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Abstract

High-speed permanent magnet synchronous motors (PMSMs) are increasingly adopted in electric
vehicles, high-speed rail traction, aerospace, and flywheel energy storage systems. The advantages
of PMSMs include high efficiency, compact design, and excellent dynamic performance. However,
their application is limited by three key challenges: ensuring reliable and efficient performance
analysis, achieving accurate sensorless control at high speeds and in flux-weakening (FW) regions,
and maintaining robustness under disturbances and parameter variations. This thesis addresses

these challenges through advanced modeling, estimation, and adaptive robust control strategies.

First, to strengthen fundamental analysis, a proper orthogonal decomposition-based model order
reduction (MOR) method is developed for bearingless PMSMs. The approach drastically reduces
computation time while preserving high accuracy in flux density, torque, levitation force, and
dynamic response compared with finite element analysis. These achieve relative errors below

3.5%, enabling efficient and precise loss prediction across wide operating ranges.

Second, for sensorless control, a cascade high-order extended state observer (CHESO) is introduced
to accurately estimate back-electromotive force, rotor position, load torque, and disturbances.
Unlike conventional linear ESOs (LESOs) limited by bandwidth and phase lag, CHESO provides
improved accuracy and robustness at high speeds. To further enhance performance in the FW
operation, a second-order generalized integrator (SOGI) combined with a high-order ESO (HESO)
framework is proposed. The SOGI suppresses noise and harmonics, while the HESO reduces
phase lag and expands bandwidth. Experimental results show that these approaches reduce rotor

position errors and significantly improve harmonic suppression.

Finally, to address robust control, adaptive feedforward torque compensation and an adaptive linear
active disturbance rejection controller (ALADRC) are developed. The feedforward strategy en-
hances dynamic response and disturbance rejection, while ALADRC adjusts bandwidth in real time
to cope with FW conditions. The results confirm reductions in speed error amplitudes, improved
stability under parameter mismatches, and stronger robustness compared with conventional PI and

LESO-based methods.

In conclusion, this thesis advances both analysis and control of high-speed PMSMs. The proposed
MOR provides an efficient tool for design and evaluation, while CHESO, SOGI-HESO, and



ALADRC deliver accurate and robust sensorless control across wide speed ranges. Together, these
contributions enable reliable and high-performance operation of high-speed PMSMs in critical
energy and transportation applications, supporting the transition to sustainable and intelligent

electrification.

Keywords: Cascade high-order extended state observer, high-speed permanent magnet syn-

chronous motors, sensorless control, robust control, parameter mismatches.
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Chapter 1

Introduction

1.1 Background

In recent years, permanent magnet synchronous motors (PMSMs) have become one of the most
important classes of electrical machines, offering a combination of high efficiency, compact design,
and superior dynamic performance compared with induction or synchronous machines [1, 2]. Their
ability to achieve high power density with reduced energy losses has enabled their integration into
diverse application areas, ranging from electric vehicles (EVs) [3] and high-speed trains [4] to
precision industrial automation [5, 6] and renewable energy storage systems [7, 8]. As the global
economy transitions toward sustainability and electrification, the demand for reliable and high-

performance PMSM drives is rapidly increasing.

The electrification of transportation is one of the most significant global engineering challenges,
driven by sustainability targets and strong policy support. PMSMs are widely used in EVs
because of their high efficiency, compact size, and ability to deliver high torque over wide speed
ranges. As shown in Fig. 1.1, leading manufacturers such as Tesla, BYD, and Huawei have
adopted advanced PMSMs and high-speed PMSMs (HSPMSMs) drive systems in their platforms
to balance efficiency with fast acceleration and extended driving range [9]. In addition to EVs,
PMSMs are increasingly applied in industrial automation and precision machinery, including
high-speed computer numerical control (CNC) machines. These applications demand motors that

combine high precision, reliability, and energy savings.
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Motor model: 3D6 Motor model: TZ200XYC Motor model: TZ210XY584
Cooling method: liquid cooling + | Cooling method: liquid cooling + § Cooling method: liquid cooling +
oil cooling oil cooling oil cooling

Peak power: 220kw Peak power: 230kw Peak power: 220kw

Peak speed: 19000r/min Peak speed: 16000r/min Peak speed: 17300r/min

Fig. 1.1: PMSMs application in electric vehicles [9].

The demands for environmental protection and the promotion of low-carbon development have led
to a gradual increase in the proportion of renewable energy sources in the power grid, primarily
wind and solar. Wind and solar energy have become the primary research subjects because the
energy system has been more actively targeting these two energy sources. In Fig.1.2, the statistics
show that global power generation from wind and solar sources has grown from 1,086 TWh in
2015 to 4,632 TWh in 2024 [10]. The installed annual capacity for wind and solar energy is shown
in Fig.1.3. The installed wind and solar capacity increased from 643 GW in 2015 to 2,998 GW in
2024, which is equivalent to an average annual growth rate of 36% [10]. In the next ten years, the
anticipated installation capacity of wind and solar energy will increase at an average annual rate of

14% and 18%, respectively.

However, their inherent intermittency and variability introduce challenges to grid stability, including
frequency fluctuations, voltage instability, and mismatched supply and demand [11-13]. Flywheel
energy storage systems (FESS), powered by HSPMSMs, provide an attractive solution for grid
frequency regulation and short-term energy buffering [14]. FESSs offer high efficiency, long cycle
life, and the ability to deliver rapid power injections or absorptions, making them well-suited for
stabilizing grids with high renewable penetration[15—-17]. Megawatt-scale FESS installations have

already been deployed to support frequency regulation in power systems [18-20].

HSPMSMs are also increasingly adopted in traction systems for high-speed rail, where weight

2
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Fig. 1.2: Wind and solar electricity generation in the past decade.
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Fig. 1.3: Wind and solar installed capacity in the past decade.

reduction, energy efficiency, and reliability are paramount. For example, the CR450 high-speed
train prototype, introduced in 2025, operates at a speed class of 400 km/h and utilizes PMSM-
based traction motors [21]. Compared to conventional asynchronous traction motors, such as the
YQ-365, PMSM traction motors achieve a 35% reduction in weight, an increase in efficiency by
more than 3%, and an energy-saving effect exceeding 10%. These benefits translate into higher
passenger capacity, reduced operating costs, and improved sustainability of rail transport systems.
However, the operating conditions of high-speed trains impose severe technical challenges. The
motors must withstand sudden load changes caused by acceleration, braking, or gradients, all of
which introduce large disturbances. Moreover, inverter nonlinearities such as voltage ripple and

harmonic distortion degrade motor performance and complicate control accuracy.

In summary, PMSMs, as well as HSPMSMs, face significant challenges despite their efficiency and
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Fig. 1.4: Future of High-Speed Rail: CR450 EMU Prototype [21].

compactness. In EVs and industrial automation, PMSMs must endure frequent load transients, wide
speed variations, and long operating hours in harsh environments, which impose strict reliability
and robustness demands. In renewable energy systems, their integration is complicated by the
intermittency and variability of wind and solar power, which introduce issues such as frequency
fluctuations, voltage instability, and mismatched supply and demand. FESSs, although promising
for grid stability, require motors capable of operating at extreme rotational speeds, which leads
to high iron and copper losses, severe thermal stress, and elevated mechanical demands on rotor

designs. Therefore, their deployment still faces three major challenges:

1. The first challenge lies in reliability and efficiency, as accurate evaluation of electromagnetic
performance is essential for control and optimization. While finite element analysis (FEA)
offers high accuracy, it is computationally expensive, and conventional analytical models

lack precision for complex topologies.

2. The second challenge is sensorless accuracy at high speeds and in flux-weakening (FW)
regions. Since mechanical sensors are often impractical in high-speed environments, im-
proving estimation accuracy is critical. Conventional observers suffer from bandwidth limits,
phase lag, and noise sensitivity, while inverter nonlinearities and harmonics further degrade

estimation.

3. The third challenge is robustness, as PMSMs must tolerate disturbances, parameter varia-
tions, and nonlinear effects. Existing control strategies are insufficient for fast dynamics
in high-speed conditions, resulting in limited disturbance rejection and transient response.
Robust solutions must therefore combine adaptive bandwidth adjustment with strong noise

suppression to ensure stable and reliable operation.

4
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1.2 Objectives

This thesis aims to enhance the efficiency, accuracy, and robustness of PMSM systems, with a
particular focus on high-speed surface-mounted PMSMs (SPMSMs). The specific objectives are

as follows:

1. Developing an advanced fundamental analysis method by proposing a proper orthogonal
decomposition (POD)-based model order reduction (MOR) for electromagnetic performance
evaluation of bearingless PMSMs (BPMSMs), thereby reducing computation time while
maintaining high accuracy under complex flux and frequency conditions. These fast and
accurate models are also essential for robust control design, as they provide the basis for

dynamic analysis under demanding operating conditions.

2. Designing improved sensorless control strategies through a cascade high-order extended
state observer (CHESO) for precise back electromotive force (BEMF) and disturbance esti-
mation in high-speed, and a second-order generalized integrator (SOGI) high-order extended
state observer (HESO)-based framework to suppress noise, attenuate harmonics, and extend

estimation bandwidth in the FW region.

3. Developing robust control schemes that integrate adaptive feedforward torque compensation
with adaptive linear active disturbance rejection control (ALADRC), aiming to enhance
torque and speed dynamics, improve disturbance rejection, and maintain stability under

parameter mismatches and load variations.

1.3 Thesis Structure

This thesis investigates the modeling, sensorless estimation, and robust control of PMSMs, with a
focus on high-speed SPMSMs. It addresses the three major challenges of reliability and efficiency,
sensorless accuracy, and robustness under disturbances and parameter variations, forming a com-
plete technical framework for advanced PMSM applications. The organization of this research is

as follows:



Chapter 1. Introduction

Introduction Literature Review Research Objects

(Chapter 1) (Chapter 2) (Chapters 3-5) largsts
Reliabilityand i  i|  Model Order  |i i Chapter 3: MOR-based :
efficiency limitations |} Reduction methods | clectromagnetic analysis of BPMSM | « Fast and accurate
i i : i performance analysis
« Precise sensorless
: ; i i|  Chapter 4: Sensorless control using | estimation at high speed
Sensorless inaccuracy | : : Sensorless control H :| Cascade High-Order ESO (CHESO) with | :i'RObESt contro(ljunder
t high d : techni ; ; ; H isturbances an
at hugh spec i cchniques ! adaptive feedforward control parameter variations
« Efficient, reliable, and
H stable operation of
. i ; ; | Chapter 5: Improved flux-weakening |: HSPMSMs
Robustness issues | : Robust control : i| sensorless control with SOGI-HESO with|
under disturbances | : strategies i adaptive LADRC

Fig. 1.5: The structure of the thesis.

Chapter 2 reviews the state-of-the-art in electromagnetic performance analysis and control of
BPMSM and PMSMs. Existing approaches for MOR modeling are analyzed, highlighting the
trade-off between computational efficiency and accuracy in conventional FEA. The review also ex-
amines conventional sensorless control methods, including linear extended state observers (LESOs),
and their limitations in high-speed and FW conditions due to bandwidth and noise sensitivity. Fur-
thermore, the robustness of conventional control strategies such as active disturbance rejection
control (ADRC) and linear ADRC (LADRC) is discussed, showing their inadequacy for fast dy-
namics and parameter mismatches in HSPMSMs. These insights identify clear research gaps that

motivate the contributions of this thesis.

In Chapter 3, an electromagnetic performance analysis method for fast dynamic simulation of a
BPMSM based on MOR is presented. The electromagnetic characteristics and dynamic behavior
model of the rotating machine are constructed by using the MOR based on POD. First, the g—
and d—axis currents and rotor angle of the motor are scanned to construct the magnetic field
distribution snapshot matrix. Then, the singular value decomposition (SVD) of the snapshot
matrix is used to calculate the basis vectors. Finally, the order of the system is reduced by selecting
an appropriate truncation order of the basis vectors. Compared with the finite element method
(FEM), the calculation time of MOR for the BPMSM is significantly reduced. At the same time, it
can provide accurate results of motor magnetic field distribution, electromagnetic force, levitation
force, and dynamic response calculations, and achieve fast and accurate state feedback. Through

analysis and comparison, the results of the proposed method match well with the FEM simulations.
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In Chapter 4, a CHESO is proposed for enhanced position estimation and speed control of
HSPMSMs. The effectiveness of the CHESO in extending the observation bandwidth and im-
proving control accuracy is demonstrated. In the proposed two-level CHESO architecture, the
BEMF is accurately estimated at the first level, while position, load torque, and uncertain distur-
bances are concurrently estimated at the second level. Subsequently, the estimated disturbances
and load torque are employed in an adaptive feedforward control strategy to enhance the dynamic

performance and anti-disturbance capability of the high-speed SPMSMs control system.

In Chapter 5, a SOGI-HESO is proposed, which effectively attenuates current harmonics and
measurement noise. In the proposed scheme, the SOGI enhances the input signal quality to the
HESO, resulting in improved BEMF estimation accuracy and noise immunity. A phase-locked loop
(PLL) is then employed to extract rotor position from the estimated BEMF. Finally, an ALADRC
strategy is implemented in the speed loop to improve dynamic response and disturbance rejection
capability in the FW region, ensuring robust performance under high-speed operating conditions.

Finally, Chapter 6 concludes this thesis and provides suggestions for future research directions.

Therefore, motivated by the challenges identified in reliability and efficiency, sensorless accuracy
at high speed, and robustness under disturbances, this thesis develops a coherent framework that
integrates advanced modelling and control techniques for high-speed SPMSMs drive systems.
The literature review in Chapter 2 clarifies the limitations of existing electromagnetic modelling,
sensorless estimation, and robust control approaches, thereby defining the research gaps addressed
in this work. These gaps are first tackled through a MOR methodology for a BPMSM in Chapter
3, which establishes efficient and accurate electromagnetic modelling foundations. Building on
this modelling framework, the subsequent Chapters 4 and 5 focus on high-speed SPMSMs, where
enhanced sensorless estimation and robust control strategies are developed and experimentally

validated.



Chapter 2

Literature Review

2.1 Introduction

This chapter reviews the existing studies related to BPMSMs and high-speed PMSMs, focusing
on modeling, sensorless estimation, and robust control. The review is organised around the three
challenges identified in Chapter 1: (i) reliable and efficient performance evaluation, (ii) high-speed
sensorless accuracy, including flux-weakening operation, and (iii) robustness under disturbances
and parameter variations. Each subsection concludes by summarising the key limitation in existing

work and explaining how it motivates the methods developed in subsequent chapters.

The discussion begins with electromagnetic performance analysis of BPMSMs, where MOR tech-
niques are introduced to overcome the computational burden of FEA while maintaining high
accuracy. These reduced-order models provide the foundation for efficient performance evaluation

and control development in high-speed applications.

Then, this chapter reviews the evolution of sensorless and robust control strategies for HSPMSMs.
Conventional sensorless methods and extended state observer (ESO)-based approaches are com-
pared in terms of estimation accuracy, bandwidth, and noise robustness, especially under high-speed
and FW conditions. Further, studies on FW control and ADRCs are analyzed to assess their ca-
pabilities in improving torque, speed response, and system stability under parameter mismatches
and inverter nonlinearities. The literature review concludes by identifying the key research gaps,
forming the basis for the methods developed in subsequent chapters.

8
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2.2 Electromagnetic Performance Analysis of Bearingless PMSM

At present, in the electromagnetic analysis and design of electric machines, the FEM is usually
used to calculate the electromagnetic field. When performing finite element analysis for electrical
machines, the solution of large systems needs a large storage space and becomes time-consuming.
Due to the high computational cost, dynamic finite element analysis is challenging to apply and

implement for fast dynamic simulation and control systems of electric machines.

2.2.1 Model Order Reduction Methods

MOR techniques aim to reduce the computational complexity of large-scale dynamical systems
while preserving their dominant physical characteristics. These methods are widely used in
mechanics, fluid dynamics, and electromagnetics to accelerate simulation and control design.
For PMSM analysis, MOR provides an efficient alternative to time-consuming FEA, enabling
faster evaluation of electromagnetic performance and facilitating the development of real-time
control [22]. Several MOR approaches have been proposed, among which the center manifold,
Lyapunov—Schmidt, Galerkin, modal synthesis, and POD methods are the most representative

[23-29].

The center manifold method simplifies nonlinear systems by exploiting the invariance of low-
dimensional manifolds near equilibrium points [24]. The method projects the full-order model
onto the manifold that captures the system’s essential local dynamics, eliminating fast-decaying
modes while retaining the slow ones. Because it is derived from the system’s Jacobian matrix,
the technique provides accurate local behavior around steady states and has been widely applied
in nonlinear vibration and stability studies [30]. However, its applicability to high-dimensional
electromagnetic systems is limited, since deriving explicit manifold expressions for large parameter

spaces is mathematically demanding.

The Lyapunov—Schmidt method follows a similar reduction principle but reformulates the equilib-
rium equations as operator equations, decomposing the solution space into critical and complemen-
tary subspaces [25, 31]. It is particularly effective for bifurcation and qualitative analyses where

the primary interest lies in identifying stability transitions. Although this approach offers rigorous
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theoretical insight, it is unsuitable for real-time or transient electromagnetic simulations because it

does not provide a straightforward reduced-order numerical model for time-domain computation.

The Galerkin method is one of the most established MOR techniques in engineering analysis. It
constructs a reduced-order model by projecting the governing partial differential equations onto
a set of chosen basis functions, typically derived from the system’s eigenmodes or polynomial
approximations [27, 32, 33]. The accuracy of the Galerkin method strongly depends on the
completeness and orthogonality of the selected basis. For electromagnetic field problems, the
Galerkin approach can yield high fidelity but often requires problem-specific basis functions,

leading to limited generality and relatively high pre-processing effort.

The modal synthesis method divides the global system into several substructures or modal subspaces
and then couples their individual dynamic characteristics into a global reduced model [28, 34,
35]. This method is particularly useful for large, weakly coupled systems, as it allows parallel
computation and preserves physical interpretability. Nevertheless, modal synthesis may suffer
from reduced accuracy when nonlinear coupling effects dominate, and determining appropriate

interface modes remains challenging for systems with complex electromagnetic interactions.

Among the reviewed approaches, the POD method has gained increasing attention for its data-
driven adaptability and computational efficiency. POD extracts dominant spatial or temporal
modes directly from snapshot data obtained via high-fidelity simulations or experiments, using
SVD to identify the most energetic modes [29, 36, 37]. The resulting reduced basis captures the
principal dynamics of the system with minimal loss of accuracy. Compared with analytical or
mode-based approaches, POD is straightforward to implement, independent of problem geometry,

and easily combined with numerical solvers or finite-element codes.

In electromagnetic applications, POD-based MOR can accurately reproduce flux-density distribu-
tions, torque ripple, and dynamic responses while reducing computational time by several orders
of magnitude. This makes it especially suitable for iterative PMSM design optimization, real-time
control development, and high-speed PMSMs performance analysis. A summary of the model

order reduction methods is listed in Table 2.1.
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2.2.2 Model Order Reduction for Electromagnetic Analysis

The field of applied mathematics that focuses on MOR for partial differential equations is currently
a vibrant area of research [38]. Projection-based MOR methods have been applied to reduce
computational complexity significantly [39, 40]. The MOR has an extensive range of applicability
and has been successfully used in the research of signal identification, turbulence characteristics,
and model identification [41, 42]. Currently, this method is mainly used in fluid mechanics research,
particularly in analyzing the vibration behavior of airframes affected by airflow in the aerospace

industry [43-45].

In recent years, MOR techniques have been increasingly applied in the field of computational
electromagnetics to address the challenges of high computational costs associated with large-scale
finite element models. MOR enables the approximation of complex electromagnetic systems with
lower-dimensional models that retain essential physical behavior, allowing for faster simulation and
design optimization. The applications of MOR have expanded across multiple domains, including
the calculation of magnetic field distributions in transformers and rotating machines, the analysis of
eddy current problems, the optimization of radio-frequency antennas, the modeling of hysteresis in
magnetic materials, and the management of heat conduction in semiconductor equipment [46-50].
These advancements demonstrate that MOR has become an essential tool for efficiently analyzing

both linear and nonlinear electromagnetic systems while maintaining acceptable accuracy.

In the field of electromagnetic devices, the broadband enhanced nodal-order reduction (ENOR)
methodology demonstrates the effectiveness of model order reduction in handling large-scale
three-dimensional transient field problems. By significantly decreasing computational time while
maintaining high accuracy, ENOR validates the potential of reduced-order modeling for complex
multiphysics systems. This approach highlights the feasibility of applying MOR techniques to

electromagnetic and thermal analyses of power electronic devices [46].

In piezoelectric actuators applications, the study demonstrates the use of model reduction to
optimize online compensation of hysteresis and creep in piezoelectric actuators [47]. By identifying
model parameters directly from experimental data, the approach achieves an effective balance

between modeling accuracy and computational efficiency. The results confirm that reduced-order
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models can meet circuit performance requirements while enabling real-time compensation in smart

actuator systems.

For magnetoquasi-static field problems, the combination of the POD and Arnoldi-based Krylov
methods demonstrates an efficient approach for reducing finite-element models of magnetoquasi-
static problems [48], achieving a good balance between computational speed and accuracy. Mean-
while, the adaptive quadratic—bilinear model-order reduction algorithm extends MOR capabilities
to nonlinear eddy current problems by incorporating error control and directly handling system non-
linearities [49]. Together, these methods highlight the growing effectiveness of MOR in improving

the efficiency and precision of complex electromagnetic simulations.

Furthermore, in the area of multiphysics modeling, the MOR was applied to derive a compact yet
accurate thermal model of SiC MOSFET power modules using a Krylov subspace approach [50].
The reduced-order model maintains the fidelity of the original FEA while significantly decreasing
computational cost. This demonstrates the effectiveness of MOR in enabling efficient and precise

thermal analysis for high-power electronic devices.

2.2.3 Proper Orthogonal Decomposition Based Model Order Reduction

Although the symmetrical geometry of electrical machines can often be utilized to simplify ana-
lytical models and reduce computational time, real-world deviations often disrupt this symmetry,
including manufacturing tolerances, material nonuniformity, and structural asymmetry. These
factors necessitate solving the full-scale model, resulting in significant computational demands. To
overcome this limitation, recent studies have extended MOR to rotating electrical machines, where
the magnetic field distribution is inherently more complex due to the influence of rotor motion and
spatial harmonics. The development of MOR techniques based on POD has shown considerable

promise in this area.

POD-based MOR techniques extract dominant spatial or temporal modes directly from high-fidelity
simulation data using SVD. This data-driven approach allows reduced models to accurately repre-
sent dynamic field variations caused by rotor position changes while achieving a dramatic reduction
in computational cost. A simplified MOR technique based on POD is developed for the fast dy-

namic simulation of electric motors. By combining singular value decomposition and dynamic
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mode decomposition, the method efficiently interpolates magnetic field distributions across vary-
ing currents and rotor positions [40]. This approach enables rapid and accurate electromagnetic

analysis, greatly reducing computation time for motor performance evaluation.

The POD combined with discrete empirical interpolation methods provides an efficient means
to estimate electrical machine behavior, enabling accurate computation of key quantities such as
torque and iron losses with reduced computational effort [51]. In linear finite element models
of induction machines, POD-based MOR effectively reproduces machine performance over the
full operating range, significantly accelerating simulations while maintaining fidelity to full-order
results [52]. Furthermore, the integration of POD with a posteriori error control facilitates robust
optimization under parameter uncertainties, achieving reliable and fast design optimization of

permanent magnet synchronous machines governed by nonlinear partial differential equations[53].

Although the FEM is capable of accurately computing the power loss and torque ripple of electrical
machines, it suffers from the disadvantage of requiring extensive computational resources when
real-time data from electrical machines is needed [54]. Okamoto et al. [55] utilized a simplified
POD-based MOR method to compute the loss and torque for electrical machines, achieving a
computation error of less than 0.6%. A block MOR approach was introduced for analyzing the
torque and loss of electrical machines, which demonstrates a significantly greater speedup ratio
compared to conventional FEM techniques [56]. By taking into account the rotation of the rotor,
the electromagnetic field was solved using the POD-based MOR method, and the computational

efficiency and accuracy of the approach were evaluated [57, 58].

2.2.4 Model Order Reduction of Bearingless PMSM

Utilizing MOR for electrical machines analysis can significantly reduce computational costs com-
pared to FEM, and the POD-based MOR is proven to be an effective method for magnetic field
analysis. However, current research on MOR analysis for electrical machines is primarily focused
on the electromagnetic field and torque computation, with very few studies on the dynamic behavior

of electrical machines, which is essential for motor control performance.

BPMSMs have broad application prospects in high-speed, high-precision equipment, flywheel

energy storage systems, and centrifugal compressors [59, 60]. Bearingless PMSMs differ from
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traditional electrical machines in that they have additional suspension force windings located
within the stator. The two sets of windings, one for torque and one for suspension force, are used to
generate torque and suspension force, respectively, allowing for simultaneous motor rotation and
suspension. This type of motor not only reduces axial volume and weight but also surpasses the
limitations of ultrahigh speed and maximum power, and offers advantages such as no lubrication, no
wear, and no mechanical noise of magnetic bearings [61, 62]. By developing the MOR technique
for BPMSMs, it is possible to calculate the magnetic field distribution, electromagnetic torque, and
radial levitation force of the motor in real-time quickly and accurately. This results in improved

torque control and better levitation operation effects.

To conclusion, the literature shows that while POD-based MOR can greatly accelerate electro-
magnetic simulation, existing work on electrical machines is still predominantly focused on field
or torque prediction, with limited emphasis on dynamic behaviour modelling suitable for control
development, especially for BPMSMs with coupled torque and suspension-force windings. To
address this gap, Chapter 3 develops a POD-based MOR framework for BPMSMs that enables fast
yet accurate dynamic performance evaluation, providing a modelling foundation for the high-speed

sensorless estimation and robust control designs introduced in Chapters 4 and 5.

2.3 Sensorless Control of High-Speed PMSMs

2.3.1 Conventional Sensorless Control Methods

The PMSM drive system mainly realizes high-performance vector control by installing position
sensors, which increases the system cost and installation complexity [63], but in some special
scenarios, the installation of sensors is restricted by the space conditions and fixing methods of
the motor. Moreover, the position or speed sensor has become one of the main sources of fault in
the drive system, and the sensor failure will seriously affect the performance of the drive system
and even cause damage to the drive system [64]. The sensorless control strategy of PMSMs can
not only reduce the system cost but also reduce the risk caused by sensor failure, which has broad

application prospects in many fields [65, 66].
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In PMSM sensorless control, rotor position is inferred by integrating motor voltage and current
signals with control theory and signal processing techniques. This process primarily encompasses
two methodological approaches. The first is a fundamental-frequency model-based method that
employs the motor’s BEMF or flux-linkage model to estimate the rotor position via an observer.
The second approach utilizes a high-frequency model, wherein high-frequency voltage injection is

used to track the motor’s salient pole, thereby facilitating rotor position detection [67—69].

High-frequency signal injection methods are primarily employed in zero- and low-speed operational
regions, leveraging the anisotropic characteristics of the rotor to facilitate position estimation [70].
Conversely, fundamental-frequency model-based methods encounter limitations at low speeds
due to the diminished magnitude and reduced accuracy of the BEMF [63], thus demonstrating
superior performance in medium- and high-speed regions. Presently, observers incorporating
advanced control theories, including the extended Kalman filter (EKF) [71], model reference
adaptive system (MRAS) [72], sliding mode observer (SMO) [65], and ESO, are widely applied
in sensorless techniques to improve rotor position estimation accuracy and system performance. A

comparison of observer-based sensorless control methods is listed in Table 2.2.
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Table 2.2: Comparison of observer-based sensorless control methods for PMSMs.

Computational ~ Noise  Parameter

Method Main principle Advantages Limitations Applications Accuracy Complexity  sensitivity robustness

Statistical estimation High estimation . .
£ Complex tuning; High-speed,

L1

using recursive accuracy; adaptive . : . . * % % * % % * * %
EKF . high computation noise-sensitive . . .
state-space model to noise . (High) (High) (Low)  (Medium)
. . . load. drives.
and noise covariance. and variations.
Adaptive model . . .
matching between Sunplei structure; Poor low-speed Medlum or hlgh ** * ** *
MRAS easy to implement; accuracy; parameter speed industrial . .
reference and . (Medium) (Low) (Medium)  (Low)
. low cost. dependent. drives.
adjustable models.
Nonlinear switching . .
observer with Strong robustr.less, Chattering; Variable lo'ad * % * % ** .
SMO . . fast dynamic phase delay or uncertain . . . .
discontinuous . . (Medium)  (Medium) (Medium)  (High)
response. from filtering. drives.
feedback law.
Augmented observer Excellent disturbance Sensitive to
estimating states o bandwidth tuning; High-speed, * % * % * % * %k
ESO rejection; . . . . . . .
and total . . noise amplification ~ robust control. (Medium)  (Medium) (Medium)  (High)
. simple design. . .
disturbances. at high gains.
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2.3.2 High-Speed SPMSM Sensorless Control Methods

For sensorless control of high-speed PMSMs, various strategies have been proposed to improve
estimation accuracy and control performance. Prediction and adaptive compensation strategies

based on SMOs have been developed to mitigate position estimation errors.

A prediction-based full-speed-range sensorless control strategy is proposed to achieve precise high-
speed operation of PMSMs [73]. By generating a position-related error current and correlating
predicted and measured currents, the method ensures accurate rotor position estimation across
the entire speed range. It effectively reduces startup fluctuations and enhances anti-interference

capability without additional sensors, ensuring smooth high-speed performance.

A high-precision sensorless control approach for high-speed PMSMs integrates a continuous vari-
able boundary-layer SMO with position error feedforward compensation [74]. This combination
suppresses chattering and compensates for inverter nonlinearities and system delays, maintaining

stable and accurate control at high rotational speeds.

An adaptive compensation method is proposed for high-speed SPMSM sensorless drives to enhance
BEMF-based position estimation accuracy[75]. By combining an SMO and a PLL with adaptive
synchronous frequency filters, the method effectively suppresses harmonic errors in rotor position
estimation.
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Fig. 2.1: Block diagram of the designed adaptive quadrature PLL [76].

Recent advances in high-speed PMSM sensorless control have focused on improving dynamic

response and estimation accuracy. An adaptive quadrature PLL enables real-time bandwidth
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adjustment, reducing phase delay and achieving 25% faster acceleration with less than 3° steady-
state error at 100 kr/min [76], as shown in Fig. 2.1. Meanwhile, an HESO-based approach
integrates PWM effects and delay compensation for precise BEMF estimation, eliminating the

need for PI current control[77].

Furthermore, recent studies on parameter identification for high-speed PMSM sensorless control
have emphasized improving accuracy and robustness under inverter nonlinearities and dynamic
conditions. A PWM current ripple-based inductance identification method utilizes inherent in-
verter ripple for online estimation without injecting extra signals, effectively eliminating position
estimation errors during operation [78]. Similarly, a first-order model with least-squares identifica-
tion enhances robustness by decoupling inductance estimation from flux, position, and dead-time
errors, ensuring stable high-speed performance [79]. Moreover, a multifrequency disturbance
injection technique enables simultaneous resistance and inductance identification, modeling dead-
time effects as equivalent resistances to improve accuracy[80]. Verified up to 60,000 r/min, these
methods collectively advance reliable, high-speed PMSM sensorless drives with precise parameter

adaptation and improved real-time control stability.

Fig. 2.2: Block diagram of the plant controlled by the enhanced LADRC scheme [81].

2.3.3 Sensorless Control Based on Extended State Observer

Recent advancements in ESO-based sensorless control have focused on improving robustness, ac-
curacy, and dynamic performance in PMSM and SPMSM drives. In Fig. 2.2, an enhanced LADRC
integrates two LESOs, one for BEMF estimation used in rotor position detection and another for
compensating internal disturbances, which improves current regulation and position estimation
without phase delay and chattering[81]. A flux-linkage observer with an ESO-based compensation
strategy effectively removes DC offset and drift errors, ensuring accurate rotor position tracking
in both steady and transient states [82]. In addition, an adaptive ESO combined with an improved
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quadrature PLL (QPLL) achieves online bandwidth tuning and dynamic compensation for torque

transients, enhancing robustness under wide speed and heavy load conditions [83].

Currently, LESO is predominantly favored over the nonlinear ESO, primarily due to its simplified
parameter tuning process and straightforward stability analysis. In [84], a frequency-adaptive LESO
was introduced to effectively eliminate steady-state position estimation errors without requiring
additional phase compensation, demonstrating superior harmonic attenuation compared to the
conventional LESO. To reveal the connection between bandwidth and position, and speed tracking

performance, the guidelines of bandwidth determination of the third-LESO were presented in [85].

Discrete-time ESO

Fugglk—1) ——»

Fig. 2.3: System block with the proposed sensorless control scheme [77].

In [85], various ESO-based approaches have been successfully applied to rotor position and speed
estimation in low- and medium-speed PMSM applications. Although an ESO-based method for
HSPMSM was proposed in [77], which primarily focuses on optimizing PLL performance using a

high-order ESO, while the BEMF observer remains a second-order LESO, as shown in Fig. 2.3.

These approaches significantly advance high-performance and reliable sensorless control for PMSM
systems, maintaining stability and precision during rapid acceleration and load disturbances. Cur-
rently, there is limited research addressing rotor position estimation and disturbance rejection using

HESO for sensorless control of HSPMSMs.

Therefore, the reviewed high-speed sensorless methods improve estimation accuracy but still
face a fundamental limitation in balancing estimation bandwidth and noise/harmonic sensitivity,
particularly when inverter non-idealities distort the BEMF. In addition, there remains limited work

on using high-order ESO structures to simultaneously estimate BEMF and lumped disturbances
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for high-speed PMSMs. These gaps motivate Chapter 4, which proposes a cascade high-order
ESO (CHESO) architecture to improve BEMF and disturbance estimation and to support accurate

position/speed estimation and robust speed regulation at high speed.

2.4 Sensorless Control of High-Speed SPMSM in the Flux-Weakening

2.4.1 High-Speed PMSM Control in the Flux-Weakening Region

FW control is essential for extending the operating speed range of PMSMs, particularly in high-
speed applications such as EVs, FESS, and industrial drives. In the FW region, the voltage
constraint requires coordinated control of the iy and i, currents rather than independent regulation
as in the base-speed region. To address this coupling, recent studies have analyzed and optimized
current control strategies and system stability to achieve high efficiency and torque capability under

voltage and current limits.

Further enhancements have been achieved through voltage feedback-based FW strategies. A method
utilizing g—axis voltage feedback simplifies the nonlinear FW loop into a linear model with adaptive
gain tuning and feedforward decoupling, reducing voltage deviation by approximately 45% and
improving robustness against load disturbances [86]. To mitigate current harmonics at high speeds,
an active damping-based FW control with voltage angle regulation introduces a d—axis current
compensation mechanism, improving harmonic suppression and enhancing control adaptability

under varying load and speed conditions [87].

In addition, several works have focused on integrating maximum torque per volt (MTPV) strategies
within FW control to maximize the torque output under voltage and power constraints. By
introducing a unified MTPV-FW algorithm, these methods calculate optimal iy and i, current
references to minimize total current magnitude while respecting system limits. Such unified
algorithms eliminate the need for switching between FW and MTPV modes, enabling smooth
operation from standstill to maximum speed and expanding the achievable maximum speed region

[88, 89].
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Overall, research on high-speed PMSM control in the FW region demonstrates continuous progress
toward higher accuracy, better dynamic response, and enhanced robustness. Through coupling cur-
rent optimization, adaptive voltage feedback, active damping, and integrated MTPV-FW strategies,
recent developments have significantly improved the stability and efficiency of high-speed PMSM
drives across wide-speed ranges, providing a strong foundation for advanced sensorless and robust

control designs.

2.4.2 Sensorless Control in the Flux-Weakening Region

For high-speed SPMSMs operating in the FW region, achieving accurate sensorless control be-
comes increasingly challenging. As the speed rises, inverter nonlinearities and other non-ideal
effects introduce current harmonics that compromise the accuracy of BEMF estimation, thereby
leading to rotor position estimation errors [90]. This issue is particularly critical in FESSs, where
extending the operational speed range is essential to maximize energy storage capacity and system
efficiency. In high-speed and low-torque conditions, the weak saliency and high electrical fre-
quency of PMSMs significantly affect observer performance and control stability. Consequently,
numerous methods have been proposed to enhance estimation accuracy, restart capability, and

dynamic robustness during FW operation.

In railway traction systems, restarting PMSMs in the FW region after power interruptions poses
severe difficulties for sensorless drives. To address this, a sensorless restart strategy combining
a single zero-voltage vector and a cascade ESO has been developed [91], as shown in Fig. 2.4.
By extracting initial position and speed information from the current response to the zero-voltage
vector, this method ensures rapid convergence and reliable re-synchronization.

Inverter

dq/ | Yo L
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Fig. 2.4: Restart control block diagram based on a single zero-voltage vector and CESO [91].
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Beyond restart strategies, predictive and adaptive algorithms have been explored to enhance FW
control under sensorless operation. A predictive torque control (PTC) framework integrated with
a speed-adaptive flux observer was proposed to overcome flux estimation degradation in induction
motor drives under FW conditions [92]. The approach introduces flux and torque scaling factors in
the PTC algorithm to compensate for estimation errors, achieving stable speed tracking up to 3.5
times the base speed. Although demonstrated on induction machines, this concept provides valuable

insights for PMSM applications requiring high-speed operation with adaptive flux estimation.

In the context of electric vehicles, sliding-mode variable structure control has been employed in
combination with voltage-feedback-based FW control to enhance stability during high-speed and
low-torque conditions [93]. The use of an improved exponential and variable-rate reaching law
mitigates chattering while preserving fast dynamic response, resulting in better anti-disturbance
capability and stable operation across a wide speed range. Similarly, to suppress estimation
noise and chattering in sensorless systems, a low-pass filter with variable cutoff frequency and an
iterative SMO (I-SMO) have been proposed [94]. The adaptive filter effectively minimizes phase
delay across both low- and high-speed regions, while the I-SMO reduces chattering and current
ripple without the need for high-end processors, ensuring smooth estimation of BEMF and rotor

position during FW operation.

In summary, existing research demonstrates significant progress in addressing the sensorless con-
trol challenges of PMSMs in the FW region. Restart strategies enhance operational reliability
after power loss, predictive torque and flux observers improve dynamic tracking and accuracy,
while sliding mode and adaptive observer designs strengthen robustness against nonlinearities
and disturbances. These developments collectively establish a foundation for high-performance,
wide-speed-range sensorless control essential for advanced PMSM applications in transportation,

electric vehicles, and high-speed industrial systems.

2.4.3 SOGI-based Sensorless Control

Accurate rotor position estimation remains a central challenge in sensorless control of PMSMs,
particularly under high-speed and FW conditions where BEMF signals become distorted by har-

monics and inverter nonlinearities. Conventional LESOs often suffer from phase lag, limited
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observer bandwidth, and inadequate harmonic suppression, which can degrade estimation accu-
racy and dynamic response [81]. To address these issues, SOGI-based structures have gained
increasing attention in PMSM sensorless control due to their tunable band-pass characteristics and

strong noise attenuation capability.

In recent studies, feedforward flux observers employing SOGI current extractors have demonstrated
significant improvements in flux and rotor position estimation [95]. By effectively eliminating DC
offsets and suppressing harmonics without introducing phase distortion, these methods enhance
flux accuracy and dynamic performance. When combined with PLL tracking, SOGI-based current
extraction allows for high-fidelity rotor angle and speed estimation even under nonlinear and

transient conditions.

Complementary to these developments, dual SOGI frequency-locked loop (FLL) structures have
been incorporated into SMO frameworks to address phase delay and chattering issues inherent
to conventional SMOs [96]. As shown in Fig. 2.5, the dual SOGI-FLL effectively extracts the
fundamental BEMF component while rejecting high-order harmonics, leading to more precise
position and speed estimation. Moreover, the integration of a fuzzy logic controller (FLC) further
enhances adaptive performance by tuning SMO parameters in real time, reducing chattering and
improving robustness against parameter uncertainties.
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Fig. 2.5: Block of the improved SMO senseless control system of PMSM [96].

For high-speed and low-switching-frequency drives, such as current source converter-fed PMSM
systems, a discrete-time SMO with adaptive filtering has been proposed to improve estimation
precision near resonant frequencies [97]. As shown in Fig. 2.6, the multiple SOGI-based selected
EMEF harmonic elimination method is adopted to filter the low-order harmonics. These approaches
demonstrate that integrating SOGI-based filtering and observer adaptation can overcome challenges

associated with limited sampling rates and high-frequency noise in high-speed PMSM drives.
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Fig. 2.6: Multiple SOGI-MSEHE. (a) Block diagram. (b) Bode diagram of single SOGI and
SOGI-MSEHE [97].

In summary, recent research highlights that combining SOGI-based filters or observers with adap-
tive control and disturbance rejection mechanisms offers an effective solution for enhancing the
precision and robustness of sensorless PMSM drives. These hybrid structures successfully mitigate
DC offset, harmonic distortion, and phase lag, making them particularly suitable for high-speed

and FW operations where conventional LESOs and PLLs face inherent limitations.

In the FW region, the literature consistently reports degraded sensorless accuracy due to harmonic
distortion, inverter nonlinearities, and measurement noise, while conventional LESO/PLL schemes
suffer from phase lag and limited harmonic attenuation. Although SOGI-based filtering improves
signal quality, there is limited work that tightly integrates SOGI-based conditioning with high-order
ESO estimation and a robust outer-loop controller specifically for high-speed SPMSMs in flux-
weakening operation. This gap motivates Chapter 5, where a SOGI-enhanced HESO framework is
developed to suppress harmonics and noise and to extend estimation bandwidth in flux-weakening,

together with an ALADRC-based strategy for robust speed control.

2.5 Sensorless Robust Control of High-speed SPMSM

2.5.1 Sensorless Robust Control Methods

Robust sensorless control of PMSMs is a critical research direction for ensuring stable and accu-
rate operation under modeling uncertainties, load disturbances, and sensor faults, particularly in
high-speed and FW regions. Conventional observer-based sensorless control schemes often face
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performance degradation due to fixed observer parameters, limited adaptability, and poor distur-
bance rejection, motivating the development of adaptive, nonlinear, and fault-tolerant strategies for

improved robustness and dynamic performance.

Recent progress has been made through adaptive bandwidth PLL-based methods. An adaptive
QPLL has been proposed to overcome the trade-off between anti-disturbance performance and
phase delay inherent to conventional fixed-bandwidth PLLs [76]. By automatically adjusting its
bandwidth according to the motor’s dynamic condition, the adaptive QPLL minimizes rotor position
estimation error and enhances torque utilization. Implemented with a full-order observer, this
approach achieves precise field-oriented control (FOC) up to 100 kr/min, improving acceleration
by 25 % and maintaining position estimation errors below 3°, thereby enabling reliable high-speed

sensorless operation without the need for complex tuning procedures.

To further enhance robustness against modeling uncertainties, an extended observer-based nonlinear
control framework combining a continuous SMO and an extended high-gain observer has been
developed [98]. The cascaded observer structure suppresses chattering and improves disturbance
rejection by compensating for the finite boundary layer of conventional SMOs. Integrated with
an integral sliding mode controller, this system achieves fast and accurate speed tracking under
bounded uncertainties and load variations, offering high robustness and stability across varying

operating conditions.

For wide-speed range operation, a dual-mode sensorless control scheme has been introduced with
distinct control strategies for low- and high-speed regions [99]. At low speeds, a voltage tuning
approach maintains stable operation when rotor position estimation is unreliable, while at high
speeds, an SMO controller pair provides accurate current and speed tracking. The proposed
smooth switching algorithm between the two modes ensures continuous operation and high control

precision, eliminating torque and current transients during mode transitions.

In addition, fault-tolerant observer designs have been proposed to address sensor failures in PMSM
drives, as shown in Fig. 2.7. A PLL-based third-order steady-state linear Kalman filter observer
reconstructs rotor position and speed using only stator voltage and current information, thereby

maintaining control continuity in the absence of speed sensors [100].
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Fig. 2.7: Block scheme for the new sensorless control strategy [100].

2.5.2 ESO for PMSMs Robust Control

ESOs have been widely adopted in ADRC systems for PMSMs due to their ability to estimate
and compensate for total disturbances, including model uncertainties, external load variations,
and inverter nonlinearities, without requiring an accurate mathematical model. In recent years,
several advanced ESO structures have been proposed to enhance disturbance estimation precision,
speed tracking accuracy, and dynamic robustness. These include double-stage ESOs (2S-ESOs)
[101], adaptive switching high-order ESOs (ASHESOs) [102], and third-order super-twisting ESOs
(STESOs) [103].

The double-stage ESO (2S-ESO) structure introduces a cascaded observer framework to improve
the disturbance estimation bandwidth and steady-state accuracy of ADRC systems, as shown in
Fig. 2.8. Conventional LESOs exhibit limited disturbance rejection capability due to the constraint
between observer bandwidth and noise attenuation. To overcome this, the 2S-ESO integrates the
advantages of both cascaded ESOs and quasi-resonant control, forming a two-layer configuration.
The first stage enhances the estimation order of the disturbance model, improving precision in ape-
riodic disturbance rejection. The second stage embeds a quasi-resonant compensator to accurately

estimate and attenuate periodic disturbances caused by inverter harmonics or torque ripple [101].

Building upon this concept, an ASHESO has been developed to further improve estimation accuracy
under time-varying disturbance conditions. Conventional ESOs suffer from degraded performance
when confronted with rapidly changing disturbances or measurement noise. The ASHESO ad-
dresses this limitation through a frequency-domain analytical design, optimizing the observer gain
and pole locations to balance noise suppression with fast response. Furthermore, an adaptive

switching gain mechanism dynamically tunes the observer gain based on real-time tracking error,
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Fig. 2.8: Block diagram of the proposed 2S-ESO-ADRC [101].

ensuring high responsiveness during transient conditions and low sensitivity to noise in steady-state

operation [102].

For scenarios involving rapid dynamic variations, a STESO has been proposed to enhance the
dynamic performance of position and speed estimation, particularly in interior PMSM (IPMSM)
drives [103]. This method extends the conventional second-order LESO by incorporating a super-
twisting algorithm, which provides finite-time convergence and strong robustness against matched
and unmatched disturbances. The third-order structure enables faster estimation of mechanical
states (position, speed, and disturbance torque) and electrical variables, significantly improving

transient performance under sudden load or speed changes.

However, most ESO-based PMSM control methods have been experimentally validated only in low-
to medium-speed regions, which typically range between 600 r/min and 3,000 r/min, corresponding
to electrical frequencies of 50-200 Hz [84, 85, 101-103]. These observers are primarily designed
for low-speed operating conditions, where signal magnitudes are weak and the influence of noise
is more pronounced. In such cases, conventional LESOs behave as second-order low-pass filters,
introducing phase lag between the estimated and actual BEMF. While increasing the observer
bandwidth can reduce this lag, it simultaneously amplifies high-frequency noise, degrading overall

system stability [81].

In contrast, HSPMSMs, which typically operate above 10,000 r/min, require observers with higher
bandwidth and faster dynamic response to track rapid state variations and compensate for strong

nonlinearities. The conventional low- and medium-speed ESOs cannot adequately balance noise
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suppression and estimation speed in such environments. Therefore, developing advanced ESO

structures is essential to extend robust sensorless control into the high-speed domain.

In summary, recent progress in ESO-based robust control demonstrates significant advancements in
disturbance rejection, adaptive gain tuning, and dynamic performance enhancement. Nevertheless,
the extension of these methods to high-speed PMSMs remains limited, highlighting the need for
new observer designs that achieve high-bandwidth estimation with effective noise suppression,

enabling precise and stable control across wide operating ranges.

2.5.3 Robust Control in the Flux-Weakening Region

In high-speed operation, PMSMs enter the FW region where voltage constraints and nonlinear
dynamics significantly affect control performance. Traditional fixed-bandwidth controllers struggle
to maintain stability and fast response under varying load and parameter conditions. Thus, adaptive
and robust control strategies have been developed to ensure smooth transitions, precise current

regulation, and strong disturbance rejection in FW operation.

A bandwidth-based adaptive FW control method introduces nonlinear voltage compensation and
real-time speed-dependent bandwidth tuning [104]. The scheme requires only one manually set
bandwidth parameter and includes a g—axis current compensator to reduce voltage overshoot and
improve transient response. Experimental results verify the method’s simplicity, stability, and

adaptability under wide-speed operation.

To improve dynamic performance, a parameter-optimized FW controller based on the adaptive
velocity particle swarm optimization algorithm was proposed [105]. It optimizes the anti-windup
PI controller gains to prevent saturation and minimize errors without relying on motor transfer
functions. The resulting control system enables fast transitions and high steady-state accuracy

between torque and FW regions.

An online adaptive current vector adjustment method further enhances deep FW control for
IPMSMs [106]. The approach uses a flexible current vector algorithm and an adaptive torque-angle
loop to improve dynamic stability and nonlinear compensation, as shown in Fig. 2.9. It ensures
smooth transitions across maximum torque per ampere (MTPA), FW, and deep FW regions, suitable

for high-speed EV drives.
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Fig. 2.9: Block diagram of the proposed adaptive torque angle control loop with the antiwindup
structure [106].

For enhanced robustness, a one-degree-of-freedom ADRC combined with a sampled-data iterative
learning controller (ILC) suppresses both periodic and aperiodic disturbances [107]. The ILC
improves disturbance rejection beyond conventional ADRC, achieving smooth speed output and

accurate tracking under fluctuating loads.

A variable structure ADRC introduces a two-stage variable structure ESO to enhance both dis-
turbance rejection and noise suppression [108], as shown in Fig. 2.10. The proposed observer
achieves faster convergence at low frequencies and stronger high-frequency attenuation. Experi-
mental validation confirms improved robustness and noise immunity in PMSM speed control under
FW conditions.

Control Law 1 Plant
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Fig. 2.10: Schematic diagram of the variable structure ADRC based on variable structure ESO
[108].

Overall, recent advancements in robust FW control emphasize adaptive bandwidth tuning, in-
telligent optimization, and ADRC-based disturbance rejection. These methods achieve higher
precision, faster response, and stronger robustness, paving the way for reliable high-speed SPMSM

operation under complex nonlinear FW environments.

While ADRC-based robust control provides disturbance rejection, the reviewed studies indicate

that fixed-bandwidth observer designs struggle to simultaneously achieve fast high-speed dynamics
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and strong noise immunity, especially under parameter mismatches and inverter nonlinearities.
Moreover, robust control and sensorless estimation are often treated separately, reducing achievable
performance in high-speed SPMSM drives. These limitations motivate the integrated sensorless
and robust control frameworks developed in Chapters 4 and 5, where disturbance estimation is
explicitly leveraged for control compensation, and adaptive robustness is strengthened for high-

speed and FW operation.

2.6 Summary

This chapter reviewed existing research on modeling, sensorless control, and robust operation of
PMSMs and HSPMSMs. For electromagnetic performance analysis, conventional FEA offers high
accuracy but is computationally expensive, motivating reduced-order methods such as POD-based
MOR. In sensorless control, conventional approaches and linear ESOs suffer from bandwidth
limits, phase lag, and noise sensitivity, especially in high-speed and FW regions. FW operation
introduces additional challenges due to inverter nonlinearities and harmonics. Robust control
methods, including ESO and LADRC, provide disturbance rejection but lack adaptive bandwidth
for fast high-speed dynamics.

The literature highlights three main gaps that directly motivate the contributions of this thesis. (i)
Efficient modelling: FEA remains too computationally expensive for iterative analysis and control-
oriented studies, while existing MOR applications in electrical machines are still limited in dynamic
modelling for BPMSMs; this motivates the POD-based MOR framework developed in Chapter
3. (ii) High-speed sensorless accuracy: conventional observers and LESO-based methods face
bandwidth limitations, phase lag, and sensitivity to noise and inverter harmonics; this motivates
the cascade high-order ESO (CHESO) sensorless strategy in Chapter 4. (iii) Flux-weakening
robustness: estimation accuracy further degrades in FW due to harmonics and nonlinearities, and
existing methods insufficiently integrate harmonic suppression with high-bandwidth estimation
and robust speed control; this motivates the SOGI-HESO and ALADRC framework in Chapter
5. Together, these chapters form a coherent modelling-to-control pathway toward reliable, high-

performance high-speed SPMSM drives.
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Chapter 3

Modeling, Analysis, and Control System
of PMSMs

3.1 Introduction

This chapter addresses the research gap in fast and accurate electromagnetic modelling required
for advanced sensorless and robust control of high-speed PMSM systems. A bearingless PMSM
is adopted as a representative case study to develop and validate POD-based MOR framework that
enables efficient dynamic performance evaluation. The modelling principles and reduced-order
representations established in this chapter provide the computational foundation for the sensorless
estimation and robust control strategies implemented and experimentally validated on a high-speed

SPMSM in the subsequent chapters.

With the improvement of the digitalization of electrical machines and their drive systems, it is an
inevitable trend to realize accurate and fast physical simulation and behavior modeling methods.
The realization of digitalization is also helpful to the calculation of performance and coupling
analysis in other systems. It is of great significance to monitor and control system operating

conditions.

This chapter presents an electromagnetic performance analysis method for fast dynamic simulation

of a BPMSM based on MOR. The electromagnetic characteristics and dynamic behavior model of
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the rotating machine are constructed by using the MOR based on POD. First, the g— and d—axis
currents and rotor angle of the motor are scanned to construct the magnetic field distribution
snapshot matrix. Then, the singular value decomposition of the snapshot matrix is used to calculate
the basis vectors. Finally, the order of the system is reduced by selecting an appropriate truncation
order of the basis vectors. Compared with the FEM, the calculation time of MOR for the BPMSM
is significantly reduced. At the same time, it can provide accurate results of motor magnetic
field distribution, electromagnetic force, levitation force, and dynamic response calculations, and
achieve fast and accurate state feedback. Through analysis and comparison, the results of the

proposed method match well with the FEM simulations.

The proposed MOR model is validated using a two-stage approach. First, the fidelity of the
underlying electromagnetic reference model is confirmed experimentally by comparing predicted
cogging torque with prototype measurements, establishing FEM as a reliable benchmark for the
studied machine. Second, because comprehensive experimental measurements are not available
for all operating conditions, the MOR results are primarily validated against FEM across a wide
set of current and rotor-angle snapshots. This FEM-referenced validation is therefore adopted to

rigorously quantify MOR accuracy while maintaining practical experimental effort.

3.2 Modeling of PMSM and BPMSM

3.2.1 Mathematical Model of PMSM

The electrical dynamic equations for PMSM and HSPMSM are in the stationary af-coordinate

system and can be expressed as

ia = —(1/Ls)Rsia + (1/Ls)uq — (1/Ls)eq

iﬁ = _(1/Ls)Rsi,8 + (I/Ls)uﬁ - (1/Ls)eﬁ

3.1

with e, and eg as
€q = —Wel s sin(6,)
(3.2)
eg = wet f cos(6,)
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where ( *) is the differential operator, i, ig, Uq, Ug and e,, eg are the stator current, stator
voltage and equivalent BEMF in the a, S-frame, respectively. Rj is the stator resistance, L; is
the inductance, w, is the rotor electrical speed, i ¢ is the PM flux linkage, 6, is the rotor position

angle.

The mechanical dynamic equation is
Wm = _(Te -TL - Ba)m) (3.3)

where w,, is the mechanical angular velocity, T, is the electromagnetic torque, 7 is the load

torque, J is the moment of inertia, B is the damping factor.

The electromagnetic torque equation is

3 .
T, = Epnl//flq (3.4

where p,, is the pole pairs, and i, is the g—axis current.

3.2.2 Mathematical Model of BPMSM

In this study, the electromagnetic 2-D modeling of the motor is considered. The physics model of

differential equation employed in this study is denoted by [59]

v. ((I%VA)) - 4V x (%) (3.5)

where Jy is the applied density current source, B, is the remanent flux density of PM, A is the

magnetic vector potential, and u represents the permeability.

For the BPMSMs, their levitation force can be expressed as follows using the Maxwell stress tensor

approach [60]

2 2
B (6.1, B9,

dF(0) =
(©) 240 2p0

6 (3.6)
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where B(6, t) is the flux density in the air gap, s denotes the area of the rotor surface, / is the length

of the armature, g is permeability in the vacuum, and r represents the radius of the air gap.

The expression for the levitation force can be obtained by solving (3.6) and then decomposing it

into its x— and y—axis components [60]

F, = kaILITp COS(QT - QL) + kbx
3.7)

Fy = kolpItpsin(6r — 01) + kpy
where the levitation forces along the x— and y—axis are denoted as F and Fy, respectively. The
electrical angles of the levitation winding current and the torque winding current are represented
by 07 and 6, respectively. Meanwhile, x and y represent the radial displacement along the x—
and y—axis, respectively. The levitation winding current is denoted as Iy, and the equivalent
current that consists of the torque winding current and PM equivalent current is represented by

It,. Moreover, k, and k;, are two parameters that are related to the structure of the BPMSM.

3.3 Model Order Reduction for BPMSMs

3.3.1 Proper Orthogonal Decomposition Based MOR

To obtain MOR results for assessing the electromagnetic performance of a BPMSM, the following

steps, as shown in Fig. 3.1, can be followed.

Step 1 is to construct the magnetic field distribution snapshot matrix. According to the finite element
variational principle, by constructing an interpolation function, the vector magnetic potential
distribution at any point in the magnetic field space is a function of coordinates, and the magnetic
vector potential at a node point is directly obtained by solving linear or nonlinear equations. In
the grid, the internal vector magnetic potential is obtained by interpolation. Therefore, the 2-D

nonlinear finite element model can be expressed as the following form:

SX = F (3.8)
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Construct magnetic field
distribution snapshot matrix
Singular value decomposition
of snapshot matrix
(Calculate the basis Vectorg

Proper orthogonal decomposition is
used to minimize the projection error

Selecting the appropriate
order of the basis vectors

Fig. 3.1: Basic process of building the MOR.

where X is the vector magnetic potential matrix that needs to be solved, which size is n X 1, and n
is the number of grid points. F is the input matrix calculated from the current source density, and
its size is n X 1. § is the stiffness matrix, which is assembled by the stiffness matrix corresponding
to each grid point in a certain order. The form and size of the stiffness matrix are related to the

degree of freedom of the vector magnetic potential matrix.

FEM is utilized to compute the magnetic fields at a mechanical angle 6 for different d— and g—axis
currents. The resulting fields are used to construct a snapshot matrix. When establishing the
snapshot matrix, we can assume that the number of system working conditions is # and the number
of sample points under each working condition is m, and usually m>n. Thus, the snapshot matrix
of m rows and n columns can be constructed, and each column is recorded as x;,i = 1,2, ...,n.

Assume that the snapshot matrix is X = [x1,x2,...,x,] € R™™.

X1l ctr Xln

X=|: " 3.9

Xml " Xmn

Step 2 is the singular value decomposition of the snapshot matrix. By performing singular value

decomposition, we can obtain
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X = Udiag{Z,,0}v7 (3.10)

where U and V are the left and right singular matrices obtained by POD, respectively.

Step 3 is to calculate the basis vectors. According to the above formula, we can decompose a matrix
into a multiplication of three matrices. If the column vectors of the matrix diag {Z,,0}U” are
represented by di, ds, . . ., d,, respectively, then each column element in the snapshot matrix can
be represented by the linear superposition of this set of column vectors, which is a set of orthogonal

basis vectors for the system.

Step 4 is POD to minimize the projection error. The goal of MOR is to accelerate the simulation
of (3.8) by reducing computational complexity. Since the discretization of (3.5) leads to an
extensive linear system that needs to be solved for every angular position, the rotation simulation
is computationally expensive. The magnitude of the magnetic vector potential in the 2-D magnetic
field can be considered as the superposition of magnetic fields in different modes. By using POD,
each magnetic field can be calculated using the basis vector obtained from a set of previously

computed snapshots.

To minimize the mean projection error of selecting basis vectors, the POD basis

2

N
DR AN
i=1

.....

w 3.11)
S.t. <lﬁi,lﬁj>w 251']‘, forl <i,j <N,

For a fixed angle, let X € R" be the solution to (3.5). K is an index set with elements in N.(-, -}y

stands for the weighted inner product in RY, a symmetric matrix

Step 5 is selecting the appropriate order of basis vectors. By solving the optimization problem
in (3.11), a POD basis {wi}ﬁzl is calculated from these snapshots. Assuming that the projection
matrix composed of basis vectors obtained by the POD method is 7, the magnetic flux density

distribution X of the original system can be approximated by a low-dimensional X,

X, = Xtp (3.12)
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Terminal of torque Terminal of levitation
winding winding

(a) (b) (c)

Fig. 3.2: Studied BPMSM. (a) Structure. (b) Winding layout. (c) Photograph of the prototype.

The subscript r is the dimension that we want to reduce.

3.3.2 Case Study of BPMSM

While the general principles of POD—based MOR are well established in computational mechanics
and electromagnetics, their direct application to bearingless PMSMs presents nontrivial challenges
due to the coupled torque—levitation dynamics and the dependence on multiple electrical and
mechanical states. The original contribution of this chapter lies in the formulation of a control-
oriented MOR framework tailored for BPMSMs, including the systematic construction of snapshot
matrices over combined d— and g— axis current and rotor-angle operating spaces, the integration

of levitation-force computation within the reduced-order model.

This case study validates the proposed MOR model using FEM as the main benchmark and uses
limited prototype measurements to confirm the FEM reference model. Fig. 3.2(a) and (b) display
a 2-D model of the BPMSM created using Ansys Maxwell, along with the winding layout of the
BPMSM. The model comprises a stator with slots and windings denoted as A, B, and C. The
rotor is positioned at the center of the stator and is equipped with permanent magnets (PMs). The
levitation windings, denoted as X, Y, and Z, are placed inside the stator. In Fig. 3.2(c), the physical
prototype of the BPMSM is shown. Table 3.1 lists the major dimensions and parameters of the

model.

The initial analysis is concentrated on the local flux density distribution, which is critical as it
serves as the basis for the subsequent processing of torque. FEM simulation results are used to

compare the flux density distribution with those obtained using the full and reduced models, and
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Table 3.1: Parameters of the BPMSM.

Parameter Unit Value
Outer radius of stator mm 52
Outer radius of rotor mm 29
Number of stator slots - 36
No. of pole pairs of torque winding - 2
No. of pole pairs of levitation winding - 3
Length of airgap mm 1
Length of stator mm 75
Material of PM - NdFeB-35
Material of stator and rotor core - DW350-50
Coercive force of PM kA/m 900

Flux Density (T)

Fig. 3.3: Comparison of results. (a) Reference flux density by FEM. (b) Calculated flux density
by POD. (c¢) Maximum error between reference and calculation.

the deviation between the two models’ solutions is illustrated in Fig. 3.3. It is noticeable that the
result of MOR calculation matches the FEM simulation very well, and the maximum and average
relative errors are only 1.32% and 0.51%, respectively. Cogging torque is a distinctive problem
of permanent magnetic motors, and it must be considered and addressed during the design of
BPMSM. Fig. 3.4 compares the FEM-predicted cogging torque with prototype measurements,
showing close agreement and thereby validating the FEM model as an accurate reference for this
machine. Because experimental measurements are limited for other quantities, MOR is validated
primarily against FEM for flux density, levitation forces, torque, and dynamic responses, as reported

in Figs. 3.3 and 3.6-3.11.

The chart of the energy proportion of the orthogonal basis corresponding to each singular value
changing with the number of singular values is shown in Fig. 3.5. It can be seen that for this snapshot
matrix, the energy proportion decreases significantly with the singular value. The majority of the

energy is captured by the first few singular values, with the first three singular values accounting
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Fig. 3.4: Comparison between measured and FEM results.
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Fig. 3.6: FEM and MOR calculation of levitation force in the x—axis.

for over 97% of the energy. Subsequent singular values exhibit relatively minor changes.

According to (3.7), the FEM and MOR calculation results of levitation force in x- and y-axes are
shown in Figs. 3.6 and 3.7, respectively. The results show that the proposed MOR results match
well with the FEM simulations for the levitation force of BPMSM. To obtain the results in Figs.
3.6 and 3.7, the FEM simulation spends 720 s with the CPU model Intel Xeon Gold, and the total
number of CPU processors is 64, while the MOR calculation takes only 0.15 s.
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Fig. 3.7: FEM and MOR calculation of levitation force in the y—axis.
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Fig. 3.8: FEM and MOR calculations of cogging torque.
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Fig. 3.9: FEM and MOR calculations of the waveform of output torque.

As illustrated in Fig. 3.8, one cogging torque cycle covers a mechanical angle of 10°, which agrees
with the initial design. In Fig. 3.9, the torque performance of the proposed BPMSM is depicted
when a current of 5 A is supplied to the torque winding. The results demonstrate that the proposed

MOR method produces torque values that closely align with the full FEM simulation.

A step rise of the load is used to test the dynamic behavior of the BPMSM. In this case, a 2 Nm

torque load is added at a time of 0.5 s, and the changes in the speed of the BPMSM are presented and
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Fig. 3.10: Speed response of FEM and MOR results with changing load.
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Fig. 3.11: Phase current comparison of FEM and MOR results with changing load.

compared in Fig. 3.10. As shown in Fig. 3.11, the one-phase current results of MOR calculation
are well matched with full FEM model simulation. The proposed BPMSM MOR model can reflect

the dynamic behavior of the motor fast and accurately.

The maximum and mean error between FEM simulation and MOR calculation for different char-
acteristics of BPMSM are shown in Table 3.2, the maximum difference is less than 2%, and the
mean error is less than 0.7%. According to the analysis results, it can be concluded that the
proposed MOR model of BPMSM exhibits comparable electromagnetic characteristics in terms of

flux density, levitation force, torque, and speed compared to the FEM simulation.

In summary, this case study presents a POD-based MOR method for analyzing BPMSMs and
computes the flux density, levitation force, torque, and speed response using the proposed method.
The numerical results demonstrate that the MOR method can efficiently provide solutions with

significantly reduced simulation time for the electromagnetic characteristics and dynamic behavior
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Table 3.2: Error between the FEM simulation and MOR calculation

Name Maximum(%) Mean(%)
Flux density 1.32 0.51
Levitation force in the x—axis 1.83 0.68
Levitation force in the y—axis 1.85 0.67
Cogging torque 0.83 0.39
Torque 1.77 0.61
Speed 0.79 0.56

of BPMSMs compared to the FEM simulation. Moreover, the MOR method achieves comparable

accuracy, with a maximum torque difference of less than 2%.

In terms of validation, prototype cogging torque measurements are used to confirm the accuracy
of the FEM reference model, while MOR performance is quantitatively assessed against FEM
for flux density, levitation force, torque, and dynamic responses due to the limited availability
of comprehensive experimental measurements across the full operating space. This two-stage
validation strategy provides both experimental grounding and rigorous accuracy evaluation for the

proposed MOR framework.

3.4 Summary

This chapter proposed a POD-based MOR method for the electromagnetic performance analysis
of BPMSMs. The MOR approach significantly reduces computation time while maintaining high
accuracy in flux density, torque, levitation force, and dynamic responses, making it more practical
than conventional FEM for iterative studies. The motivation for this analysis is that high-speed
sensorless and robust control strategies require fast and accurate motor performance evaluation, and
MOR provides the necessary foundation by enabling rapid modeling without sacrificing precision.
A case study and experimental validation confirmed that the MOR method achieved errors below
2% compared with FEM while drastically improving efficiency. In addition, the development of the
experimental testbench and control platform established the basis for implementing and validating

the advanced sensorless and robust control strategies presented in later chapters.

Beyond numerical acceleration, the key original contribution of this chapter is the development

of a reduced-order electromagnetic model that is explicitly suited for control-oriented analysis
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of bearingless PMSMs. By incorporating torque and levitation-force dynamics within a uni-
fied POD-based MOR framework and validating both steady-state and transient behaviours, the
proposed modelling approach bridges the gap between high-fidelity FEM analysis and real-time
sensorless and robust control design. Building on this modelling foundation, Chapter 4 develops
high-bandwidth sensorless estimation strategies for high-speed SPMSMs, while Chapter 5 fur-
ther integrates harmonic suppression and robust control techniques to ensure stable operation in

flux-weakening and disturbance conditions.
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Chapter 4

Sensorless Control of High-speed
SPMSMs Based on Cascade
High-Order ESO

4.1 Introduction

This chapter addresses the research gap in accurate and high-bandwidth sensorless estimation
for high-speed surface-mounted PMSMs (SPMSMs), where conventional observer-based methods
suffer from bandwidth limitations, phase lag, and sensitivity to disturbances. Based on the MOR
strategy established in Chapter 3, a cascade high-order extended state observer (CHESO) is devel-
oped to enable accurate sensorless estimation for high-speed SPMSMs. The proposed sensorless
framework establishes the estimation basis required for the robust control strategies introduced in

the following chapter.

In this chapter, a CHESO is proposed to enhance position estimation and speed control for high-
speed SPMSMs. In the proposed two-level CHESO architecture, the BEMF is accurately estimated
at the first level, while rotor position, load torque, and uncertain disturbances are concurrently
estimated at the second level. Furthermore, an adaptive torque feedforward control strategy
utilizing the estimated disturbances and load torque is employed to improve dynamic performance
and disturbance rejection capabilities. Owing to the two-level cascade structure, each observer
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level can be independently tuned with suitable observer gains, enabling accurate estimation of
rapid motor dynamics without excessively amplifying measurement noise, thus achieving superior

performance in sensorless control of high-speed SPMSMs.

4.2 Drive System of High-Speed SPMSM

The experimental platform introduced in this chapter is primarily used to verify the proposed
sensorless estimation and robust control strategies, while the same hardware platform is employed
in Chapters 4 and 5. A detailed description of the experimental setup is therefore consolidated in

Chapter 4 for clarity and consistency.

A

Fig. 4.1: Overview of testbench and drive system setup for high-speed SPMSM.

The experimental platform for the high-speed SPMSM consists of a three-phase inverter, a dSPACE
control system, and a sensor interface board for current and voltage acquisition, as shown in Figs.

4.144.

As shown in Fig. 4.2, the three-phase inverter employs 2SP0115T2CO IGBT intelligent power
modules configured in a half-bridge topology for each phase, and the modules of IGBT are the
FF600R12ME4 _B72. This design provides high switching capability and low conduction loss,
making it suitable for high-speed operation and dynamic testing. Each phase leg integrates isolated

gate drivers and protection circuits to ensure reliable switching and short-circuit protection during
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Fig. 4.2: Three-phase inverter for HSPMSM.

high-frequency modulation. The gate driver is supplied through a DC-DC power supply board,

which also supports voltage and current measurement circuits.

Sensors Power Digital I/0 I

Sampling

PWM Signal

dSPACE Interface Board

PWM Input

I PWM Output

Optocoupler Board |

Fig. 4.3: The dSAPCE interface board and PWM optocoupler board.

The dSPACE control system serves as the core of the real-time control platform. It performs
PWM generation, data acquisition, and execution of advanced control algorithms. The dSPACE
controller generates PWM control signals, then its transmitted through a dSPACE interface board
that manages sampling, power, and digital I/O. These signals are subsequently passed through
a PWM optocoupler board, which ensures galvanic isolation between the low-voltage control
electronics and the high-voltage inverter stage. The optocoupler board transmits isolated PWM
signals to the inverter’s gate driver units, providing both signal integrity and protection against
electromagnetic interference, as shown in Fig. 4.3.

47



Chapter 4. Sensorless Control of High-speed SPMSMs Based on Cascade High-Order ESO

(o)
8 5
<:<;O
8
B2
=4
@

Three-phase
Currents

Fig. 4.4: DC power supply, voltage and current sensors.

A DC measurement board integrates a compact DC-DC power supply, a DC bus voltage sensor,

and three-phase current transducers. The bus voltage sensor monitors up to 500 V with high
precision, while the LEM current sensors measure up to 25 ARMS, providing isolated and linear

current feedback. The measured analog signals are transmitted back to the dSPACE system through

high-speed ADC channels for real-time control, monitoring, and data logging.
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Fig. 4.5: The overall hardware system architecture.
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The overall control system architecture is illustrated in Fig. 4.5. The signal flow begins with the

dSPACE controller executing FOC, FW, and sensorless estimation algorithms. PWM commands

are then sent through the interface and optocoupler boards to the inverter, which drives the high-

speed SPMSM. Motor phase currents and DC bus voltage are measured by the sensor board and

fed back to the dSPACE unit, closing the control loop. This integrated hardware and control

system enables high-bandwidth current control, precise speed regulation, and robust sensorless
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operation of the high-speed SPMSM, supporting experimental validation under both steady-state

and transient conditions.

4.3 Conventional ESO Sensorless Control of High-speed SPMSMs

4.3.1 Conventional ESO for sensorless control

For a typical first-order system, if the unknown interference is extended as a state, the system is

equal to a second-order system. The equation of state of the system can be expressed as

X1 =x2 + boug + f(1)
X2 = f(1) 4.1)

y=x

where x; and x, are the state variable, f(¢) is the total external and internal disturbance of the
system, u is the input of the system and by is the coefficient of the system input, y is the output of

the system.

The linear extended state observer (LESO) equation containing the estimated state and total per-

turbation can be expressed as

e =X —x;
);51 =)22+b0u() +)’51 —ll A (4-2)

fz 2—12'61

where () represents the estimated value of a variable. e; is the estimation error of x, /; and I,

are the gains of the LESO.

Then, according to (4.1), (3.1) can be expressed as
T = —Hx + b()U() + ) (43)

where x| = [i,, iﬁ]Ta xy = [~eq/Ls, _eﬁ/LS]T’ ug = [Uq, uﬁ]Ta bo=1/Lg, u=Rs/Ls.
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According to (4.2) and (4.3), the conventional LESO for the BEMF estimation can be expressed as

ej =& —x
il = £2+b0’u,0+u:f:1 —ll - el (4'4)

iz = —12'61

According to (4.3) and (4.4), the characteristic equation and transfer function of ESO can be

obtained. Then, the transfer function of ESO can be expressed as

Ea,ﬁ(s) _ (UZ

G = = .
Eso(s) Eop(s) s2+2ws+ w?

(4.5)

where w is the bandwidth of the LESO. According to (4.5), the conventional LESO exhibits a
second-order lowpass characteristic, the phase delay and amplitude error of the estimated BEMF

increase with the increment of the fundamental frequency. [83, 84, 109].

Moreover, for alow- or medium-speed PMSM, the LESO parameter often selects a lower bandwidth
to adapt to the situation where the signal is weak and the noise is greatly affected. However, for
high-speed PMSM, the dynamic change of the motor is fast, the amplitude of the BEMF is large,
and it is difficult for the low-bandwidth observer to track the fast dynamic change, resulting in phase
lag, estimation delay, and even instability. To overcome this issue, a new CHESO for high-speed

SPMSM is proposed.

4.4 Proposed CHESO for High-speed SPMSMs

4.4.1 High-order ESO for BEMF Estimation

Conventional LESO only estimates the BEMF e, and eg, assuming that its dynamics change more
slowly (i.e. é, = 0 and ég ~ 0). The first-order derivatives of the BEMF e, and eg reflect the
changing trend of BEMF. By estimating these derivatives, high-order ESO can respond faster to

changes in the BEMF, thereby reducing the phase delay.

Compared to the conventional LESO, high-order extended state observer (HESO) increases the

state variables of é, and ég, which enables a more accurate description of the dynamic change
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Fig. 4.6: The diagram of the first level HESO..

in BEMF, especially in scenarios with high speed and rapid dynamic change. By performing
derivative operations on (3.2), the first-order derivative é, and ég of the BEMF can be expressed
as:

o = —Wel s sin(f) — w2y s cos(6,)

(4.6)
€g = Wet f cos(B,) — wﬁwf sin(6,)
By extending the order of (4.4), the HESO can be expressed as
el = —x
L1 = B2 + boug +uky — P11 - e
(4.7)

S

2 =23 - Prn-eq

T3 =Pz e

where x3 = [é,,ég], Bi1, B2 and B3 are the gains of observer. The structure diagram of the
proposed HESO for BEMF estimation is shown in Fig. 4.6, where the ( f ) represents the integral

operator.

Rotor position can be calculated by using a quadrature PLL within the first level. The normalized

¢, and ég are the inputs, and the output of PLL is the estimated rotor position. The diagram of
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Fig. 4.7: The diagram of a normalized quadrature phase-locked loop.

normalized quadrature PLL is shown in Fig. 4.7. The error of the phase detector can be expressed
as

epr = —€qco88, — égsinf, (4.8)

At high-speed regions, the PLL is critical for accurate position estimation, primarily due to its
robust phase-tracking and filtering capabilities. Although ESO or other direct estimation methods
can effectively capture the fundamental characteristics of BEMF, these approaches inherently
exhibit sensitivity to measurement noise and harmonic distortions, especially under high-speed
conditions. As speed increases, even slight phase lag or estimation error becomes significantly
magnified, adversely affecting control precision and stability. Therefore, the PLL remains essential

in High-speed SPMSM sensorless control.

4.4.2 CHESO for High-speed SPMSM Sensorless Control

In this section, a two-level CHESO architecture is proposed for high-speed SPMSM sensorless
control, so the estimation task is divided into two parts. At the first level, the ESO is dedicated to
estimating the fast-changing BEMF with a high bandwidth. At the second level, the ESO uses the

first-level output to estimate the rotor position, speed, and disturbances.

According to the (3.3), the mathematical model of second-level HESO can be expressed as follows:

€1 = ée -0,
b = De + Prren
ase = (Pn/J) (Te - 7}:L - Bwe) + Bazeni

T = (J/Py) Brzen

4.9)
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Fig. 4.10: Comparison of Bode diagram between conventional ESO and Cascade high-order ESO.

where e;; is the estimation error of 8,. P, is the number of pole pairs. B>;, 822 and (3,3 are the
gains of observer. The diagram of the second level HESO is shown in Fig. 4.8. The structure of a

two-level CHESO is shown in Fig. 4.9.

Although increasing the observer bandwidth can enhance dynamic tracking performance, it raises
sensitivity to sampling noise and high-frequency disturbances. The proposed CHESO structure
effectively manages this trade-off through a multilayered approach. By independently tuning
each observer’s bandwidth and leveraging the cascade design, the system achieves both high
estimation accuracy and strong noise immunity across the full operating range. The Bode diagram
of conventional LESO and CHESO is presented in Fig. 4.10. Compared with the conventional

LESO, the HESO is superior in the high-frequency region both in bandwidth and roll-off speed.
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Table 4.1: Summary of Different Roles of PLL and HESO.

Level of

Estimation Methodology Primary Role Estimation Focus ~ Dynamics Speed
first-level PLL accurate elecFrlcal el.ectrlcal angl.e, fast elect.rlcal
angle tracking noise suppression dynamics
mechanical dynamics  mechanical angle, slower mechanical
second-level HESO estimation, disturbance speed, load torque,

L . dynamics
rejection disturbances

In the two-level CHESO structure, the PLL in the first level and the HESO in the second level serve
fundamentally distinct but complementary roles in the rotor position estimation process. The roles
of the PLL at the first level are accurately tracking the instantaneous electrical phase of BEMF,
and filtering out high-frequency noise and harmonic disturbances to provide continuous electrical
angle. Moreover, the PLL outputs a precise and robust electrical angle which serves as a stable

reference for subsequent processes.

The second-level HESO focuses on estimating the mechanical angular velocity, mechanical angle,
and load torque based on the input provided by the first-level PLL. The slower mechanical dy-
namics can be captured effectively, which enhances system robustness. The second-level HESO
provides estimated load torque and mechanical speed for adaptive feedforward control strategies,
improving speed-loop accuracy and torque-loop performance through feedforward compensation.

A comparison of the roles is shown in the Table 4.1.

Therefore, the HESO and PLL at the first level ensure accurate, high-speed tracking of electrical
angles, crucial at high speeds. The HESO in the second level is dedicated to accurately estimating
slower mechanical states and load torque dynamics, significantly enhancing robustness and dis-
turbance rejection. This functional division enhances high-performance position estimation and

control accuracy, especially in HSPMSM sensorless control systems.

4.4.3 Adaptive Feedforward Control

To enhance the robust performance of high-speed SPMSM for load mutations, a feedforward
compensation control is employed, combined with real-time observation and load compensation

through the second-level HESO to achieve speed fluctuation suppression.
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The load torque feedforward compensation is to add the estimated load torque 77, to the electromag-
netic torque reference 7 rr and use the corrected reference 7, as the input of current controller,
which can be expressed as

TS =Tyret +T1 (4.10)

However, for the direct compensation method, the value of load torque is fixed, and it may lead to
a poor dynamic response in scenarios where the load changes rapidly. Therefore, to adapt to the
application scenarios of high-speed SPMSM, such as FESS, it is necessary to combine the adaptive
feedforward compensation control strategy to dynamically adjust the compensation amount through
adaptive law to quickly respond to load changes, thereby improving the dynamic performance of

the system.

Feedforward compensation based on adaptive adjustment can be expressed as

T =Ty +Tp + AT 4.11)

According to (3.3), the adaptive feedforward compensation amount needs to be designed so that the
system can quickly track the reference speed and maintain stability and good dynamic performance

when the load torque changes. The estimation error of torque load can be defined as

er =T, -TL (4.12)

To ensure the stability of the adaptive compensation system, define a Lyapunov function as a
positive definite function of the error

V=i (4.13)

Calculate the time derivative of the Lyapunov function

V = erér (4.14)
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Considering that the real load torque 77, is unknown but typically slow-varying in a short period.

To ensure the stability and convergence of the system, define 7 as:

T = —yes (4.15)
Thus,
ér = —ye 4.16)

where y is the adaptive gain, and e, = W, — Wy, is the speed error.

Substitute (4.16) into (4.14), then it can be expressed as

V =erér =er(-yen) = —verey, 4.17)

From the adaptive law, the compensation adjustment ATy, can be expressed as the integral of the

adaptive law

AT}, :/f"Ldt:—y/ewdt (4.18)

Thus, the adaptive compensation for the load torque is dynamically updated based on the integrated

speed error:

T: = e,,ef+fL—y/ewdz (4.19)

The control diagram of the proposed CHESO with adaptive feedforward compensation is presented
in Fig. 4.11, where K; is the torque constant. The performance metrics used throughout Chapters

4 and 5 are defined in Table 4.2 to ensure consistent benchmarking.

4.5 Stability and Robustness Analysis of CHESO

In CHESO architecture, the stability analysis involves two stages which are individual level analysis

and cascade system analysis.
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Fig. 4.11: Control diagram of sensorless HSPMSM control based on the proposed CHESO.

Table 4.2: Benchmarking metrics and operating conditions used throughout Chapters 4-5.

Category Metric Definition Unit Reference tables
Sensorless Ave'rz.ige rotor Mean absolute position CITOr 1 Tables 47.5.4
accuracy position error over steady-state operation
Pe.a.k rotor Maxnn.u.m 1nsta.nte.1neous rad  Tables 4.7, 5.4
position error position deviation
Speed Speed error S.te.a dy-state speed r/min Tables 4.7, 5.5
performance deviation from reference
Speed overshoot Max¥m.um transient speed r/min Table 5.5
deviation after load step
Harmf)mc BEMF. error Peak BEMF estimation error Volts Tables 4.7, 5.4
quality amplitude
Harmonic distortion BEMEF or phase current %  Tables 5.4,5.5
THD
Robustness Parameter mismatch Rs. L.S’ Vs variation Yo Table 4.4
tests relative to nominal
Operating . . Speed and control mode .
region FW operating point (MTPA / FW) r/min Tables 5.4 5.5
Current ripple ~ Peak-to-peak i max(iq) = min(ia) A Table 5.5
PP P d evaluated in steady state '
Peak-to-peak i, max(iq) = min(ig) A Table 5.5

evaluated in steady state
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4.5.1 Individual Stability of HESO and PLL

First, the stability analysis of the individual HESO is presented. According to (4.7), the error and

HESO equations in the frequency domain can be expressed as
Eni(s) = Xi(s) = Xu(5) (4.20)

sXi(s) = Xa(s) + boUa(s) + uXi(s) — BriEri(s)
sXo(s) = X3(s) = Bi2E11(s) (4.21)

sX3(s) = —BiEn(s)
The third equation of (4.21), can be expressed as
X3(s) = —'%El(s) (4.22)

Substitute (4.22) into second equation of (4.21), then it can be expressed as

_PstBs

Ra(s) = 5B (s) (4.23)

From Fig.4.6, the definition of BEMF can be expressed as

R . L
Eals) = ~LRo() = OB g (4.24)
Then,
E L
a(s) _ Ls(Bas +B3) 4.25)
E1 (S) 82
The input-output relation for the first equation of (4.21) is
1 .
E =—(X -E L 4.26
16 = s 2@ — Ea(9)/L) (4.26)
Then, substitute (4.23) into (4.26), it can be expressed as
1 + E
E(s) = _pas . Bs Ei(s) — Eols) 4.27)
s+ u+ B s Ly
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Thus,
E 2
LG . - (4.28)
Eq(5) Ls(s? + (p + B1)s* + Bas + 53)
Then, the desired transfer function is derived as
Eo(s) _ Eals)  Er(s) 429)
Eo(s) Ei(s) Eq(s)
According to (4.3) and (4.7), the transfer function of HESO can be obtained as
E +
Gipso(s) = als) Bi2s + B13 4.30)

Eo(s) s34 (u+PB11)s® + Bias + Bi3

The stability of this system can be analyzed by inspecting the characteristic polynomial from the

denominator of the transfer function. The characteristic polynomial can be expressed as
D(s) = s> + (u+Bu)s’ + Bros + B3 4.31)
leta; = u+ Bi1, a> = B12, ap = P13, then the polynomial can be rewrite as

D(s) = s+ axs® + ars + ag 4.32)

According to the Routh—Hurwitz criterion, the generalized Routh array for (4.32) is shown in Table
4.3.

Table 4.3: Routh Array for First-level HESO Polynomial.

$3 1 B2

52 “+ B B3
1 (u+p11)B12—=P13

§ M1 0

s! B3 0

The stability condition is the elements in the first column of the Routh table must be positive. Thus,

the stability condition can be expressed as

u+ B >0,B13 >0, (u+ Bi11)B12 > Bi3. (4.33)
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where u, B11, B13 are positive guaranteed. In other words, if the condition of 811812 > B13 is
satisfied, the characteristic polynomial explicitly has all poles in the left half-plane and the ESO
is stable. According to the high-order ESO gains selection principle in [70, 102, 110, 111], and

combined the results of theoretical analysis and actual testing, the following gain parameters are

finally designed as
Bi1 = 3wo, Bi2 = 3wo>, B13 = wo°. (4.34)
S o
o -20 wy=5000 —u = 20000 N
©
3 A s A—wy = 10000 —wy = 25000
% -60 wg = 15000
g -80 ,
@ 0
S -50
3-100
« 1
0-150 &
10? 102 10* 108

Frequency (rad/s)

Fig. 4.12: Comparison of Bode diagram for different wy.

The frequency response of (5.23) for different observer bandwidths is illustrated in Fig. 4.12,
As wq increases from 1,000 rad/s to 5,000 rad/s, the bandwidth of the observer widens, shifting
the magnitude and phase curves to higher frequencies indicating more accurate estimation at

high-speed operating conditions.

Similarly, the second-level HESO can be analyzed using the same method. Define error variables

explicitly as follows:
e =6, -6,
€20 = We — W (4.35)
ey =T -Tp

According to (4.9), the second-level HESO state-space error can be expressed as

ex1 = exn + Breng
er = (Py/J) (—e23 — Bexn) + Brneri (4.36)
es3 = (J/Py) Basea
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Define state error vectoras Egrso2 = [e21, €22, €23], and the state-space form of the error dynamics
can be expressed as:

Enesor = Aueso2Eneso? (4.37)

where the state matrix Agrso2 can be express as:

P21 1 0
Aupsor=| Bn  —(PuB)JJ —PuJ 4.38)
(J/Pn)B23 0 0

By calculating the characteristic polynomial of (4.38), the characteristic equation can be expressed
as

D(s) = s + ans® +azs + ax (4.39)

where the coefficients are azy = (P,B)/J — Ba1, az1 = —B21(Pp,B)/J — Baa, axy = B23. According
to the Routh—Hurwitz criterion, the generalized Routh array and stability condition for (4.39) can

be obtained. Then, the following gain parameters are finally designed as

Ba1 = 2w1, Bz = 2w1%, Baz = wi°. (4.40)

where the w; is the observer bandwidth of second-level HESO.

The PLL uses a PI controller to update the position estimate. In the linearized model, the closed-
loop dynamics of PLL can be expressed as a second-order system. The characteristic polynomial
can be obtained as

2 +K,s+K; =0 (4.41)

where K, and K; are the PI controller gains, For the PLL to be stable, both roots of the characteristic

polynomial must have negative real parts. The stable conditions are K, > 0 and K; > 0.

The PI controller gains in the PLL determine its bandwidth and have a direct impact on the accuracy
of rotor position estimation. To achieve precise and stable estimation, the gains K, and K; should
be selected based on a desired natural frequency w, of the PLL, thereby balancing the trade-off
between rapid dynamic response and effective noise suppression. Under practical conditions, if

phase tracking exhibits noticeable lag, increasing w, can improve responsiveness. Conversely,
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if the system is overly sensitive to noise, reducing w,, helps mitigate this effect by lowering the

controller gains accordingly.

4.5.2 Cascade Stability Analysis
According to (4.7), define the error of the HESO for BEMF estimation

ejn = X1 —xi

e13 =%3—x3

Considering the second-level HESO error dynamics, the errors can be defined as

€21 = ée -0,
822 = d\)e —_ 0_)6 (4.43)

e =T -1

Then, a global state error vector combining both levels can be expressed as

T
eglobal = €11, €12, €13, epLL, €21, €22, €23] (4.44)

According to ESO theory [112], the cascade stability can be guaranteed when each stage in the
cascade holds the input-to-output state stable, and the entire cascaded system is stable. While each

stage of stability has been proven in individual stability analyses.

4.5.3 Parameter Robustness Analysis

To demonstrate the parameter robustness of the proposed CHESO, a response surface analysis
under parameter mismatch conditions is conducted. Figs. 4.13—4.15 present simulation results
illustrating the impact of parameter deviations on the average position estimation error across

different operating speeds. The ranges of mismatch settings are listed in Table 4.4.
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Table 4.4: Parameter mismatch ranges setting.

Parameters Lower boundary Upper boundary
(Ratio to nominal) (Ratio to nominal)
Resistance (Ry) 80% 120%
Inductance (Ly) 80% 120%
Flux linkage (¢ 5) 80% 120%
70.09
0.08
0.07
0.06
0.05

Fig. 4.13: Simulation results of resistance mismatch for the position estimation error at different
speeds.
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Fig. 4.14: Simulation results of inductance mismatch for the position estimation error at different
speeds.

The parameter values used in the simulation correspond to those of the tested high-speed SPMSM
described in Section 4.6. In Figs. 4.13, 4.14, and 4.15, the stator resistance Ry, inductance Lg,
and flux linkage ¢ are varied from 80% to 120% of their nominal values. As shown in Fig.
4.13, the position estimation error remains quite small across all speeds when resistance is varied,
indicating strong robustness of the CHESO to resistance mismatch. Figs. 4.14 and 4.15 illustrate
the performance under inductance and flux linkage mismatches, respectively, further confirming

that the proposed CHESO maintains robust performance across a range of parameter mismatches.
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Fig. 4.15: Simulation results of flux linkage mismatch for the position estimation error at different
speeds.

4.6 Experimental Test and Results

An overview of the experimental test platform is shown in Fig. 4.16. A small-scale HSPMSM
test setup is built, consisting of a dSPACE MicroLabBox, interface boards, a three-phase inverter
utilizing Infineon FF600R12ME4 modules, and a high-speed SPMSM test bench. To evaluate
the real-time applicability of the proposed CHESO sensorless control method, the algorithm was
implemented on a dSPACE MicroLabBox (DS1202), which integrates a Freescale P5020 dual-core
PowerPC processor (2.0 GHz). All control tasks were executed at a switching frequency of 10
kHz. Runtime profiling using dSPACE ControlDesk revealed a task execution time of 69 ps per
cycle, which is well within the 100 ps control deadline. The proposed observers and controllers are
computationally lightweight and do not impose significant computing power constraints, making
them suitable for real-time implementation on standard DSP and dSPACE platforms. Detailed
specifications of the tested high-speed SPMSM are listed in Table 4.5, and the associated observer

gains are summarized in Table 4.6.

In this section, the LESO is designed using a bandwidth-based tuning rule, with the observer
bandwidth selected as a conservative multiple of the electrical fundamental frequency to bal-
ance estimation speed and noise sensitivity. The PI speed controller is tuned using conventional
frequency-domain guidelines to ensure stable operation, adequate phase margin, and acceptable
transient response over the tested speed range. This baseline configuration aligns with common
practice in PI-based sensorless PMSM control and provides a fair and realistic reference for evalu-

ating the conventional LESO and the proposed CHESO.
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Fig. 4.16: Overview of testbench and drive system setup.

Table 4.5: Parameters of high-speed SPMSM System

Parameters Unit Value
Rated Speed r/min 12,000
Rated torque N.m 0.375
Rated Power kW 0.45
Rated voltage v 311
Rated current A 3.5
No. of pole pairs - 3
Stator resistance Q 1.9
d-axis inductance (Ly) mH 2.7
g-axis inductance(Ly) mH 2.7
Magnet flux linkage Wb 0.045

Table 4.6: Observer Parameters of ESO

Parameters Value Parameters Value

I8 4.01e+04 153 8.38e+08
Bi1 3.07e+04 Ba1 9.29e+03
B2 7.10e+08 Ba1 5.01e+07
B13 6.69e+12 B21 1.25e+11

4.6.1 Position Estimation Results

In this section, the rotor position estimation performance of the conventional LESO and the
proposed HESO are comparatively evaluated. Initially, the high-speed SPMSM operates under

speed control mode without load conditions. Figs. 4.17-4.26 illustrate the actual and estimated
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Fig. 4.17: BEMF estimation of conventional LESO at 8,000 r/min without load.
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Fig. 4.18: BEMF estimation of conventional LESO at 12,000 r/min without load.

BEMEF waveforms, rotor positions with corresponding estimation errors, and the BEMF harmonics
obtained using the conventional LESO and the proposed HESO at speeds of 8,000 and 12,000

r/min, respectively.

In Figs. 4.17 and 4.18, the actual and estimated BEMF waveforms obtained using the conventional
LESO are illustrated at 8,000 and 12,000 r/min, respectively. It is evident that the mean amplitude
of BEMF estimation error increases with motor speed, reaching approximately 36 V at 8,000 r/min

and 73 V at 12,000 r/min.

Conversely, as shown in Figs. 4.19 and 4.20, the proposed HESO significantly reduces the mean
amplitude of BEMF estimation error to approximately 12.5 V and 28 V at 8,000 and 12,000 r/min,
respectively. Thus, the BEMF estimation errors at these speeds are reduced by about 65% and

62%, respectively.

Regarding rotor position estimation, as demonstrated in Figs. 4.21 and 4.22, the position estimation

error using the conventional LESO increases with motor speed, yielding mean errors of 0.33 rad
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Fig. 4.19: BEMF estimation of HESO at 8,000 r/min without load.
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Fig. 4.20: BEMF estimation of HESO at 12,000 r/min without load.
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Fig. 4.21: Position estimation and position error of conventional LESO at 8,000 r/min without
load.

at 8,000 r/min and 0.42 rad at 12,000 r/min. However, as depicted in Figs. 4.23 and 4.24,
the proposed HESO significantly decreases the mean position estimation errors to 0.11 rad and
0.15 rad at the same respective speeds. Consequently, the rotor position estimation errors are
reduced by approximately 66% at 8,000 r/min and 64% at 12,000 r/min. These rotor position

estimation outcomes are consistent with the improvements observed in BEMF estimation accuracy.
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Fig. 4.22: Position estimation and position error of conventional LESO at 12,000 r/min without
load.

Hence, compared with the conventional LESO, the proposed HESO substantially enhances position

estimation accuracy in the sensorless control of high-speed SPMSMs.
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Fig. 4.23: Position estimation and position error of HESO at 8,000 r/min without load.
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Fig. 4.24: Position estimation and position error of HESO at 12,000 r/min without load.

Additionally, Figs. 4.25 and 4.26 present a harmonic analysis of the @-axis BEMF estimated by
the proposed HESO at 8,000 and 12,000 r/min, respectively. Compared with the conventional
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Fig. 4.25: FFT harmonic analysis of HESO at 8,000 r/min without load.
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Fig. 4.26: FFT harmonic analysis of HESO at 12,000 r/min without load.

LESO results shown in Figs. 4.27 and 4.28, the total harmonic distortion (THD) values with the
proposed HESO increased by approximately 1.28% at 8,000 r/min and 1.05% at 12,000 r/min.
As indicated by the derivation equations presented in 4.6, the inclusion of second-order terms
introduces additional nonlinearities, leading to increased harmonic components under high-speed

operating conditions.
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Fig. 4.27: FFT harmonic analysis of conventional LESO at 8,000 r/min without load.
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Fig. 4.28: FFT harmonic analysis of conventional LESO at 12,000 r/min without load.

Therefore, the enhanced accuracy achieved by the proposed HESO is accompanied by a slight
increase in harmonic distortion due to heightened sensitivity to measurement noise and internal
system nonlinearities. Nevertheless, compared with the conventional LESO, the proposed HESO
considerably improves dynamic accuracy and reduces rotor position estimation errors by more
effectively capturing rapid dynamic changes. The issues associated with measurement noise and
internal nonlinearities can be mitigated through the disturbance estimation and feedforward control

strategies discussed in the subsequent section.
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Fig. 4.29: BEMF estimation of conventional LESO at 8,000 r/min with rated load.

Secondly, the performance of the high-speed SPMSM is evaluated under speed control mode at
the rated load. Figs. 4.29-4.38 illustrate the actual and estimated BEMF waveforms, rotor position
with estimation errors, and speed estimation along with corresponding errors for the conventional
LESO and the proposed HESO at 8,000 and 12,000 r/min, respectively. As shown in Figs. 4.29-
4.32, and 4.33-4.36, the proposed HESO demonstrates superior BEMF and position estimation
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Fig. 4.30: Position estimation and position error of conventional LESO at 8,000 r/min with rated
load.
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Fig. 4.31: BEMF estimation of HESO at 8,000 r/min with rated load.
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Fig. 4.32: Position estimation and position error of HESO at 8,000 r/min with rated load.

performance compared to the conventional LESO, consistent with the no-load results discussed

previously. Hence, detailed analysis of these specific results is omitted here for conciseness.

Moreover, as depicted in Figs. 4.37 and 4.38, the speed estimation errors of the conventional LESO

increase significantly with motor speed, exhibiting amplitudes of approximately 190 r/min and 355
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Fig. 4.33: BEMF estimation of conventional LESO at 12,000 r/min with rated load.
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Fig. 4.34: Position estimation and position error of conventional LESO at 12,000 r/min with rated
load.
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Fig. 4.35: BEMF estimation of HESO at 12,000 r/min with rated load.

r/min at 8,000 and 12,000 r/min, respectively. Conversely, the proposed HESO, as shown in Figs.
4.39 and 4.40, substantially reduces the amplitudes of speed estimation errors to around 40 r/min

at 8,000 r/min and 55 r/min at 12,000 r/min.

Compared to the conventional LESO, the speed estimation noise with the proposed HESO is
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Fig. 4.36: Position estimation and position error of HESO at 12,000 r/min with rated load.
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Fig. 4.37: Speed estimation and speed error of conventional LESO at 8,000 r/min with rated load.
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Fig. 4.38: Speed estimation and speed error of conventional LESO at 12,000 r/min with rated
load.

effectively diminished due to its two-level cascade structure. This architecture allows independent
tuning of each observer level with appropriate observer gains, ensuring accurate tracking of fast
motor dynamics without excessively amplifying measurement noise, thereby achieving an optimal
balance between estimation accuracy and noise suppression. The results comparison for the

conventional LESO and the proposed HESO is listed in Table 4.7. The metrics reported here
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Fig. 4.39: Speed estimation and speed error of HESO at 8,000 r/min with rated load.
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Fig. 4.40: Speed estimation and speed error of HESO at 12,000 r/min with rated load.

correspond to the sensorless accuracy and speed performance definitions in Table 4.2.

Under identical operating conditions, the HESO reduces the average rotor position error by approx-

imately 64—-66% and the steady-state speed error by more than 75% compared with the conventional

LESO, as summarised in Table 4.7.

Table 4.7: The comparison for different observer methods.

Speed (t/min) Items LESO HESO
8,000 BEMF error amplitude (Volts) 36 12.5 (] 65%)
8,000 Average rotor position errors (rad) 0.33 0.11 (] 66%)
8,000 Speed error (r/min) 190 40
12,000 BEMEF error amplitude (Volts) 73 28 (] 63%)
12,000 Average rotor position errors (rad) 0.42 0.15 (] 64%)
12,000 Speed error (r/min) 355 55
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4.6.2 Transient Process and Parameter Mismatch Analysis

In this section, the transient performance of the conventional LESO and the proposed CHESO is
comparatively evaluated through a speed step-change test conducted under rated load conditions.

Furthermore, the parameter robustness of the proposed method is evaluated under varying load

conditions.
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Fig. 4.41: Speed estimation and speed error of conventional LESO at speed step-change test.
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Fig. 4.42: Speed estimation and speed error of HESO at speed step-change test.

In Fig. 4.41, the reference speed, estimated speed, and speed estimation error for the conventional
ESO are presented. Compared to the conventional LESO, the proposed CHESO demonstrates
superior performance in both steady-state and transient conditions, exhibiting a faster response,

reduced speed estimation errors, and diminished oscillations, as illustrated in Fig. 4.42.

Additionally, Figs. 4.43 and 4.44 show the d- and g-axis currents and three-phase currents for
the conventional LESO, respectively. In Figs. 4.45 and 4.46, the d- and g-axis currents of

the conventional LESO and the proposed CHESO are compared. The results clearly indicate
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Fig. 4.43: The d- and g-axis currents of the conventional LESO at speed step-change test.
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Fig. 4.44: Three-phase currents of conventional LESO at speed step-change test.
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Fig. 4.45: The d- and g-axis currents of the HESO at speed step-change test.

that, compared to the conventional LESO, the proposed CHESO achieves enhanced accuracy and

reduced current noise, attributed to its improved position estimation.

Furthermore, as depicted in Fig. 4.44, the three-phase currents exhibit pronounced oscillations
during load changes and speed step variations when controlled by the conventional LESO, whereas

these oscillations are significantly reduced with the proposed CHESO, as shown in Fig. 4.46.
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Fig. 4.46: Three-phase currents of conventional LESO at speed step-change test.
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Fig. 4.47: The match of parameters under varying load torque.

Moreover, due to the higher position estimation errors associated with the conventional ESO,
the amplitude of the three-phase currents is noticeably larger compared to that obtained with the
proposed CHESO.
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Fig. 4.48: The mismatch 0.8 L under varying load torque.

The parameter mismatch tests are presented in Figs. 4.47-4.52 . In Figs. 4.48-4.52, the proposed
77
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method maintains stable operation under various parameter mismatch scenarios, including Lg, =
0.8Ls, Lyo = 1.2Ls, Ryo = 0.8Ry, Ryo = 1.2R,, and ¢y, = 0.8¢, even as the load torque
increases from 0 to 100% of rated torque. These results indicate that parameter mismatches
have little impact on the performance of the proposed CHESO. Furthermore, the proposed method
demonstrates a rapid dynamic response to abrupt load variations, effectively tracking sudden torque
commands. Compared to the conventional LESO shown in Fig. 4.38, the proposed CHESO results
in smaller speed errors, even under variable load conditions.
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Fig. 4.49: The mismatch 1.2 L; under varying load torque.
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Fig. 4.50: The mismatch 0.8 y s under varying load torque.

To validate the operational speed range, the proposed method was evaluated starting from a low-
speed condition, with the corresponding estimation performance included. The relative speed
estimation error, defined as the deviation between the estimated speed and the reference speed,
normalized to the reference, is used to assess estimation accuracy across different speeds. As shown

in Fig. 4.53, the lowest tested speed in the experiment is 2000 r/min. The results indicate that
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Fig. 4.51: The mismatch 0.8 R under varying load torque.
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the relative speed estimation error is highest at low speeds and decreases as the motor accelerates,
which is consistent with the characteristics of HESO-based sensorless control. While the proposed

method is optimized for high-speed operation, it remains functional in the lower-speed region.
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Fig. 4.53: Performance analysis of the relative speed estimation error across a range of operating
speeds.
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4.6.3 Adaptive Compensation and Load Estimation
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Fig. 4.54: Speed response of conventional LESO at load disturbance.
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Fig. 4.55: Speed response of CHESO with feedforward control at load disturbance.

In this section, adaptive feedforward compensation and load torque estimation performance are
evaluated under conditions of rated load applied at 12,000 r/min. Fig. 4.54 shows the speed
reference, estimated speed, and speed estimation error for the conventional LESO, indicating a
maximum speed error of approximately 490 r/min upon the application of rated load. Consistent
with the results presented earlier, the conventional LESO exhibits significant noise in both speed
estimation and the d- and g-axis currents as shown in Fig. 4.55, primarily due to the high
observer gains. This issue highlights a critical drawback of the conventional LESO when applied

to high-speed SPMSM control.

In comparison, as illustrated in Fig. 4.56, the proposed control strategy demonstrates a faster

response to load disturbances and substantially reduced speed deviations. Additionally, Fig. 4.57
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Fig. 4.56: The d- and g-axis currents of the conventional LESO at load disturbance.
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Fig. 4.57: The d- and g-axis currents of the CHESO with feedforward control at load disturbance.

illustrates that the proposed control strategy effectively reduces noise in the d— and g—axis currents,

while also lowering their amplitudes due to improved accuracy in rotor position estimation.

4.7 Summary

In this chapter, a cascade high-order extended state observer (CHESO) was proposed to enhance
rotor position estimation accuracy and improve the speed control performance of sensorless high-
speed SPMSM drives. The detailed design procedures of the two-level CHESO, along with its
performance characteristics, individual-level stability, and cascade system stability analyses, were
presented. Compared with the conventional LESO, the proposed CHESO significantly reduced
rotor position estimation errors and improved speed estimation accuracy in wide-range speed es-

timation. Furthermore, an adaptive feedforward control strategy was employed to enhance the
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dynamic response and disturbance rejection capabilities of the high-speed SPMSM drive system.
Experimental validation, including steady-state rotor position estimation, transient performance
evaluation, and adaptive feedforward compensation tests, demonstrated the effectiveness and im-

provements offered by the proposed sensorless control strategy for high-speed SPMSMs.
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Chapter 5

Improved Sensorless Control of
High-speed SPMSMs Based on
SOGI-HESO in the FW Region

5.1 Introduction

This chapter addresses the remaining challenges of robustness and estimation accuracy for high-
speed SPMSM drives operating in the flux-weakening (FW) region, where inverter nonlinearities,
current harmonics, and measurement noise degrade sensorless performance. Building on the
sensorless estimation framework developed in Chapter 4, a second-order generalized integrator
(SOGI)-high-order extended state observer (HESO) is proposed to suppress harmonics and extend
estimation bandwidth. An adaptive linear active disturbance rejection control (ALADRC) strategy
is then integrated to improve dynamic response and disturbance rejection, completing a robust

sensorless control framework for wide-speed-range operation.

The proposed SOGI-HESO-based method is tailored for FW operation, where reduced flux linkage
and stronger harmonics challenge conventional sensorless methods. To maintain a fair baseline,
the conventional constant-voltage-constant-power (CVCP) method is adopted for the FW imple-

mentation. By improving BEMF estimation accuracy and enhancing speed loop robustness, the
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proposed strategy directly strengthens FW control within the standard CVCP framework. To fur-
ther improve FW control performance, an ALADRC strategy with real-time bandwidth adjustment
is implemented in the speed control loop. While retaining the benefits of conventional ADRC,
the adaptive mechanism dynamically adjusts the controller bandwidth according to motor speed,
effectively addressing the disturbances and parameter variations commonly encountered in high-
speed SPMSM applications. This integrated approach results in improved control robustness and

dynamic responsiveness across a wide operating range.

5.2 Conventional Sensorless and Flux-weakening Control of high-

speed SPMSM

5.2.1 Flux-Weakening Control of HSPMSM
The d— and g—axis voltage equations of the high-speed SPMSM can be expressed as

ug = Rig + Lgiq — weLsiy 5

ug = Rsig + Lglg + weLgiq + Wl ¢

where ug, uy, iq and i, are the voltages and currents in the dg—frame. For HSPMSM driven by an
inverter, due to the limitation of bus voltage and output capacity, the stator phase voltage amplitude

and current amplitude need to meet the following requirements:

w’ +ul <UZ o= (Uae/V3)?
d g T e (5.2)

2,2 2

Iy +ig <15 max
where Uy max 1s the voltage limit and I max is the current limit. Uy, is the DC bus voltage. The
resistance and inductance voltages can usually be ignored during high-speed operation. Then, the

voltage equations can be simplified as

ug = —wsLgiy 53)

Ug = wWsLsiq + we .
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Current limit

Voltage limit

Fig. 5.1: The diagram of SPMSM constant power flux-weakening trajectory.

According to (5.2) and (5.3), the voltage and current limitation can be expressed as

IA

US max 2
(ig +¥r/Ls) + (ig)° ( : ) (5.4)

weLy

According to (5.4), the voltage confinement trajectory is represented as a cluster of concentric
circles centered at (= s/Ly,0), with the radius varying according to the rotational speed w,,. In
contrast, the current limit is depicted as a circle centered at the origin, with a radius equal to the
maximum limit current. Since the torque output of a SPMSM depends only on i,, the torque
constraint is represented by a series of horizontal lines which are parallel to the d-axis, as shown

in Fig. 5.1.

Therefore, for SPMSM, the maximum torque per ampere (MTPA) control corresponds to iy = 0
within the rated speed region. As the speed increases and the phase voltage amplitude approaches
the maximum value permitted by the DC bus voltage, a higher speed can no longer be achieved
through voltage adjustment alone, and the iy = 0 control strategy becomes ineffective. Conse-
quently, at a given torque, the motor must adjust both i; and i, to enable further speed increase by

entering the FW region.

Theoretically, when the maximum demagnetization current iz, 4, 1S less than the maximum stator

current /g 4, the maximum achievable speed we, ,qx Under FW control can be expressed as:

Us,max

—_— (5.5)
l//f - led,max

We max =

85



Chapter 5. Improved Sensorless Control of High-speed SPMSMs Based on SOGI-HESO in the
FW Region

In practical surface-mounted HSPMSM applications, the FW method typically enables an exten-
sion of the maximum operational speed by approximately 20% to 30% beyond the rated speed,
while maintaining compliance with voltage and current constraints. High-speed SPMSM FW
window is narrower than that of IPMSM. However, the estimator advances depend on BEMF and
noise properties, not on saliency. Therefore, in this research, the harder SPMSM is validated to

demonstrate robustness under the tighter margin typical of high-speed machines.

5.2.2 Estimated BEMF Harmonic Analysis

Due to the influence of the inverter non-idealities, dead-time effects, and magnetic saturation, the
stator currents contain (1 + 6k)-order harmonics. These current harmonics induce corresponding
harmonic voltages across the stator impedance, which can further degrade the accuracy of BEMF

estimation and system performance.

The (3.1) can be expressed as a superposition of the fundamental and harmonic components, as

follows:
io =laf +ian
(5.6)
iﬁ = iﬁf + i/gh
with
iaf =11 cos (wet + ¢1)
5.7)
ilgf = I sin (wet + ¢1)
ioh = X T1z6k €08 ((1 £ 6k) wet + Y116k)
k=1 (5.8)

n
igh = kZ sk sin ((1 £ 6k) wet + @126k)
-

where Iy, I1+6k, ¢1 and @1.6x are the stator current amplitude and initial phase of fundamental and
(1+6k)-order harmonics, respectively. iq f, ion, igr and ig, are the fundamental and (1+6k)-order

harmonics of i, and ig, respectively.

Current harmonics directly impair the accuracy of BEMFs by introducing waveform distortion and
increasing the THD. This degradation can lead to errors in rotor position and speed estimation,

increased torque ripple, and reduced observer performance. Since the BEMFs obtained by the
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ESO inherently contain rotor position information, the presence of current harmonics results in the

estimated BEMFs, é,, and ég, being contaminated with harmonic components.

The BEMFs in (3.2) can be expressed as a superposition of the fundamental and harmonic compo-

nents, as follows:

en=¢€er+ey 5.9

with

—E{sin (wet + 0,
e;=| ( v (5.10)

E;cos (wet + 0,1)

n
— Y Egks1sin (£ (6k £ 1) wet + O, (6ks1))
ep=| k! (5.11)
kz Egi+1 cOS (i (6k =+ 1) Wel + 66(6ki1))
=1

where e,, = [€am, e,gm]T. er = [eq, eﬁ]T and ey, = [eqn, e,gh]T are the fundamental and (1+6k)-
order harmonics of the BEMFs. Ey, Egi+1, 0¢1, and 0, (k1) are the BEMFs amplitude and initial

estimated rotor position of fundamental and (1 + 6k)-order harmonics, respectively.

€q 7 =D—> cos(d.) 49‘3
k) v- g
1/(+/e2 +é2) O—> Pl — [+
— ]

P S B DU —

Fig. 5.2: The diagram of a normalized quadrature PLL.

As shown in Fig. 5.2, the rotor position is estimated using a PLL. The position error signal £ within

the PLL is expressed as:

£=—€4c080, —égsinb,

= E;sin [(Ge — we) t + 0,1 = Oe1] (5.12)

n
+ Z Egjsr sin [((1 £ 6k) Qe — we) 1 + 0y (6kx1) — Oet ]
=1

where 6,1 and 6, (6x+1) are the initial actual rotor position of fundamental and (1 + 6k)-order

harmonics, respectively.
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Fig. 5.3: Comparison of the Bode diagram between conventional LESO and HESO.

As can be seen from (5.12), the presence of (1 + 6k)-order harmonics in the BEMFs introduces
observation errors in the PLL-based estimator. Consequently, the position error signal & becomes

contaminated with harmonic interference, which degrades the accuracy of rotor position estimation.

5.3 Proposed SOGI-HESO for Sensorless Control

The analysis of conventional LESO and the deduction of HESO have been presented in the Chapters

4.3 and 4.4. Hence, a detailed analysis of these theories are omitted here for conciseness.

The principle of HESO in reducing phase lag lies in its ability to incorporate the dynamic evolution
of the BEMF into the observer model. Unlike the conventional LESO, which acts as a second-
order low-pass filter (LPF) and therefore suffers from inherent phase delay, the HESO introduces
derivative states of the BEMF. These additional states act as predictive elements, enabling the
observer to follow rapid changes in BEMF more closely, especially when the input varies rapidly,
as in the FW regions of high-speed SPMSM. Consequently, the frequency response of HESO
exhibits a higher effective bandwidth and a flatter phase characteristic, significantly mitigating

phase lag in the estimation process.

To compare the performance of conventional LESO and HESO, the Bode diagram is presented
in Fig. 5.3. Compared with the conventional LESO, the HESO is superior in the high-frequency

region both in bandwidth and roll-off speed.
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Fig. 5.4: The schematic diagram of the SOGI structure.

5.3.1 SOGI-Based BEMF Estimation

To enhance the accuracy of the HESO, SOGIs are employed to filter out current and voltage
harmonics and are integrated with the HESO framework. The schematic diagram of the SOGI
structure is shown in Fig. 5.4, which illustrates its capabilities in frequency selection and signal

integration.

The inputs to the SOGI are u,, ug, i, and ig, which contain DC components, fundamental
components, and harmonic components. The &, represents the gain coefficient of the SOGI. The
signals i1, and i1 are the filtered current outputs. The SOGI acts as a band-pass filter (BPF) for the

BEMFs, effectively attenuating harmonics and noise to improve the accuracy of BEMF estimation.
The transfer function of SOGI can be expressed as:

a1 ks@es

D (s) = = 5.13
(s) lag  S2+kiDes + D2 (5-13)
9i1a,18 k2
0(s)=— == ~ = (5.14)
la,B %+ ky@es + O

where ¢ = e~"/?/ and k, is the damping coefficient. D(s) and Q(s) represent the transfer functions
of the SOGI in the in-phase and quadrature directions, respectively. Specifically, D (s) functions

as a second-order BPF, while Q(s) serves as a second-order LPF.

The amplitude and phase frequency characteristics of (5.13) are as follows:

ila,lﬁ = D(S)ia,ﬁ (5.15)
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| D() = (ks@ewo) [y (67 = 03)? + (kstwotd)?
(5.16)

(D(jw) = atan?2 ((aﬁ - wo?), ks@ew,)
where |D(jw)| and 2D (jw)represent the amplitude and phase angle of the transfer functions
D(s). w, denotes the center frequency of the SOGI. When the estimated angular frequency @,
equals the center frequency w,, the system achieves error-free tracking of the input signal’s angular
frequency. The phase-frequency responses of the SOGI demonstrate its ability to suppress harmonic
components while accurately extracting sinusoidal input signals without magnitude attenuation or

phase distortion.

The SOGI sets its center frequency using the previous sample electrical speed, thereby avoiding
any algebraic loop with the HESO. Moreover, the estimator dynamics are an order of magnitude
faster than the mechanical speed variations, which keeps the phase lag small and ensures stable

tracking even during abrupt transients.

Bode diagrams of the SOGI under varying frequencies and damping coefficients kg are shown in
Fig. 5.5. These diagrams illustrate the influence of kg and frequency tuning on the amplitude and
phase characteristics of the SOGI, highlighting its capability to selectively filter the fundamental

component while attenuating undesired harmonics and noise.

Here, k; is set to 2.5. Smaller values can introduce under-damped peaking and greater harmonic
sensitivity, whereas larger values increase phase lag and broaden the passband, admitting more

noise.

5.3.2 Speed Control Based on Adaptive LADRC in the FW Region

To enhance the FW control performance, an ALADRC method is employed in the speed control
loop. While retaining the advantages of conventional ADRC, the adaptive bandwidth mechanism
dynamically adjusts the control bandwidth based on the motor speed. This approach addresses
the challenges posed by disturbances and environmental variations commonly encountered in

HSPMSMs, thereby further improving control performance.
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Fig. 5.5: Bode diagrams of the SOGI in different (a) damping coefficients, and (b) frequencies.

The adaptive bandwidth function, adjusted online according to the rotor speed, can be expressed

as:

w: = Wemin + (wcmax - wcmin)soft*gign(cl : |(‘)e|) (5.17)

where so ftsign(x) = x/(1+ | x |), ¢1 is the adaptation gain. wcmin and Wemax are the minimum
and maximum observer bandwidths in the adaptive controller, respectively. A fixed LADRC
must choose a single bandwidth that compromises between transient speed and steady-state noise.
ALADRC uses an adaptive bandwidth, while increasing the value during transients also reduces
the ESO residual. This provides a clear theoretical reason for the adaptive scheme outperforms a

fixed-bandwidth LADRC.

In the speed control loop, according to (3.3) and (3.4), it can be observed that the relationship
between the input and output of the speed controller follows a first-order differential equation.
Accordingly, a first-order ALADRC is employed for speed regulation. Since the output of the

second-order LESO does not involve differential terms, the tracking differentiator (TD) is omitted
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in this design.
According to (3.3) and (3.4), the speed can be expressed as

: Kr .. Ta
Wy = 71(] + 7 (5.18)

where K7 is torque constant, and i, denotes the reference g-axis current. T/J represents the total

external and internal disturbance of the system, and Ty = Kr (i, — ifl) — T — Bwy,.

According to (4.2), the second order LESO of (5.18) can be rewrite as

€r =21 —Wnm
21 =22 — Bri1er + boug (5.19)
0 = —frer

where ug = i, is the input of the system. e, is the error signal of the rotation speed. z; is the

observed value of the speed. z; is the observed value of the disturbance, and by = K7 /J. 8,1 and

B2 are the observer gains.
Then, the linear state error feedback (LSEF) can be expressed as
er1 = w,, — 71

o =Ky - eny (5.20)

u = (uo - 22)/bo

where wy, is the reference speed, K, is the control rate gain of the LSEF, e, is the speed error,

and u is the output of the LSEF. Therefore, the speed controller can be finally designed as:

s o=z Kplw, —om) —2
4 bo bo

(5.21)

The block diagram of the ALADRC-based speed controller is illustrated in Fig. 5.6. According to
the observer design principles presented in [111], the relationship between the observer parameters

and the bandwidth w,, is given by:

Kp = (UC,,,Brl = 2wr0’ﬁr2 = (U;zrm Wro = 3wcl~ (522)
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Fig. 5.6: The block diagram of the ALADRC-based speed controller.

5.4 Stability and Performance Analysis of SOGI-HESO

5.4.1 Stability and Analysis of SOGI-HESO

The SOGI is a linear time-invariant (LTI) system, and its stability is determined by the location
of its poles. When the damping factor and natural frequency are properly selected, the poles lie
in the left-half of the s-plane, ensuring system stability. According to the SOGI transfer function
in (5.13), the system remains stable for all positive values of the damping coeflicient k;. Then,
the stability analysis of the individual HESO is presented. According to (4.7), the HESO transfer

function of E,(s) can be obtained as

Ea(s) _ Bas + B3 (5.23)
i .

a(8) S+ (u+ PSS+ Bas+ B3

The stability of this system can be analyzed by inspecting the characteristic polynomial from the

denominator of the transfer function. The characteristic polynomial can be expressed as
D(s) = s>+ (u + B1)s* + Bos + B3 (5.24)
leta; = u+ B1, ax = B2, ap = B33, then the polynomial can be rewrite as

D(s) = s> + ars® + ays + ag (5.25)

According to the Routh—Hurwitz criterion, the generalized Routh array for (5.25) is shown in Table

5.1.
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Table 5.1: Routh Array for First-level HESO Polynomial.

S3 1 ,82

52 1+ B B3
1 W+B1)p2-p3

§ MBI 0

S1 ﬂ3 0

The stability condition is the elements in the first column of the Routh table must be positive. Thus,

the stability condition can be expressed as

u+p1>0,83>0,(u+pB1)p2 > Bs. (5.26)

where u, B, B3 are positive guaranteed. In other words, if the condition of 55, > B3 is
satisfied, the characteristic polynomial explicitly has all poles in the left half-plane and the ESO is
stable. According to the HESO gains selection principle in [85, 111], and combined the results of

theoretical analysis and actual testing, the following gain parameters are finally designed as

B1 = 2w1, B2 = 2w1%, B3 = wr. (5.27)

where w is the observer bandwidth of HESO. w; is set between two and three times the electrical
fundamental in FW, but keep it no more than one-quarter of the sampling frequency. With SOGI
prefiltering, this choice of w; reduces phase lag without noise peaking and keeps the observer poles
safely inside the unit circle. Therefore, since the SOGI is linear and BIBO stable, and the observer
gain is designed for stability, the cascade SOGI-HESO system is stable as long as its individual

stability criteria are satisfied.

5.4.2 Performance Analysis of SOGI as Pre-Filter and Post-Filter

As shown in Fig. 5.7, both SOGI pre-filtering and SOGI post-filtering can be employed to enhance
the BEMF. To evaluate the effectiveness of these two strategies, an FFT analysis was conducted on

the input current as well as the outputs obtained from each SOGI filtering method.

In Fig. 5.8, the FFT analysis reveals that SOGI pre-filtering provides superior suppression of

harmonics and high-frequency noise, resulting in a cleaner and more robust input signal for the
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Fig. 5.8: Single-sided FFT magnitude of input current and SOGI-filtered outputs

observer. In contrast, while SOGI post-filtering can effectively reduce output noise, it allows

harmonics and noise to influence the internal states of the observer, which may degrade estimation

accuracy. In Fig. 5.8, the pre-filter curve sits 10-20 dB lower than the red curve, indicating stronger

attenuation of broadband switching components and higher-order harmonics before they reach the

observer. Therefore, placing the SOGI in front of the HESO yields a cleaner input spectrum than

filtering after the observer, which supports better estimation quality and allows using a higher
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Fig. 5.9: The control diagram of the proposed SOGI-HESO combined with ALADRC.

observer bandwidth with less penalty

Therefore, employing SOGI as a pre-filter is preferable for sensorless HSPMSM control, as it
provides a cleaner input to the observer, resulting in improved estimation accuracy, enhanced
stability, and greater robustness against noise and harmonics. The control diagram of the proposed
SOGI-HESO combined with ALADRC is illustrated in Fig. 5.9. As this research does not primarily

focus on FW control strategies, the conventional CVCP FW method is adopted for implementation.

Fig. 5.10: Overview of testbench and drive system setup.
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5.5 Experimental Test and Results

An overview of the experimental test platform is shown in Fig. 5.10. A small-scale high-speed
SPMSM test setup is built, consisting of a dSPACE MicroLabBox, interface boards, a voltage
and current sampling board, a three-phase inverter utilizing Infineon FF600R12ME4 modules,
and an high-speed SPMSM testbench. The control algorithms for the high-speed SPMSM were
implemented using a dSPACE MicroLabBox (DS1202) processor. All tasks were executed at a
sampling frequency of 10 kHz. Detailed specifications of the tested high-speed SPMSM are listed
in Table 5.2, and the associated observer gains and controller parameters are summarized in Table
5.3.

Table 5.2: Parameters of high-speed SPMSM System.

Parameters Unit Value
Rated Speed r/min 12,000
Rated torque N.m 0.375
Rated Power kW 0.45
Rated voltage \" 311
Rated current A 35
Maximum speed A 15,500
Maximum current A 6.5
No. of pole pairs - 3
Stator resistance Q 1.9
d-axis inductance (Ly) mH 2.7
g-axis inductance(Ly) mH 2.7
Magnet flux linkage Wb 0.045
Table 5.3: Observer Parameters of ESO.
Parameters Value Parameters Value
{1 (LESO) 4.01e+04 K; (PD 0.23

I, (LESO) 8.38¢+08  Wemin (ALADRC)  1.25¢+03
B (HESO)  3.07e+04  wemax (ALADRC)  2.20e+03

B2 (HESO) 7.10e+08 c¢1 (ALADRC) 0.3
B3 (HESO) 6.69e+12 ks (SOGI) 2.5
K, (P 0.05 [, (LADRC) 2.19e+03
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5.5.1 Steady-State Performance Analysis
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Fig. 5.11: Steady-state results of conventional LESO at 12,000 r/min with no load.
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Fig. 5.12: Steady-state results of HESO at 12,000 r/min with no load.

In Figs. 5.11-5.28, the steady-state performance of conventional LESO, HESO, and the proposed

SOGI-HESO is compared at various speeds and load conditions..

In Figs. 5.11-5.16, the steady-state performance is compared at the rated speed of 12,000 r/min

without load. As shown in Figs. 5.11-5.13, the amplitudes of the BEMF estimation error are 55
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Fig. 5.13: Steady-state results of SOGI-HESO at 12,000 r/min with no load.

V, 33 V, and 11 V for LESO, HESO, and SOGI-HESO, respectively. The corresponding average

position estimation errors are approximately 0.34 rad, 0.13 rad, and 0.06 rad.
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Fig. 5.14: FFT result of conventional LESO at 12,000 r/min with no load.

In Figs.5.14-5.16, FFT analysis of the estimated BEMF signals yields THD values of 14.46%,
11.74%, and 4.14% for LESO, HESO, and SOGI-HESO, respectively. Compared to LESO and
HESO, the position estimation error and the THD of SOGI-HESO are reduced significantly. These

results demonstrate that the SOGI-HESO suppresses harmonics and reduces estimation error in the

MTPA region.

In Figs. 5.17-5.22, the steady-state performance is compared at the speed of 15,000 r/min without
load in the FW region. As shown in Figs. 5.17-5.19, the amplitudes of the BEMF estimation error
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Fig. 5.15: FFT result of HESO at 12,000 r/min with no load.
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Fig. 5.16: FFT result of SOGI-HESO at 12,000 r/min with no load.
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Fig. 5.18: Steady-state results of HESO at 15,000 r/min with no load.
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Fig. 5.19: Steady-state results of SOGI-HESO at 15,000 r/min with no load.

are 89 V, 40 V, and 15 V for LESO, HESO, and SOGI-HESO, respectively. The corresponding

average position estimation errors are approximately 0.32 rad, 0.11 rad, and 0.05 rad.

InFigs. 5.20-5.22, FFT analysis of the estimated BEMF signals yields THD values of 7.28%, 9.9%,
and 4.78% for LESO, HESO, and SOGI-HESO, respectively. Compared to LESO and HESO, the
position estimation error of SOGI-HESO is reduced by 84.3% and 54.5%, respectively, while
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Fig. 5.20: FFT result of conventional LESO at 15,000 r/min with no load.
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Fig. 5.21: FFT result of HESO at 15,000 r/min with no load.
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Fig. 5.22: FFT result of SOGI-HESO at 15,000 r/min with no load.
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the THD is reduced by 34.3% and 51.7%. These results confirm that the proposed SOGI-HESO
significantly improves position estimation accuracy in the FW region. The results comparison for
the conventional LESO, HESO, and the proposed SOGI-HESO is listed in Table 5.4. Performance
metrics are evaluated at representative MTPA and flux-weakening operating points defined in Table

4.2.

Table 5.4: The comparison of different observer methods.

Speed (r/min) Items LESO HESO SOGI-HESO
12,000 (MTPA) BEMF error amplitude (Volts) 55 33 11
12,000 (MTPA) Average position errors (rad) 0.34  0.13 0.06
12,000 (MTPA) BEMF THD (%) 946 11.74 4.14

15,000 (FW) BEMF error amplitude (Volts) 89 40 15
15,000 (FW)  Average position errors (rad) 0.32  0.11 0.05
15,000 (FW) BEMF THD (%) 728 99 4.78
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Fig. 5.23: Steady-state results of conventional LESO at 12,000 r/min and 15,000 r/min with load.

In Figs. 5.23-5.28, the steady-state performance with load is compared at the speeds of 12,000
r/min and 15,000 r/min. In the MTPA region, the 100% rated load was applied at the rated speed
of 12,000 r/min. In the FW region, the 60% rated load was applied at the maximum speed of
15,000 r/min, which is the highest load that keeps the inverter within linear modulation, respects
the safe i,; limit, and leaves a voltage margin for dynamic events. As shown in Figs. 5.23-5.25, the
proposed SOGI-HESO continues to track the BEMF and rotor position accurately at both speeds.
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Fig. 5.24: Steady-state results of HESO at 12,000 r/min and 15,000 r/min with load.
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Fig. 5.25: Steady-state results of SOGI-HESO at 12,000 r/min and 15,000 r/min with load.

Across both speeds, the proposed SOGI-HESO yields visibly cleaner waveforms, smaller BEMF

error, accurate position traces, and lower THD, while LESO and HESO show larger error ripple.

Compared with the no-load FFT results in Table 5.4, the LESO’s limited bandwidth and larger
phase lag allow more load-induced harmonics and noise to enter the BEMF estimate, increasing

THD. By contrast, the HESO lowers phase lag, and the SOGI-HESO adds harmonic pre-filtering,
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Fig. 5.26: FFT result of conventional LESO at 12,000 r/min and 15,000 r/min with load.
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Fig. 5.27: FFT result of HESO at 12,000 r/min and 15,000 r/min with load.

so the estimated BEMF remains nearly sinusoidal and its THD is largely unchanged under load,

as shown in Figs. 5.26-5.28. These results confirm that the proposed SOGI-HESO effectively

sustains accurate estimation in loaded MTPA and FW regions.
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Fig. 5.28: FFT result of SOGI-HESO at 12,000 r/min and 15,000 r/min with load.

5.5.2 Transient Process and Disturbance Analysis

To validate the transient performance of the SOGI-HESO-based methods during step speed tran-
sients and step load change, three different speed loop controllers are compared, including con-
ventional PI, LADRC, and the ALADRC. In Figs. 5.29-5.40, the step speed transient performance
from 12,000 r/min to 15,000 r/min with 50% rated load and the step load change performance at

15,000 r/min from O to 60% rated load are compared, respectively.
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Fig. 5.29: SOGI-HESO-based PI with step speed change from 12,000 r/min to 15,000 r/min with
50% rated load.
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Fig. 5.31: SOGI-HESO-based ALADRC with step speed change from 12,000 r/min to 15,000
r/min with 50% rated load.

As shown in the enlarged views in Figs. 5.29-5.31, the speed error amplitudes at 12,000 r/min
are 118 r/min, 96 r/min, and 83 r/min, and at 15,000 r/min are 95 r/min, 90 r/min, and 80 r/min
for the PI, LADRC, and ALADRC methods, respectively. The d— and g—axis current waveforms
indicate that the proposed SOGI-HESO-based ALADRC reduces both the oscillation amplitude

and current tracking error compared to the other controllers.

Furthermore, FFT analysis of the phase currents shows that the total harmonic distortion (THD)
is 13.57% for PI, 13.46% for LADRC, and 11.66% for ALADRC, demonstrating that SOGI-
HESO-based ALADRC achieves improved current quality in addition to enhanced speed control

performance in the FW region, as shown in Figs 5.32-5.34. Therefore, these comparisons confirm
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Table 5.5: The transient performance for different controllers.

Items PI LADRC ALADRC
Speed error at 12,000 r/min 118 t/min 96 r/min 83 r/min
Speed error at 15,000 r/min 95 r/min 90 r/min 80 r/min
Peak overshoot (r/min) 123 97 89
Peak to Peak iy (A) 2.75 2.38 2.27
Peak to Peak i, (A) 2.15 1.86 1.67
Phase current i, THD (%) 13.57 13.46 12.66

the effectiveness of adaptive bandwidth adjustment in enhancing dynamic response for high-speed
operating conditions. The transient performance results are listed in Table 5.5, and the transient
metrics follow the definitions in Table 4.2. As quantified in Table 5.5, the ALADRC reduces peak
speed overshoot by 28% and peak-to-peak i, ripple by 22% compared with the PI controller under
speed-step from 12,000 to 15,000 r/min.
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Fig. 5.35: SOGI-HESO-based PI with step load change from 0 to 60% rated load at 15,000 r/min.

(4)

In Figs. 5.35-5.37, the speed error amplitudes under a load step are 400 r/min, 375 r/min, and 355
r/min for the PI, LADRC, and ALADRC controllers, respectively. Under the load step change,
the d— and g—axis current waveforms indicate that the proposed ALADRC method effectively

reduces both the oscillation amplitude and the current tracking error compared to the other control

strategies.

Furthermore, FFT analysis of the phase current i, reveals total harmonic distortion (THD) values

of 13.86% for PI, 13.41% for LADRC, and 12.97% for ALADRC, demonstrating that the proposed
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Fig. 5.38: Phase current FFT result of SOGI-HESO-based PI with step load change.

SOGI-HESO-based ALADRC not only enhances speed control performance but also improves

current quality, as shown in Figs 5.38 to 5.40.
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Fig. 5.40: Phase current FFT result of SOGI-HESO-based ALADRC with step load change.
5.5.3 Parameters Mismatch and Speed Range Analysis

From Fig. 5.41 to Fig. 5.47, the parameter robustness under varying load conditions and the

operation speed range test are presented, respectively.

The parameter mismatch tests are presented in Figs. 5.41 to 5.46. In Figs. 5.42 to 5.46,
the proposed SOGI-HESO-based ALADRC maintains stable operation under various parameter
mismatch scenarios. As shown in Figs. 5.44 and 5.45, the slightly smaller speed errors in 1.2
Yy and 0.8 Ly arise because these mismatches effectively ease control. Higher flux improves the
BEMF signal-to-noise ratio and reduces the i, needed for a given load, while lower inductance
shortens the electrical time constant, making the current loop faster. In contrast, 1.2 Ly degrades

dynamics and yields the largest error, consistent with the expected trend.
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Fig. 5.42: Results of speed estimation, speed error, d—and g—axis currents, and phase current
with varying load conditions at parameters mismatch 0.8Rj.
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Fig. 5.43: Results of speed estimation, speed error, d—and g—axis currents, and phase current
with varying load conditions at parameters mismatch 1.2R;.

In the FW region, underestimating the magnet flux (0.8 ¢ y) commands a less negative iy and a
larger i, which increases the effective flux and thus u, toward the voltage limit, risking PWM

saturation and loss of regulation. Therefore, to avoid damage to the hardware, this result is not
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Fig. 5.45: Results of speed estimation, speed error, d—and g—axis currents, and phase current
with varying load conditions at parameters mismatch 0.8L;.
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included.

These results indicate that parameter mismatches have little impact on the performance of the
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Fig. 5.47: Relative speed error at various speeds and load conditions.

proposed SOGI-HESO-based ALADCR. Furthermore, the proposed method demonstrates a rapid

dynamic response to abrupt load variations, effectively tracking sudden torque commands.

To validate the operational speed range, the proposed method was evaluated starting from a low
speed and variable load conditions, with the corresponding estimation performance included. The
relative speed estimation error, defined as the deviation between the estimated speed and the
reference speed, normalized to the reference, is used to assess estimation accuracy across different
speeds. As shown in Fig. 5.47, the lowest tested speed in the experiment is 3000 r/min. The
results indicate that the relative speed estimation error is highest at low speeds with rated load,
and decreases as the motor accelerates, which is consistent with the characteristics of HESO-based
sensorless control. While the proposed method is optimized for high-speed operation, it remains

functional in the lower-speed region.

5.6 Summary

In this chapter, a second-order generalized integrator - high-order extended state observer (SOGI-
HESO) combined with an adaptive linear active disturbance rejection control (ALADRC) strategy
was proposed to improve rotor position estimation accuracy and the speed control performance
of sensorless high-speed SPMSM operating in the FW region. The design methodology of the
SOGI-HESO framework was presented, emphasizing its ability to attenuate current harmonics and

measurement noise, improving the BEMF estimation quality and reducing phase lag. Additionally,
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an ALADRC with real-time bandwidth adaptation was implemented in the speed loop to ensure
fast dynamic response and disturbance rejection under varying operating conditions. Experimental
validations, including steady-state estimation, transient response, harmonic suppression, and pa-
rameter mismatch, demonstrated the effectiveness of the proposed SOGI-HESO with ALADRC,
confirming significant improvements in estimation accuracy, robustness, and control performance

compared to conventional methods.
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Chapter 6

Conclusions and Future Works

6.1 Conclusions

This thesis investigates the modeling, sensorless estimation, and robust control of high-speed
SPMSMs, addressing the challenges of fast electromagnetic analysis, high-speed position esti-
mation, and system robustness under flux-weakening operation. To achieve accurate, stable, and
efficient control of high-speed SPMSMs, three key methodologies were proposed and validated,
forming a unified framework that bridges model simplification, sensorless estimation, and ro-
bust control. The presented work provides theoretical insights and experimental foundations for

improving both control precision and computational efficiency in high-speed motor systems.

The major contributions of this thesis can be summarized as follows:

1. In terms of fast and accurate electromagnetic modeling, a MOR method based on POD was

proposed for the electromagnetic performance analysis of BPMSMs.

* The proposed method significantly reduces computation time while maintaining high
accuracy in torque, flux density, and levitation force estimation, achieving errors below

2% compared with FEA.

* The motivation stems from the need for rapid yet precise evaluation to support high-
speed sensorless and robust control development, as MOR enables efficient iterative
analysis without compromising fidelity.
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2. In terms of sensorless estimation accuracy and dynamic performance, a cascade high-order
extended state observer (CHESO) was proposed to enhance rotor position and speed estima-
tion for high-speed PMSMs. Experimental validation, including steady-state rotor position
estimation, transient performance evaluation, and adaptive feedforward compensation tests,
demonstrated the effectiveness and improvements offered by the proposed sensorless control

strategy for high-speed SPMSMs.

* The design integrates two-level observer structures to improve noise suppression and

transient tracking.

* Compared with the conventional LESO, the CHESO achieves higher estimation accu-

racy and superior robustness over a wide speed range.

* An adaptive feedforward control strategy was employed to enhance the dynamic re-

sponse and disturbance rejection capabilities of the high-speed SPMSM drive system.

3. Interms of sensorless control in the flux-weakening (FW) region, a second-order generalized
integrator — high-order extended state observer (SOGI-HESO) combined with an adaptive
linear active disturbance rejection control (ALADRC) scheme was developed. Experimental
validations, including steady-state estimation, transient response, harmonic suppression,
and parameter mismatch, demonstrated the effectiveness of the proposed SOGI-HESO with
ALADRC, confirming significant improvements in estimation accuracy, robustness, and

control performance compared to conventional methods.

* The proposed SOGI-HESO improves BEMF estimation accuracy, reduces phase lag,

and provides smoother control transitions during rapid acceleration.

* The adaptive bandwidth design dynamically balances noise attenuation and fast re-
sponse, enhancing control performance under flux-weakening and high-speed opera-

tions.

The proposed control framework is application-adaptable through parameter tuning rather than
structural redesign. For electric vehicle applications, control parameters can be tuned to prioritise
torque smoothness, efficiency, and wide-speed-range operation, while for flywheel energy storage
systems, the emphasis can be shifted toward ultra-high-speed operation, fast transient response, and

robustness against parameter variations. In both cases, the same observer and controller structures
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are retained, with tuning parameters and operating constraints adjusted to meet application-specific

performance requirements, demonstrating the flexibility and practicality of the proposed approach.

In conclusion, these studies form a coherent and progressive framework that enables high-speed
PMSMs to achieve improved efficiency, estimation accuracy, and robust performance under sen-
sorless operational conditions, laying the theoretical and experimental foundation for the practical
deployment of high-speed SPMSMs in energy and transportation systems. The developed model-
ing and control methodologies provide a solid foundation for future research into data-driven and

robust control systems for high-speed PMSM drives.

6.2 Suggestions for Future Research Directions

While the solutions presented in this thesis address critical challenges, further research is needed

to expand their applicability and robustness under broader conditions.

The research conducted in this thesis provides valuable insights into the modeling, control, and
sensorless operation of high-speed PMSMs. Although significant progress has been achieved
in improving estimation accuracy, dynamic performance, and system robustness, several aspects
require further investigation to enhance the generality and practical applicability of the proposed

methods. The following issues still need to be further considered:

1. This thesis primarily focuses on sensorless control. Further studies should aim to inte-
grate optimized pulse patterns to minimize harmonics and switching losses while combining
them with advanced iron loss estimation techniques to improve overall system efficiency.
Investigating modulation schemes that balance efficiency and thermal stress in high-speed
operations remains an important direction for future research. Also, future work should
include a systematic evaluation of electromagnetic interference (EMI) effects on sensor-
less estimation accuracy and the co-design of control algorithms and hardware-level EMI

mitigation strategies for high-speed PMSM drives.

2. The current work mainly relies on physics-based observer design for sensorless estimation and
control. Future work should explore hybrid approaches that integrate data-driven algorithms
with conventional observer frameworks to capture nonlinear effects, aging, and parameter
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variations. The development of adaptive hybrid models combining fast dynamic response
with learning-based adaptability could significantly improve system robustness and real-time

performance.

3. While this thesis focuses on control and estimation, the long-term reliability and maintenance
of high-speed SPMSM systems have not been addressed. Future research should incorporate
predictive maintenance frameworks that use historical and real-time data for fault diagnosis
and lifetime prediction. Developing intelligent decision-making tools capable of autonomous
derating and component replacement scheduling would enhance reliability, reduce downtime,

and support sustainable operation in industrial and transportation applications.

These future directions will extend the scope of this research, bridging high-performance control

with practical reliability, efficiency, and sustainability in large-scale industrial and transportation

applications.
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Appendix A

Reproducibility and Implementation

Details

This appendix summarises the software environment, implementation platform, sampling rates,

tuning parameters, and operating conditions used in this thesis.
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Table A.1: Reproducibility and Implementation Summary

Software version/

Item Description
Parameter value

MATLAB/Simulink used for modelling

ngtware and'smlulfltlon. Control. anq observ'er MATLAB R2023b
environment algorithms implemented in discrete time
and deployed using embedded C code.
Experimental Vahdatlgn carried out JSPACE MicrolabBox
. on a dSPACE real-time control
Implementation latform. ControlDesk is used for (DS1202),
platform p - ONHoT o dSPACE ControlDesk
parameter tuning, signal monitoring, 204N

and data acquisition.

The inverter switching frequency was
set equal to the current control
and observer update rate. Sampling 10kHz
rates were kept constant during
each experiment.

Sampling rates and
switching frequency

LESO, CHESO, and SOGI-HESO
observers designed using bandwidth-based
tuning rules, with observer bandwidth
selected as a conservative multiple
of the electrical fundamental frequency. Listed in Tables 4.6, 5.3
PI and ALADRC speed controllers tuned
using conventional frequency-domain
guidelines to ensure stability and
acceptable transient response.

Observer and
controller tuning

Main comparisons conducted under
medium- and high-speed operation,
including flux-weakening regions.
Dynamic performance evaluated using
step speed and step load torque
changes. Robustness tests performed
with stator resistance, inductance,
and permanent-magnet flux varied
from 80% to 120% of nominal values.

Results listed in
Tables 4.7, 5.4 and 5.5

Operating conditions
for comparison

Model order reduction results in
Chapter 3 are validated against finite
Simulation and element simulations, while the sensorless ~Experimental results in
experimental validation estimation and control results in Chapters 4  Chapters 4.6 and 5.5
and 5 are validated through both
simulation and experimental testing.
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