomena.

Furthermore, using this method makes it possible to implement the procedure
in a continuous manner, allowing smooth transitions between working points and
enabling faster identification. In this procedure, different DC voltage levels (vdci),
superimposed with a fixed-amplitude (vin j) and fixed-frequency ( fin j) sinusoidal sig-
nal, are applied to the axis under test, while zero voltage is applied to the other axis.
The incremental inductance values are calculated from the impedance at the injected
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(a)

(b)

Figure 3.1: DC-biased high-frequency signal injection method: (a) D-Axis injection
procedure when vq = 0, (b) Q-Axis injection procedure when vd = 0.
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Figure 3.2: Procedure for the DC-biased high-frequency injection method.

frequency. The amplitude of the sinusoidal signal is chosen such that high-frequency
components can be clearly detected in the sampled current, enabling more accurate
frequency domain analysis.

The choice of injection frequency depends on the signal-to-noise ratio of the sys-
tem and the sampling procedure. In practice, the injection frequency should be high
enough to separate the response from the fundamental current components but still
within the bandwidth of the current sensors and the inverter. Frequencies in the range
of 200 Hz to 1 kHz are typically used, depending on the switching frequency of the
inverter and the sampling rate of the control system. A lower frequency may result in
interference from fundamental components, while a much higher frequency can be
attenuated by the system dynamics or distorted due to inverter nonlinearity. There-
fore, the selected frequency is a trade-off between observability, sensor bandwidth,
and noise immunity. It should be noted that both tests for the d- and q-axes must be
conducted at the same locked rotor position, and an initial alignment to a known rotor
position is required before locking. Zero-position alignment is typically preferred for
this purpose.

As mentioned, the inductance obtained from this method is the incremental in-
ductance at each current point. Therefore, selecting a greater number of working
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points results in a more precise inductance and flux map.
Considering that steady-state data is recorded under locked-rotor conditions, the

frequency-domain mathematical model from (3.7), evaluated at the injected frequency
fin j, can be written as:

Vd( fin j) = RsId( fin j)+ j2π fin jLdId( fin j)

Vq( fin j) = RsIq( fin j)+ j2π fin jLqIq( fin j)
(3.8)

Accordingly, since the signal injection procedure yields the incremental d- and
q-axis inductances, we have:

δLd(Id) =
1

2π fin j
ℑ(

Vd( fin j)

Id( fin j)
)

δLq(Iq) =
1

2π fin j
ℑ(

Vq( fin j)

Iq( fin j)
)

(3.9)

where the term ℑ(.) denotes the imaginary part of the complex quantity.
After fitting a piecewise model to the extracted incremental inductances, Ld(id)

and Lq(iq), the flux maps can be obtained by integrating the inductance functions
along the current range:

ψd(Id) =
∫ Id

0
Ld(id)did

ψq(Iq) =
∫ Iq

0
Lq(iq)diq

(3.10)

In this method, explicit voltage compensation was not applied. Since the incre-
mental inductance extracted from the high-frequency component effectively reflects
the magnetic behavior, and the integration yields an accurate flux map without the
need for resistive voltage compensation.

3.3.2 Bipolar Voltage Injection Method

The typical procedure of this method is illustrated in Figure 3.3. In this method, hys-
teresis current control is employed to regulate the stator currents during the injection
process at standstill [42, 43, 59]. This control strategy ensures precise shaping of the
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current waveform while maintaining simplicity and robustness. Reference currents
are specified to inject the desired current magnitudes along the d and q axes, and the
hysteresis controller ensures that the actual current remains within a specified toler-
ance band around the reference value. The controller achieves this by adjusting the
output voltage vector via inverter switching, similar to standard current control. In
this case, a simple hysteresis-based scheme is adopted rather than a PI current con-
troller, due to its fast response and ease of implementation during standstill conditions
where conventional controllers may be less effective due to unknown parameters of
the machine that are needed for the tuning of the controller. To increase the current,
the inverter applies a voltage vector oriented in the direction of the desired current
and to decrease the current, a voltage vector in the opposite direction is applied:

ure f
d,q(k) =


umax, if id,q(k)<−imax

d,q

−umax, if id,q(k)> imax
d,q

ure f
d,q(k−1) otherwise,

,ure f
q,d (k) = 0 (3.11)

According to Fig. 3.4a, for d-axis flux estimation, the reference current is set
to the desired value imax

d , and ure f
q is maintained at zero. The hysteresis controller

regulates id while ensuring that iq remains negligible. Similarly, as shown in Fig. 3.4b,
for q-axis flux estimation, the reference current imax

q is applied, and ure f
d is held at zero.

The hysteresis controller regulates iq, ensuring effective decoupling between the axes.
During the injection process, the reference voltages and output currents are sam-

pled. Using these values, the stator flux linkages Ψd and Ψq are calculated using
the forward Euler approximation, which provides the flux characteristics required for
self-commissioning:

Ψd,q(k+1) = Ψd,q(k)+Ts
[
ud,q(k)−Rsid,q(k)

]
(3.12)

3.4 Proposed Self-commissioning Method

This section presents a self-commissioning methodology for synchronous reluctance
motors (SynRMs), aimed at characterizing motor parameters and mapping flux hys-
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Figure 3.3: Procedure for the bipolar voltage injection method.

teresis at standstill, without the need for rotor locking. The process loop of the method
is illustrated in Figure 3.5. The method systematically applies a specific voltage pat-
tern, evaluates the electrical behavior of the motor, and calculates critical parameters
such as total resistance, inverter voltage drops, and flux linkage characteristics for
both the d and q axes.

The process begins with the application of a three-level voltage pattern, repre-
sented as (ure f ,0,−ure f ,0,ure f ). This pattern is applied sequentially, with voltage
amplitudes decreasing from a maximum value to a minimum desired value using a
predetermined decrement ratio or fixed step. Importantly, the procedure is performed
at standstill, and the rotor shaft is free to move without mechanical locking. This en-
sures that the motor operates under natural conditions during the self-commissioning
process.

To determine the appropriate maximum voltage level, the motor is initially sub-
jected to incrementally increasing voltages at standstill while monitoring the result-
ing current. The voltage at which the current reaches the nominal peak value of the
motor is recorded. This voltage is then scaled by a predefined ratio to define the max-
imum voltage level for self-commissioning, ensuring that the applied voltage levels
are sufficient to drive the motor into the saturated region. This step ensures that flux
mapping and parameter estimation are performed over a wide and representative op-
erating range.
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(a)

(b)

Figure 3.4: Bipolar voltage injection method: (a) D-axis injection procedure when
ure f

q = 0, (b) Q-axis injection procedure when ure f
d = 0.
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Figure 3.5: Procedure for the proposed voltage injection method.

The total resistance R̂t , comprising the stator resistance and any additional series
resistances, is estimated based on two voltage patterns within the applied sequence,
chosen near the nominal operating current of the machine. The steady-state currents
corresponding to two different voltage levels are measured. The reference voltages
ure f

d,q used in this step represent the voltage setpoints commanded to the inverter. While
these setpoints are used for calculating resistance, it is important to note that inverter
nonlinearities, such as dead-time effects or voltage drops, can cause deviations be-
tween the reference and the actual applied voltage.

To minimize the impact of such nonlinearities, this estimation is performed at
relatively high current levels, where the effect of inverter nonlinearity becomes less
pronounced compared to the total voltage. As a result, the estimation yields a suffi-
ciently accurate approximation of R̂t for use in subsequent calculations. Nevertheless,
this is considered as an approximate resistance value, and more precise modeling can
incorporate measured voltage or compensated inverter output if higher accuracy is
required.

R̂t =
ure f

d,q1
−ure f

d,q2

id,q1 − id,q2

=
δure f

d,q

δ id,q
(3.13)

Following the estimation of total resistance, the total voltage drop introduced
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by the inverter and other components is estimated. For each steady-state level of
applied voltage, the measured current is used to compute the resistive voltage drop
by multiplying the estimated total resistance with the current. Since the procedure is
conducted at standstill and the rotor is assumed to remain stationary, the back-EMF
component due to rotor motion is negligible and can be omitted from the voltage
equation. By subtracting the estimated resistive voltage drop from the commanded
inverter voltage, the remaining component is interpreted as the voltage drop of the
inverter:

δvd,q(id,q) = ure f
d,q − R̂t id,q (3.14)

As mentioned before, the estimated total resistance R̂t obtained from voltage and
current data, may also include the effective series resistance of the inverter, such as
on-state voltage drops in the switching devices. As a result, the separation between
stator and inverter contributions is approximate, and part of the inverter voltage drop
may already be included in the resistive term. Despite this potential overlap, the re-
maining voltage δvd,q is still treated as an empirical correction factor to improve
flux estimation accuracy. This simplification is acceptable in the context of standstill
self-commissioning, where precise decoupling of all resistive effects is not strictly
necessary for generating accurate flux maps.

The actual voltage applied to the motor is then obtained by compensating for the
estimated inverter voltage drop. Using this corrected voltage, the flux of the motor
is calculated by integrating the voltage difference over time for each applied voltage
pattern:

ψd(t) =
∫ T

0
(ure f

d −δvd(id)sgn(id)− R̂t id(t))dt

ψq(t) =
∫ T

0
(ure f

q −δvq(iq)sgn(iq)− R̂t iq(t))dt
(3.15)

Here, T denotes the sampling and data logging period for a single pattern. The re-
sult of this integration forms the basis of the hysteresis flux map, which characterizes
the flux-current relationship of the motor.

To capture the complete flux characteristics of the motor, the procedure is carried
out independently for the d- and q-axes, as shown in Figure 3.6 and Figure 3.7. Dur-
ing the d-axis process, the q-axis voltage is set to zero, and the flux is mapped for the
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d-axis. Similarly, during the q-axis process, the d-axis voltage is set to zero while the
flux is mapped for the q-axis. It is noted that during the q-axis procedure, minor rotor
movement may occur due to the absence of a mechanical lock. To counteract this
movement, a compensating voltage is applied to the d-axis using a current controller,
ensuring that the d-axis current remains zero throughout the process.

This self-commissioning method provides an effective framework for estimating
motor parameters and flux linkage characteristics without requiring rotor locking.
The approach accounts for critical aspects such as inverter voltage drops, total resis-
tance, and flux mapping for both axes, ensuring accurate motor characterization. The
entire procedure is executed automatically through a predefined sequence of voltage
patterns and data acquisition routines, without the need for human intervention or
manual parameter tuning. This unsupervised operation is made possible by relying
only on current measurements at standstill, with each step; resistance estimation, in-
verter drop compensation, and flux calculation; performed in software using real-time
feedback. This information is essential for achieving precise control and optimizing
the performance of synchronous reluctance motors.

3.5 Simulation Analysis

The SynRM used for simulation is selected from [48, 42], and its details are provided
in Table 3.1. The methods described in the previous sections have been implemented
in MATLAB/Simulink, and their results are compared with those of the proposed
method. To simulate the machine behavior, the analytical flux model provided in [42]
is used, which captures the nonlinear magnetic characteristics of the SynRM based on
current-dependent inductance expressions. This model enables accurate simulation
of flux linkage and torque under varying current conditions without requiring finite
element analysis.

Simulation of DC-biased HFSI Method

• D-axis: A 200Hz, 2-volt sinusoidal voltage is superimposed on different levels
of DC voltage, ranging from 60 volts to 0 volts, with a decrement ratio of 0.5.
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(a)

(b)

Figure 3.6: Proposed voltage injection method for the d-axis when ure f
q = 0 is ap-

plied: (a) D-axis voltage injection, resistance and voltage drop calculation, (b) D-axis
voltage compensation and flux calculation.
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(a)

(b)

Figure 3.7: Proposed voltage injection method for the q-axis when ure f
d = 0 is ap-

plied: (a) Q-axis voltage injection, resistance and voltage drop calculation, (b) Q-axis
voltage compensation and flux calculation.
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Table 3.1: SynRM rating parameters used for simulation.

Power PN 2.2 kW
Speed nN 1500 rpm
Pole pairs 2
Torque TN 15 Nm
Current IN 5.08 A
Voltage UN 400 V

Resistance Rs 3.6Ω

Frequency fN 50 Hz

This voltage is applied to the d-axis while zero voltage is applied to the q-axis,
as shown in Figure 3.8. The inductance map and the corresponding extracted
flux map of the d-axis are illustrated in Figure 3.9.

• Q-axis: A 200Hz, 2-volt sinusoidal voltage is superimposed on different levels
of DC voltage, ranging from 30 volts to 0 volts, with a decrement ratio of 0.5.
This voltage is applied to the q-axis while zero voltage is applied to the d-axis,
as shown in Figure 3.10. The inductance map and the corresponding extracted
flux map of the q-axis are illustrated in Figure 3.11.

Simulation of Bipolar Voltage Injection Method

Simulation of this method has been implemented to generate the flux hysteresis map
over a high current range, based on the motor’s nominal current, considering that the
lower current range is a subset of the higher range:

• D-axis: The d-axis reference current for hysteresis control is set equal to 20A,
which is approximately three times the nominal current. The reference output
voltage is set to 200 volts. Fig. 3.12a shows the time-domain applied voltage
and the measured current during the d-axis procedure. The corresponding flux
linkage in the d-axis is calculated using numerical integration, as described in
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Figure 3.8: Injected voltage and corresponding measured current for the d-axis using
the DC-biased HFSI method (simulation).

(3.12), and illustrated in Fig. 3.12b. Finally, the d-axis flux map is generated
and shown in Fig. 3.14a.

• Q-axis: The q-axis reference current for hysteresis control is set equal to 14A,
which is approximately twice the nominal current. The reference output volt-
age is also set to 200 volts. Fig. 3.13a shows the time-domain applied voltage
and the measured current during the q-axis procedure. The corresponding flux
linkage in the q-axis is calculated using numerical integration, as described in
(3.12), and illustrated in Fig. 3.13b. Finally, the q-axis flux map is generated
and shown in Fig. 3.14b.

Simulation of Proposed Method

In the proposed simulation method, two reference voltage levels are applied sep-
arately to the d- and q-axes, following the procedure described earlier. These two
voltage levels are used for estimating the total resistance. At this stage, it is not nec-
essary to consider additional voltage levels, as the inverter is modeled as ideal. This
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(a)

(b)

Figure 3.9: Simulation results obtained using the DC-biased HFSI method: (a) Induc-
tance map for d-axis, (b) Flux map for d-axis.
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Figure 3.10: Injected voltage and corresponding measured current for the q-axis using
the DC-biased HFSI method (simulation).

assumption implies that the output voltage precisely follows the reference command
without any nonlinearities or voltage drops.

It should be noted that in a practical system with a non-ideal inverter, voltage de-
viations due to switching behavior, dead-time effects, and device losses would influ-
ence the measurements. In such cases, the estimated total resistance would inherently
include the effects of the inverter’s linearity and parasitic resistance, which cannot be
entirely separated from the motor model. However, since an ideal inverter is assumed
in this simulation, the voltage applied to the motor terminals is taken as equal to the
reference voltage, ensuring a clean and isolated evaluation of the proposed method.

• D-axis: 60V and 36V reference voltages have been used as the test voltage
levels. These levels are chosen such that the steady-state current remains ap-
proximately between the nominal current and twice the nominal current, which
leads to more accurate resistance estimation. Fig. 3.15a shows the time-domain
applied voltage and measured current in the d-axis procedure. The total resis-
tance, estimated using (3.13), is found to be 3.6Ω. After that, the correspond-
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(a)

(b)

Figure 3.11: Simulation results obtained using the DC-biased HFSI method: (a) In-
ductance map for q-axis, (b) Flux map for q-axis.
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(a)

(b)

Figure 3.12: Simulation results using the bipolar voltage excitation method for the
d-axis: (a) Voltage and current in time domain, (b) Flux in time domain.
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(a)

(b)

Figure 3.13: Simulation results using the bipolar voltage excitation method for the
q-axis: (a) Voltage and current in time domain, (b) Flux in time domain.
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(a)

(b)

Figure 3.14: Simulated flux map obtained using the bipolar voltage excitation
method: (a) D-axis flux map, (b) Q-axis flux map.
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ing flux linkage in the d-axis is calculated using (3.14) and (3.15). The time-
domain simulation results are illustrated in Fig. 3.15b. Finally, the d-axis flux
map is generated and shown in Fig. 3.17a.

• Q-axis: 30V and 36V reference voltages have been used as the test voltage
levels. Considering that the q-axis flux tends to saturate faster than the d-
axis, lower voltage and current levels are sufficient. Fig. 3.16a shows the time-
domain applied voltage and measured current in the q-axis procedure. The total
resistance, estimated using (3.13), is also found to be 3.6Ω. After that, the cor-
responding flux linkage in the q-axis is calculated using (3.14) and (3.15). The
time-domain simulation results are illustrated in Fig. 3.16b. Finally, the q-axis
flux map is generated and shown in Fig. 3.17b.

Comparison of the Simulation Results

The flux map extracted from the proposed method has been compared with the re-
sults of two other methods, one considering inverter nonlinearity and voltage drop
in the model, and one without. Figure 3.18 shows the result without incorporating
inverter nonlinearity. The flux maps extracted from the proposed method and the
bipolar voltage excitation method closely match, while a small deviation is observed
in the result from the HFSI method. This difference is likely due to numerical is-
sues arising from the linear piecewise fitting step during inductance map generation,
which used a limited number of test points. Additional errors may also result from
numerical integration in the HFSI method, especially near zero current where data
acquisition becomes more error-prone.

Figure 3.19 shows the result when inverter nonlinearity is included in the simula-
tion. It can be observed that the proposed method yields an accurate and symmetric
flux map by compensating for inverter voltage drops within the procedure; an out-
come that aligns with the expected behavior of a synchronous reluctance motor.
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(a)

(b)

Figure 3.15: Simulation results using the proposed voltage excitation method for the
d-axis: (a) Voltage and current in time domain, (b) Flux in time domain.
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(a)

(b)

Figure 3.16: Simulation results using the proposed voltage excitation method for the
q-axis: (a) Voltage and current in time domain, (b) Flux in time domain.
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(a)

(b)

Figure 3.17: Simulated flux map obtained using the proposed voltage excitation
method: (a) D-axis flux map, (b) Q-axis flux map.
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(a)

(b)

Figure 3.18: Comparison of simulation results for a system model excluding inverter
nonlinearities: (a) D-axis flux map, (b) Q-axis flux map.
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(a)

(b)

Figure 3.19: Comparison of simulation results including inverter nonlinearities: (a)
D-axis flux map, (b) Q-axis flux map.
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3.6 Experimental Implementation and Results

In this section, all three methods have been implemented experimentally and com-
pared to evaluate the performance of the proposed method in a real environment. The
SynRM used is the same as that described in Table 2.2. A 1.1kW commercial inverter,
incorporating an STM32F303 microcontroller and the IGBT modules, has been used
to drive the motor. In all tests, the inverter DC bus voltage is set to 320V . The switch-
ing frequency and sampling time are set to 10kHz and 200 µs, respectively.

Experimental Result of DC-biased HFSI Method

The experimental test using the HFSI method was performed automatically using the
processor embedded in the commercial inverter. For the d-axis, a minimum of 5V
with an incremental step of 5V was applied, reaching a maximum level of 50V (i.e.,
10 working points), while zero voltage was applied to the q-axis. During voltage ex-
citation, a 250Hz sinusoidal voltage with an amplitude of 5V was superimposed on
the applied DC voltage levels. At each DC level, during high-frequency signal injec-
tion, the corresponding current was measured. Using the Goertzel Discrete Fourier
Transform (DFT), the incremental inductance was calculated in real time and logged.

A similar procedure was implemented for the q-axis, while zero voltage was ap-
plied to the d-axis. A minimum of 5V with an incremental step of 3V was applied,
reaching a maximum level of 32V (i.e., 10 working points). Similarly, a sinusoidal
voltage with an amplitude of 5V and a frequency of 250Hz was superimposed on
the DC levels. Using the Goertzel DFT, the q-axis incremental inductance was also
calculated in real time and logged.

In post-processing, the incremental d- and q-axis inductance maps were gener-
ated using linear interpolation. Figure 3.20 shows the generated d- and q-axis induc-
tance maps. By integrating along the current range, the corresponding flux maps were
generated and are plotted in Fig. 3.21a and Fig. 3.21b.
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Figure 3.20: Experimental inductance maps for the d-axis and q-axis obtained using
the DC-biased HFSI method.
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(a)

(b)

Figure 3.21: Experimental flux map obtained using the HFSI method: (a) D-axis flux
map, (b) Q-axis flux map.
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Experimental Result of Bipolar Voltage Injection Method

The procedure illustrated in Figure 3.3 has been implemented experimentally to ex-
tract the flux map of the SynRM using bipolar voltage injection through hysteresis
current control. The maximum output voltage of the hysteresis current controller was
set to 120V .

To extract the d-axis flux map, a set of reference currents ranging from 1A to
8A, with an incremental step of 1A, was utilized. The corresponding output currents
were measured using current sensors, as shown in Figure 3.22. Using the cold resis-
tance value provided in the motor datasheet and direct measurement, the flux map
was extracted by employing (3.12). The resulting d-axis flux map is illustrated in
Figure 3.23.

Similarly, to extract the q-axis flux map, a set of reference currents ranging from
1A to 7A, with an incremental step of 1A, was used. The corresponding output cur-
rents were measured using current sensors, as shown in Figure 3.24. There is a small
timing mismatch between the applied voltage and the measured current, which is
likely caused by delays in the measurement system and can be corrected by align-
ing the signals more accurately in post-processing. Although it does not affect the
effectiveness of the method, this skew does introduce some visible effects, such as
the slight loops in the flux map. Improving the synchronization would help remove
these effects in future tests.

Again, using the cold resistance value from the motor datasheet, the flux map
was extracted by applying (3.12). The resulting q-axis flux map is illustrated in Fig-
ure 3.25.

It should be noted that only one cycle is sufficient for calculating the flux hystere-
sis map; however, averaging over multiple cycles can yield a more accurate result.

Experimental Result of Proposed Method

Implementation of the proposed method is based on the procedure illustrated in Fig-
ure 3.5. According to the procedure described in the relevant section, a three-level
voltage pattern with varying amplitudes is applied to the machine, and the corre-
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 3.22: Experimental applied voltage and measured current in the d-axis during
SynRM self-commissioning using the bipolar voltage injection method: (a) imax

d = 1A,
(b) imax

d = 2A, (c) imax
d = 3A, (d) imax

d = 4A, (e) imax
d = 5A, (f) imax

d = 6A, (g) imax
d = 7A,

(h) imax
d = 8A.



112 Chapter 3. Synchronous Reluctance Motor Self-Commissioning

Figure 3.23: Experimental d-axis flux map obtained using the bipolar voltage injec-
tion method.
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(a) (b)

(c) (d)

(e) (f)

(g)

Figure 3.24: Experimental applied voltage and measured current in the q-axis during
SynRM self-commissioning using the bipolar voltage injection method: (a) imax

q = 1A,
(b) imax

q = 2A, (c) imax
q = 3A, (d) imax

q = 4A, (e) imax
q = 5A, (f) imax

q = 6A, (g) imax
q = 7A.
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Figure 3.25: Experimental q-axis flux map obtained using the bipolar voltage injec-
tion method.
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sponding output currents are logged for post-processing.

For d-axis flux map identification, a voltage range from 5V to 60V is applied in
a three-level pattern to the d-axis, while zero voltage is applied to the q-axis. The
corresponding currents are measured and logged using current sensors. The duration
of each level in the voltage pattern is set to 500ms to ensure the current reaches a
steady state for accurate post-processing. The maximum voltage of 60V is chosen
because it results in approximately three times the nominal current of the machine.
The applied voltages and corresponding measured currents are shown in Figure 3.26.
It is important to note again that no current controller was used in this experiment and
the current waveforms are purely a result of the applied voltage steps. The unusual
behaviors, like the almost linear rise in current during on-switching of the vd and
the almost step-wise change during off-switching of the vd , are caused by non-ideal
effects in the inverter, such as parasitic capacitance and dead-time. These effects tend
to be more noticeable, especially at lower current levels.

Using two different voltage amplitudes near the nominal current, the total resis-
tance is estimated to be 6.12Ω by applying (3.13). The voltage drop in the d-axis
is then estimated using (3.14), since the motor is at standstill and no back-EMF is
expected. Figure 3.27 illustrates the back-EMF before and after compensation, and it
can be seen that the compensation is effective, as the back-EMF becomes nearly zero
after correction. Finally, using (3.15), the flux linkage is calculated.

It should be noted that integrating voltage to obtain flux linkage may result in
accumulated error near zero current due to noise and data acquisition imperfections,
potentially leading to inaccuracies in the flux map. To mitigate this issue, integration
is performed only from the start of each voltage level to the first zero-crossing of the
back-EMF at that level, resulting in cleaner and more reliable results. The d-axis flux
hysteresis map extracted using the proposed method is illustrated in Figure 3.28.

Furthermore, the estimated voltage drop in the d-axis is compared with the re-
sult obtained using an inverter self-commissioning method, as shown in Figure 3.29.
The comparison shows that the estimated voltage drops are similar across different
working points using the two methods.

Similarly, for q-axis flux map identification, a voltage range from 5V to 60V
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in a three-level pattern is applied to the q-axis, while zero voltage is applied to the
d-axis. The corresponding currents are measured and logged using current sensors.
The duration of each voltage level is also set to 500ms to allow the current to reach
a steady state. However, this procedure may cause rotor movement due to the torque
generated by the q-axis excitation. This makes voltage excitation in the q-axis more
challenging, as it introduces a trade-off between maximum voltage amplitude, pat-
tern duration, and the ability to achieve steady-state current without causing rotor
displacement.

The applied voltages and corresponding measured currents are shown in Fig-
ure 3.30. Using two different voltage amplitudes near the nominal current, the total
resistance is estimated to be 6.25Ω by applying (3.13). The voltage drop in the q-axis
is then estimated using (3.14), under the same assumption of no back-EMF at stand-
still. Figure 3.31 illustrates the back-EMF before and after compensation, confirming
that the compensation is effective.

Finally, using (3.15), the q-axis flux linkage is calculated, considering the same
precautions against accumulated integration error as discussed earlier. The q-axis flux
hysteresis map extracted using the proposed method is shown in Figure 3.32. In addi-
tion, the estimated voltage drop in the q-axis is compared with the result obtained via
the inverter self-commissioning method in Figure 3.33, showing strong agreement
across different working points.

Comparison of Experimental Results

To compare the results of the proposed method with the other two procedures, an
algebraic model was selected and fitted to the generated flux hysteresis maps using
the nonlinear least squares method:

Ψd,q(id,q) = a+
b

1+ exp(−m · (id,q −n))
+ c · id,q (3.16)

where, a,b,c,m and n are the fitting parameters.

This model was chosen not to reflect the physical symmetry or magnetic char-
acteristics of the machine, but only to enable consistent and accurate curve fitting
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(a)

(b)

Figure 3.26: Experimental applied voltage and measured current in the d-axis using
the proposed method.: (a) Applied voltage, (b) Measured current.
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(a)

(b)

Figure 3.27: Back-EMF before and after voltage drop compensation in the d-axis
using the proposed method: (a) Before compensation, (b) After compensation.
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Figure 3.28: Experimental d-axis flux map obtained using the proposed self-
commissioning method.
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Figure 3.29: Experimental comparison of estimated voltage drop in the d-axis with
inverter self-commissioning results.
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(a)

(b)

Figure 3.30: Experimental applied voltage and measured current in the q-axis using
the proposed method: (a) Applied voltage, (b) Measured current.
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(a)

(b)

Figure 3.31: Back-EMF before and after voltage drop compensation in the q-axis
using the proposed method: (a) Before compensation, (b) After compensation.
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Figure 3.32: Experimental q-axis flux map obtained using the proposed self-
commissioning method.
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Figure 3.33: Experimental comparison of estimated voltage drop in the q-axis with
inverter self-commissioning results.
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Table 3.2: Quantitative comparison between the HFSI method and the proposed
method relative to the bipolar method for d and q-axes flux maps.

Method
d-Axis (Wb) q-Axis (Wb)

MAE RMSE MaxError MAE RMSE MaxError

HFSI 0.1120 0.1265 0.1896 0.0548 0.0591 0.1069

Proposed 0.0447 0.0531 0.1189 0.0284 0.0299 0.0447

across datasets from the three methods. It provides sufficient flexibility to capture the
nonlinearity and saturation behavior observed in the experimental flux data, which
improves the precision of the comparison. While the selected model does not enforce
the expected odd symmetry Ψd,q(−id,q) = −Ψd,q(id,q), this was considered accept-
able for the purpose of model fitting and method comparison rather than physical
interpretation.

The model fitted to the flux data extracted from the bipolar voltage excitation
method is illustrated in Figure 3.34, and the corresponding algebraic model is pro-
vided within the figure. Similarly, the model fitted to the flux extracted from the pro-
posed method is illustrated in Figure 3.35, with the associated algebraic expression
shown in the figure. Visually, it is evident that the selected algebraic model adequately
describes the relationship between flux and current.

Finally, as shown in Figure 3.36, the output of the proposed method is com-
pared with those of the two other methods to validate the new procedure. It can be
concluded that the proposed method, with its more precise post-processing such as
outlier removal, serves as a viable alternative to the other approaches. In addition,
it can simultaneously identify the machine’s stator resistance, flux map, and inverter
nonlinearity at standstill.

Based on the experimental findings, the bipolar method was chosen as the ref-
erence for comparison due to its demonstrated reliability in capturing accurate flux
linkage characteristics across both the d- and q-axes. This method provides consistent
flux mapping, as evident from the experimental results, with balanced performance
across the entire current range. While it does exhibit moderate hysteresis, the bipolar
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method effectively captures nonlinear magnetic effects, making it a robust bench-
mark for evaluating other methods. Its ability to maintain convergence under diverse
operating conditions further underscores its suitability as a reference.

Quantitative analysis of the results in Table 3.2 highlights the superior perfor-
mance of the proposed three-level voltage excitation method compared to the HFSI
method. For the d-axis flux map, the proposed method demonstrates significantly
lower errors relative to the bipolar approach, with a Mean Absolute Error (MAE)
of 0.0447Wb and a Root Mean Square Error (RMSE) of 0.0531Wb, compared to
0.1120Wb (MAE) and 0.1265Wb (RMSE) for the HFSI method. Additionally, the
maximum error for the proposed method in the d-axis (0.1189Wb) is markedly smaller
than that of the HFSI method (0.1896Wb), underscoring its accuracy and robustness
under extreme operating conditions.

Similarly, for the q-axis flux map, the proposed method achieves a MAE of
0.0284Wb and a RMSE of 0.0299Wb, outperforming the HFSI method, which recorded
0.0548Wb (MAE) and 0.0591Wb (RMSE). The maximum error for the proposed
method in the q-axis (0.0447Wb) is also considerably lower than that of the HFSI
method (0.1069Wb), further emphasizing its accuracy.

These findings demonstrate the limitations of the HFSI method, which, despite
producing clean flux maps without hysteresis, struggles to achieve the same level of
accuracy as the proposed method, particularly in the d-axis, where flux estimation is
critical for precise torque control. In contrast, the proposed method achieves closer
alignment with the bipolar reference, ensuring higher accuracy, reduced errors, and
enhanced robustness. This improved performance makes the proposed method a more
reliable and efficient choice for motor control applications, particularly in scenarios
that demand high precision and stability. Thus, the experimental results underscore
the advantages of the proposed method over established techniques, positioning it as
a promising solution for self-commissioning flux map generation in SynRMs.
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(a)

(b)

Figure 3.34: Algebraic model fitted to the flux map obtained by the bipolar excitation
method: (a) D-axis fitted model, (b) Q-axis fitted model.
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(a)

(b)

Figure 3.35: Algebraic model fitted to the flux map obtained by the proposed method:
(a) D-axis fitted model, (b) Q-axis fitted model.
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(a)

(b)

Figure 3.36: Comparison of experimental results obtained by the three different meth-
ods: (a) D-axis flux, (b) Q-axis flux.
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3.7 Chapter Summary

This chapter has explored the procedures for flux map self-commissioning of Syn-
RMs, focusing on two established methods and a newly proposed approach. The
high-frequency signal injection method and the bipolar voltage excitation method
were reviewed in detail, highlighting their operational principles and effectiveness in
obtaining accurate flux maps. To address the limitations of these methods, a novel
three-level voltage excitation method was proposed. This innovative approach fa-
cilitates flux map self-commissioning at standstill conditions while simultaneously
estimating critical parameters such as stator resistance and inverter voltage drops,
ensuring a more comprehensive and efficient characterization process.

The proposed method, alongside the two existing methods, was rigorously tested
through simulations to analyze and compare their performance under various condi-
tions. The simulation results provided valuable insights into the strengths and weak-
nesses of each method, paving the way for further refinement and validation. Sub-
sequently, all three methods were experimentally implemented to assess their real-
world applicability and effectiveness. These experiments offered a detailed com-
parison, showcasing the performance of the proposed three-level voltage excitation
method relative to the established techniques. The findings underline the advantages
of the proposed method, particularly in terms of precision, efficiency, and ease of im-
plementation, establishing it as a promising alternative for flux map self-commissioning
in SynRMs.



Chapter 4

PLL-Based Observer

4.1 State of the Art

Sensor-less control of SynRMs is critical for improving reliability and reducing costs
in drive applications. Observer-based methods are widely employed to estimate rotor
position and speed, enabling effective control and eliminating the need for physical
sensors. The Phase-Locked Loop (PLL) is a fundamental technique embedded within
various observers to enhance speed and position estimation in sensor-less control
and drive systems. By integrating PLLs into observers such as sliding mode [60, 61,
62], Kalman filters [63, 64], extended Luenberger observers [65, 66], adaptive-based
observers [67], high-frequency signal injection-based observers [68], and injection-
less observers [69], these systems utilize the robust synchronization of the PLLs to
track the position and speed of the motor shaft.

This combination allows for accurate estimation of rotor speed and position with-
out the need for physical sensors, thereby reducing system complexity, cost, and
maintenance requirements. The ability of the PLL to dynamically adapt and lock
onto signal variations ensures precision even under challenging conditions, such as
low-speed operation, transient loads, or electrical parameters variation. This approach
not only enhances control performance but also improves efficiency and reliability in
applications such as electric vehicles, robotics, and industrial drives, where precise



132 Chapter 4. PLL-Based Observer

motor control is critical.

In addition to the conventional PLL approach [70], numerous extended and en-
hanced versions have been developed. For instance, [71] introduces a robust PLL
method designed to handle amplitude fluctuations in resolver excitation signals. In
[72], a Type-III PLL utilizing Chebyshev filters is proposed. The integration of the
PLL with recursive least squares is explored in [73], while PLLs featuring speed-loop
compensation structures are presented in [74]. A universal, parameter-independent
PLL offering disturbance rejection is proposed in [75]. A novel quadrature PLL-
based estimation scheme is described in [76], although it demonstrates sensitivity to
disturbances.

A new PLL scheme was introduced to address speed reversal issues in sensorless
PMSM drives, effectively enhancing reliability during such operations [77]. Another
innovative approach employs a dual-PLL structure to mitigate harmonic effects in
back electromotive force, significantly improving estimation accuracy and stability
in IPMSM systems [78]. Furthermore, a PLL design integrated with a sliding mode
observer has been proposed to suppress position estimation errors, demonstrating
robust performance in sensorless IPMSM control [79]. Similarly, an enhanced PLL-
based strategy has been developed to improve low-speed operation by estimating
cross-coupling factors, resulting in better control and estimation accuracy [80]. Ad-
ditionally, a second-order PLL-based speed estimator for induction motor drives has
been designed to accurately detect the rotor flux vector phase angle, thereby enhanc-
ing the overall reliability of sensorless drives [81]. These advancements highlight the
critical role of PLL innovations in refining observer-based sensorless control systems.

In this chapter, the proposed PLL, previously introduced as a contribution in a
conference paper [82], is revisited and explained. It was implemented in software and
connected to a custom-designed resolver-to-digital interface for motor shaft position
and speed estimation.
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4.2 PLL in the Context of an Observer

In the context of sensorless control, a PLL is often used as part of an observer to
estimate rotor position and speed. The PLL mechanism is well-suited for dynamic
systems because it tracks rotor position by locking onto the estimated angle derived
from the flux or back-EMF vector in the αβ stationary frame. By aligning a reference
frame with the flux vector, the PLL continuously adjusts its phase to match that of
the rotating field. This approach provides accurate position estimation even during
variable-speed operation and in the presence of parameter uncertainties, using the
ability of the PLL to minimize phase error and stabilize the observer. It processes the
α- and β -axis components of back-EMF or flux, typically represented as sinusoidal
(sin) and cosinusoidal (cos) signals, to track the phase and frequency of the rotor.
The mathematical representation of the PLL method is as follows:

The α- and β -axis signals represent the components of the back-EMF or flux:xα(t) = Asin(θ)

xβ (t) = Acos(θ)
(4.1)

where A is the amplitude of the signal, which is typically normalized before being
applied to the PLL to simplify phase detection, and θ is the input phase. However, it
is important to note that at low speeds, the signal amplitude may become very small,
resulting in a low signal-to-noise ratio. In such cases, normalization can amplify noise
relative to the signal, potentially degrading PLL performance. To mitigate this, low-
speed enhancements such as high-frequency signal injection or adaptive gain scaling
are often integrated into sensorless control schemes to maintain reliable phase track-
ing [83, 84].

The PLL computes the phase error between the input phase θ and the estimated
phase θ̂ generated by the observer. This is done using the following trigonometric
relationship:

e(t) = xα(t)cos(θ̂)− xβ (t)sin(θ̂). (4.2)

Substituting from (4.1), the phase detector output becomes:
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e(t) = Asin(θ)cos(θ̂)−Acos(θ)sin(θ̂). (4.3)

Using the sine difference identity, sin(a−b) = sin(a)cos(b)− cos(a)sin(b), this
simplifies to:

e(t) = Asin(θ − θ̂), (4.4)

where (θ − θ̂) is the phase error.

The phase error signal, e(t), is processed by a loop filter, usually a proportional-
integral controller in conventional PLL structures, as shown in Figure 4.1, to generate
the control signal, that adjusts the estimated phase. The loop filter is characterized by
its transfer function H(s):

Ω̂(s) = H(s)E(s), (4.5)

where Ω̂(s) and E(s) are the Laplace transforms of ω̂(t) and e(t), respectively.

Finally, the estimated position is extracted as:

θ̂(t) =
∫

ω̂(t)dt. (4.6)

To design the conventional PLL parameters, the proportional and integral gains
are typically selected based on the desired bandwidth and dynamic response of the
following second order system:

θ̂

θ
=

kps+ ki

s2 + kps+ ki
(4.7)

After matching its characteristic equation to the standard form, the parameters
can be tuned easily:

s2 +2ζ ωns+ω
2
n ⇒

kp = 2ζ ωn

ki = ω2
n

(4.8)

where ζ and ωn are the damping ratio and natural frequency respectively, that
should be selected according to the desired system response.



4.2. PLL in the Context of an Observer 135

Figure 4.1: Conventional PLL block diagram. Reprinted from [82] with permission.
© 2023 IEEE.

Figure 4.2: Proposed PLL block diagram. Reprinted from [82] with permission. ©
2023 IEEE.
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4.3 Proposed PLL-Based Observer

To enhance the dynamics of the conventional PLL, a novel compensated PLL-type
observer has been proposed [82], as illustrated in Figure 4.2. This design is based
on the structure presented in [74] and incorporates a PD controller instead of the
PI controller typically used in conventional PLL-type observers. The inclusion of an
inner-loop compensation results in a Type-III PLL, as described below:

θ̂

θ
=

a(s2 +(λ1 +λ2)s+λ1λ2))

s3 +as2 +a(λ1 +λ2)s+aλ1λ2
(4.9)

and the error transfer function is:

e
θ
=

s3

s3 +as2 +a(λ1 +λ2)s+aλ1λ2
(4.10)

where, 

a =
(kckd + kp)(Nkd + kp)

kd(kc −N)

λ1 +λ2 =
(kck2

p +Nk2
p +2Nkckpkd)

(kckd + kp)(Nkd + kp)

λ1λ2 =
Nkck2

p

(kckd + kp)(Nkd + kp)

(4.11)

where kp,kd and N are the parameters of the inner loop PD controller, and kc is a
new parameter added to the compensation part of the proposed PLL. These param-
eters should be designed based on stability criteria, the final value theorem, and the
system’s bandwidth requirements. To ensure a stable closed-loop system, the Routh-
Hurwitz stability criterion dictates that kc > N must be satisfied, along with the fol-
lowing additional condition:

a2(λ1 +λ2)−a(λ1λ2)> 0 (4.12)

Since the transfer functions and analysis are based on a linearized model of the
PLL, the system dynamics are simplified, making design and stability evaluation
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more straightforward. According to (4.9) and the block diagram shown in Figure 4.2,
the open-loop transfer function can be derived as:

a(s+λ1)(s+λ2)

s3 (4.13)

To guarantee stability and attain the desired bandwidth, the values of a, λ1 and
λ2 must be determined for the closed-loop system with unity feedback gain. Subse-
quently, the four main parameters are numerically calculated using (4.11) to satisfy
the previously outlined conditions.

4.4 Simulation Analysis

Time Domain Analysis

To evaluate the performance of the proposed method depicted in Figure 4.2 against
the conventional approach shown in Figure 4.1, a simulation test was conducted. For
the proposed method, the parameters were set as [kp,kd ,kc,N] = [350,50,600,10.5],
whereas the conventional method used [kp,ki] = [892.25,10], ensuring an equivalent
bandwidth for both the proposed method without compensation and the conventional
approach.

The results in Fig. 4.3b indicate that the proposed PLL achieves rapid and precise
position tracking during both acceleration and steady-speed phases, maintaining zero
steady-state error. Conversely, the conventional method struggles with accurate posi-
tion tracking during acceleration and exhibits steady-state error during the constant-
speed phase.

Furthermore, Fig. 4.4b and Fig. 4.4c highlight the speed tracking performance.
The proposed method demonstrates faster convergence to the actual speed, reduced
overshoot, and zero steady-state error, clearly outperforming the conventional ap-
proach.
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(a)

(b)

(c)

Figure 4.3: (a) PLL input signals, (b) Position tracking comparison between the con-
ventional and the proposed PLL in simulation, (c) Error between real and estimated
position using conventional and proposed PLL in simulation.
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(a)

(b)

(c)

Figure 4.4: (a) PLL input signals, (b) Speed tracking comparison between the con-
ventional and the proposed PLL in simulation, (c) Error between real and estimated
speed using the conventional and the proposed PLL in simulation.
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Figure 4.5: Resolver sensor typical topology. Reprinted from [82] with permission.
© 2023 IEEE.

4.5 Experimental Result and Analysis

To thoroughly assess the performance of the proposed PLL, it was implemented
within the closed-loop control system of a PMSM using a resolver sensor. Consider-
ing that the outputs of the resolver sensor are two orthogonal sinusoidal signals, as
illustrated in Figure 4.5, it serves as a suitable reference for evaluating the proposed
PLL. The same parameter set used during the simulation phase was adopted in the
experimental setup to ensure consistency in the evaluation.

The experimental results, as presented in Figure 4.6, reveal that the estimated
position derived from the proposed PLL accurately tracks the actual position mea-
sured by the resolver sensor. This alignment confirms the reliability of the PLL in
real-world applications, demonstrating its capability to provide precise position esti-
mation.

Additionally, Figure 4.7 illustrates the system’s response under both acceleration
and constant-speed conditions. The reference speed was applied in both scenarios,
and the motor shaft exhibited excellent tracking of both speed and position. The sys-
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Figure 4.6: Estimated position from experimental results using the proposed PLL in
closed-loop motor speed control. The blue dotted line represents the position calcu-
lated using the atan2(xβ ,xα) function, which determines the angle based on the ratio
of two orthogonal components. The red solid line represents the position estimated
using the proposed PLL method. Reprinted from [82] with permission. © 2023 IEEE.

tem achieved a rapid dynamic response, effectively adapting to changes in speed
while maintaining a negligible steady-state error. These results validate the robust-
ness and accuracy of the proposed PLL in achieving seamless integration and oper-
ation within an AC machine control framework, further highlighting its potential for
high-performance motor drive applications.

4.6 Chapter Summary

This chapter highlighted the importance of combining observers with PLLs in sen-
sorless motor control systems. Conventional PLL structures were reviewed, and their
roles within observer frameworks for speed and position estimation in motor drives
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Figure 4.7: Estimated speed from experimental result using proposed PLL in closed-
loop motor speed control. Reprinted from [82] with permission. © 2023 IEEE.

were discussed. A novel fast-dynamic PLL with compensation was proposed to en-
hance system performance. Simulations demonstrated its superiority over conven-
tional designs in terms of dynamic response and accuracy. Finally, the proposed
PLL was evaluated using orthogonal signals from a resolver sensor in a closed-loop
PMSM control system, confirming its effectiveness in accurate speed and position
estimation.
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Conclusion and Future Work

Conclusion

This research has conducted an in-depth investigation into the development of self-
commissioning and estimation techniques for sustainable synchronous reluctance
motor drives in industrial applications. The motivation for this research was the ne-
cessity of an energy-efficient and cost-effective solution in electric motor drives. By
taking into account the SynRM technology as an alternative to IMs and PMSMs,
we tried to bridge the gaps among energy efficiency, system robustness, and cost-
effectiveness.

One of the primary achievements of this work is the development of robust self-
commissioning algorithms appropriate for three-phase two-level inverters and Syn-
RMs. These algorithms address critical challenges such as inverter nonlinearity, volt-
age drop compensation and SynRM parameter estimation. Another contribution is the
integration of a phase-locked loop based observer, which provides precise sensorless
operation by accurately estimating rotor position and flux. This capability is crucial
for reducing dependency on mechanical sensors, thus enhancing the reliability and
cost-effectiveness of the drive system.

The experimental results presented in this thesis demonstrate the practical ap-
plicability and performance of the proposed methodologies. The self-commissioning
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techniques simplify the commissioning process, providing plug-and-play functional-
ity, which is especially valuable in industrial environments where ease of deployment
is essential. Moreover, the study highlights the synergy between the proposed algo-
rithms and SynRM technology, demonstrating notable reductions in energy consump-
tion and improvements in overall system efficiency. These achievements underscore
the potential of SynRM drives as a viable alternative to traditional induction motors
and permanent magnet synchronous motors.

Furthermore, this research deepens the understanding of inverter nonlinearities
and their impact on drive performance, particularly in the context of SynRM systems.
While inverter nonlinearity has been addressed in prior studies, this work provides a
detailed and validated analytical model useful for self-commissioning at standstill.
The developed framework enables more accurate compensation during commission-
ing, contributing to improved drive performance. The insights gained from this study
can support further refinement of control and identification techniques, offering a
practical foundation for future advancements in sensorless motor drive systems.

The contributions of this research are aligned with the broader goals of sustain-
able industrial development. By utilizing the advantages of SynRMs, such as their
high efficiency, robustness, and lack of reliance on rare-earth materials, this work
supports the transition towards greener and more sustainable industrial practices.

Future Work

While this research has addressed several critical challenges in SynRM drive tech-
nology, there remain opportunities for further exploration and improvement:

1. Advanced Voltage Drop Model of Inverter: Considering the fact that the
output parasitic capacitance of the switching devices are not constant, but assumed
fixed in this study, the investigation of a more advanced model based on physical
characteristics remains an open research problem.

2. Expansion of the Proposed SynRM Self-commissioning Method: In the
proposed self-commissioning method, the cross saturation has not been regarded.
Improving the proposed method in a way that it could extract the flux and inductance
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cross saturation could increase the accuracy and efficiency in machine control and it
is an open topic for researchers.

3. Integration with Emerging Technologies: Investigating the integration of
SynRM drives with renewable energy systems, such as wind and solar power, could
provide new opportunities for sustainable energy solutions. Additionally, exploring
hybrid systems that combine SynRMs with advanced energy storage technologies
could lead to innovative applications.

4. Scalability and High-Power Applications: Extending the proposed methods
to high-power and multi-level inverter topologies could expand the applicability of
SynRM drives to more demanding industrial applications. Addressing challenges re-
lated to scalability and efficiency in these contexts would be a valuable direction for
future work.

5. Motor Design Optimization: Collaborative research between motor design
and control system experts could lead to optimized SynRM geometries that comple-
ment the proposed control strategies. This could result in even greater efficiency and
performance improvements.

In conclusion, this thesis lays a strong foundation for advancing SynRM drive
technology, addressing key challenges, and demonstrating the viability of these sys-
tems in industrial applications. Considering the methodologies developed in this study,
future research can further enhance the efficiency, reliability, and sustainability of
SynRM drives, contributing to a more energy-efficient and environmentally friendly
industrial landscape.





Appendix A

Matlab Codes

• Function for inverter output voltage range in (2.13) to (2.17):

1 function [v_max,v_min] = range_v(Inr,SwH,SwL,ix)

2 vdc = Inr.Vdc;

3 if (ix>0)

4 vd_on = SwL.vd_on;

5 vt_on = SwH.vt_on;

6 rd_on = SwL.rd_on;

7 rt_on = SwH.rt_on;

8 v_max = vdc - (vt_on + rt_on * abs(ix));

9 v_min = - (vd_on + rd_on * abs(ix));

10 elseif (ix<0)

11 vd_on = SwH.vd_on;

12 vt_on = SwL.vt_on;

13 rd_on = SwH.rd_on;

14 rt_on = SwL.rt_on;

15 v_max = vdc + (vd_on + rd_on * abs(ix));

16 v_min = vt_on + rt_on * abs(ix);

17 else

18 v_max = 0;

19 v_min = 0;

20 end
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• Function for inverter output capacitance charging time in (2.23) to (2.25):

1 function t_cap = cap_t(Inr,SwH,SwL,ix)

2 vdc = Inr.Vdc;

3 ch_out = SwH.Cout;

4 cl_out = SwL.Cout;

5 if (ix>0)

6 vd_on = SwL.vd_on;

7 vt_on = SwH.vt_on;

8 rd_on = SwL.rd_on;

9 rt_on = SwH.rt_on;

10 t_cap = (ch_out + cl_out) * (rd_on - rt_on + ...

(vdc - vt_on + vd_on)/abs(ix));

11 elseif (ix<0)

12 vd_on = SwH.vd_on;

13 vt_on = SwL.vt_on;

14 rd_on = SwH.rd_on;

15 rt_on = SwL.rt_on;

16 t_cap = (ch_out + cl_out) * (rd_on - rt_on + ...

(vdc + vd_on - vt_on)/abs(ix));

17 else

18 t_cap = 0;

19 end

• Function for capacitance voltage drop region in (2.22) and (2.24):

1 function F = v_pn(Inr,v_mx,v_mn,tc,ix)

2 td = Inr.td;

3 ton = Inr.ton;

4 toff = Inr.toff;

5 if (ix > 0 )

6 if(tc < td - toff)

7 F = 0.5 * (v_mx - v_mn) * tc + v_mn * (td - toff);

8 else

9 F = 0.5 * (2 * (td - toff) * v_mx - (td - toff) ...

* (td - toff) * (v_mx - v_mn)/tc);
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10 end

11 elseif (ix < 0)

12 if(tc < td - ton)

13 F = -0.5 * (v_mx - v_mn) * tc + v_mx * (td - ton);

14 else

15 F = 0.5 * (2 * (td - ton) * v_mn + (td - ton) * ...

(td - ton) * (v_mx - v_mn)/tc);

16 end

17 else

18 F = 0;

19 end

• Function for critical current calculation in (2.26):

1 function [I_cr_p , I_cr_n] = curr_cr(Inr,SwL,SwH)

2 vdc = Inr.Vdc;

3 td = Inr.td;

4 ton = Inr.ton;

5 toff = Inr.toff;

6 I_cr_p = ((vdc - SwH.vt_on + SwL.vd_on)*(SwH.Cout + ...

SwL.Cout))/((td-toff)-(SwL.rd_on - ...

SwH.rt_on)*(SwH.Cout + SwL.Cout));

7 I_cr_n = -((vdc - SwL.vt_on + SwH.vd_on)*(SwH.Cout + ...

SwL.Cout))/((td-ton)-(SwH.rd_on - ...

SwL.rt_on)*(SwH.Cout + SwL.Cout));

8 end

• Function for real output calculation in (2.20) and (2.21):

1 function v_real_xg = v_real(Inr,v_mx,v_mn,ix,F,D_on)

2 td = Inr.td;

3 tsw = Inr.Tsw;

4 ton = Inr.ton;

5 toff = Inr.toff;

6 T_on = D_on * tsw;

7 if (ix>0)
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8 v_real_xg = ((T_on - td - ton + toff) * (v_mx - ...

v_mn) + tsw * v_mn - (td - toff) * v_mn + ...

F)/tsw;

9 elseif (ix<0)

10 v_real_xg = ((T_on + td - ton + toff) * (v_mx - ...

v_mn) + tsw * v_mn - (td - ton) * v_mx + F)/tsw;

11 else

12 v_real_xg = 0;

13 end

14 end

• Goertzel algorithm:

1 function [R, L , v_amp, I_amp] = ...

goertzel_RL(voltage_signal, current_signal, fs, ...

freq)

2

3 V = goertzel_single_freq(voltage_signal, fs, freq)/fs;

4

5 v_amp = sqrt(real(V)^2 + imag(V)^2);

6

7 I = goertzel_single_freq(current_signal, fs, freq)/fs;

8

9 I_amp = sqrt(real(I)^2 + imag(I)^2);

10

11 Z = V / I;

12

13 omega = 2 * pi * freq;

14

15 R = real(Z);

16 L = imag(Z) / omega;

17 end

18

19 function X = goertzel_single_freq(signal, fs, freq)

20 N = length(signal);

21

22 k = round((N * freq) / fs);
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23

24 w = 2 * pi * k / N;

25 coeff = 2 * cos(w);

26

27 s_prev = 0;

28 s_prev2 = 0;

29

30 for n = 1:N

31 s = signal(n) + coeff * s_prev - s_prev2;

32 s_prev2 = s_prev;

33 s_prev = s;

34 end

35

36 real_part = (s_prev - s_prev2 * cos(w));

37 imag_part = (s_prev2 * sin(w));

38

39 X = real_part + 1i * imag_part;

40

41 end
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